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Abstract: The conception of critical limit (CL) of a nutrient element distinguishes its deficiency from
sufficiency, which could advise fertilizer application. A pot culture experiment was conducted during
Rabi season (2019–2020) to study the CL of sulphur (S) in soil and plant. A total of 20 soil samples
collected from intensive cropping areas of three agroecological zones (AEZs) of Bangladesh were
used in the experiment. The 0.15% CaCl2 extractable S (expressed as available S) contents of the
test soils ranged from 6.84 mg/kg to 38 mg/kg. Wheat (Triticum aestivum L.) cv. BARI gom 30 and
mustard (Brassica napus L.) cv. BINA sorisha 9 were used as test crops in this study. There were
two rates of S application to soil-0 and 15 mg/kg for wheat and 0 and 18 mg/kg for mustard from
gypsum (CaSO4.2H2O). Each S treatment was replicated thrice. Dry matter yield, S content and
S uptake by the crops increased with added S. For mustard, the CL of soil S was estimated to be
14 mg/kg by graphical procedure and 11 mg/kg in statistical method while plant tissue concentration
showed the CL of 0.35% in both methods. The CL of soil S for wheat was found to be 14 mg/kg and
11 mg/kg in graphical and statistical methods, respectively, and the CL of plant tissue concentration
was recorded as 0.14%, in both methods. It is expected that mustard and wheat crops would respond
to S fertilization in soils containing S at or below the CL. The results would be useful for predicting
crop (wheat and mustard) response to S fertilizer and developing efficient S fertilizer management to
promote sustainable crop production.

Keywords: critical limit; MUSTARD; S content; S uptake; wheat

1. Introduction

Sulphur (S) is one of the essential plant nutrients, ranked as the fourth most important
plant nutrient after nitrogen (N), phosphorus (P) and potassium (K) [1]. It is a major
component of S-containing amino acids and plays a vital role in forming chlorophyll, oils,
etc., and enzyme activation. Optimum supply of S can increase the nutritional value and
yield, whereas S deficiency may cause an approximately 50% decrease in crop yield [2].
The intensive agricultural system and cultivation of high yielding crops coupled with
the limited supply of S fertilizers have accelerated S deficiency in arable lands [3], and S
deficiency has become prominent in crop agriculture across the globe [4,5]. In Bangladesh,
as in other parts of the world, crop production is limited by S deficiency in the soil [6]. At
present, approximately 3.31 million hectares of land have been categorized as S deficient
soil in Bangladesh with an application rate of 8–12 kg/ha [7]. Therefore, it is crucial
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to supply an adequate amount of S for maintaining better plant growth, development
and yield.

Sulphur deficiency significantly affects the growth and development of crops, such
as wheat [8–10] and mustard [11]. Wheat (Triticum aestivum) is one of the major three
cereal crops in terms of global production, and the second most important cereal crop in
Bangladesh after rice. Mustard (Brassica napus) is a major oilseed crop as well as a popular
culinary herb of Bangladesh. Applying S fertilizers can increase wheat yield [12] and oil
content of mustard [13]. For wheat, inadequate S content limits nitrogen use efficiency [14],
decreases grain size [8,9] and degrades baking quality [15]. In the case of mustard, S is
involved in increasing oil synthesis [16] and S is an important constituent of proteins,
vitamins (biotin, thiamine) and S containing amino acids, i.e., cystine and methionine [17].
It is essential to apply the S containing fertilizers to address the S deficiency in plants and
avoid production loss when the S content in soil goes below a certain level, i.e., critical
limit. Therefore, it is crucial to identify an indicator that helps to know the time of fertilizer
application to maintain crop growth and productivity.

Critical limit (CL) is an important indicator to determine the optimum fertilizer
requirement for a crop. It is the level at or below which crops respond to the added
particular nutrient. It separates a group of soils that give a significant yield response
to fertilizers from that of soils that do not respond [18]. The CL or level is quite often
employed for a wide variety of soils and crops, even though these CL may be different not
only for soils, crop species but also for different varieties of the given crop [19,20]. Different
critical values of available S in a particular soil for mustard are reported for different
extractants [21]. Moreover, these limits varied with the soil as well as the extractants used
within the same soil [22]. It is important to identify a CL for S in soil to enable the farmers
to maintain plant growth and productivity by applying S containing fertilizers when the S
content in soils goes below the critical limit of specific soil and crops.

The main aim of this study was to determine the CL of S in soils for efficient application
of S fertilizer for wheat and mustard, predominantly grown in different agroecological
zones of Bangladesh. There is not comparative report available regarding the approaches
for determining the CL of S. Therefore, this study will also compare the graphical and
statistical approaches used for determining the CL of S in soils of Bangladesh for wheat
and mustard cultivation.

2. Materials and Methods
2.1. Soil Sampling, Analysis and Test Crops

The soil samples (0–15 cm soil depth) were collected from 20 different locations of three
agroecological zones (AEZs) of Bangladesh; namely Old Himalayan Piedmont Plain (AEZ
1), Tista Meander Floodplain (AEZ 3) and Old Brahmaputra Floodplain (AEZ 9) comprising
the districts Panchagarh, Rangpur and Mymensingh. The AEZs were developed mainly
based on the soil characteristics and climatic condition, and Bangladesh has been divided
into 30 AEZs, where the above mentioned AEZs have the highest cropping intensity. Due
to the variation among the AEZs, the crop suitability is also different in different AEZs.
The geographical positions and general features of the soil collection sites are presented
in Table 1. The sampling location map has also been included in Figure 1. All soils were
air-dried, sieved (≤2 mm) and mixed until homogenous. The collected soil samples were
analysed to determine different physico-chemical properties of soil such as texture, pH,
organic matter and soil nutrients status following standard methods. The physico-chemical
properties of the collected soil samples before starting the experiments are presented in
Table 2. The non-draining plastic pots (4 kg capacity) were filled with 3 kg of soil. Wheat
(Triticum aestivum) var. BARI gom 30 and mustard (Brassica napus L.) var. BINA sorisha 9
were used in this study as test crops.



Sustainability 2021, 13, 8325 3 of 13

Table 1. Geographical position and general features of the soil samples collected from intensive cropping area of three
agroecological zones.

Sample ID Locations
(Upazillas) AEZ No. Soil Series Geographical

Location Land Type Major Cropping
Pattern

S1 Taraganj,
Rangpur 3 Kawnia 25.48◦ N 89.05◦ E MHL Mustard-Boro-T. aman

S2 Sadar,
Panchagarh 1 Vojonpur 26.28◦ N 88.31◦ E HL Mustard-Boro-T. aman

S3 Sadar,
Panchagarh 1 Vojonpur 26.28◦ N 88.31◦ E HL Potato-T. aman-G. nut

S4 Sadar,
Mymensingh 9 Sonatola 24.39◦ N 90.27◦ E MHL Boro-Fellow-T. aman

S5 Taraganj,
Rangpur 3 Polashbari 25.48◦ N 89.04◦ E MHL Boro-Fellow-T. aman

S6 Taraganj,
Rangpur 3 Sonatola 25.48◦ N 89.05◦ E MHL Boro-Fellow-T. aman

S7 Sadar,
Mymensingh 9 Sonatola 24.39◦ N 90.27◦ E HL Mustard-Boro-T. aman

S8 Sadar,
Panchagarh 1 Atoary 26.27◦ N 88.33◦ E MHL Potato-Jute-T. aman

S9 Sadar, Rangpur 3 Gongachora 25.48◦ N 89.07◦ E MHL Boro-Fellow-T. aman

S10 Sadar,
Mymensingh 9 Sonatola 24.40◦ N 90.27◦ E MHL Mustard-Boro-T. aman

S11 Muktagacha,
Mymensingh 9 Sonatola 24.47◦ N 90.12◦ E HL Mustard-Boro-T. aman

S12 Sadar,
Mymensingh 9 Silmondi 24.40◦ N 90.26◦ E MHL Boro-Fellow-T. aman

S13 Tetulia,
Panchagarh 1 Pirgacha 26.28◦ N 88.30◦ E HL Mustard-Jute-T. aman

S14 Muktagacha,
Mymensingh 9 Silmondi 24.44◦ N 90.12◦ E MHL Mustard-Boro-T. aman

S15 Sadar, Rangpur 3 Menanogor 25.48◦ N 89.07◦ E MHL Tobacco-Aus-T. aman

S16 Sadar,
Mymensingh 9 Silmondi 24.40◦ N 90.26◦ E MHL Boro-Fellow-T. aman

S17 Sadar,
Mymensingh 9 Sonatola 24.40◦ N 90.27◦ E MHL Mustard-Boro-T. aman

S18 Sadar,
Mymensingh 9 Silmondi 24.40◦ N 90.26◦ E MHL Mustard-Boro-T. aman

S19 Sadar,
Mymensingh 9 Silmondi 24.40◦ N 90.26◦ E MHL Mustard-Boro-T. aman

S20 Sadar,
Mymensingh 9 Silmondi 24.40◦ N 90.26◦ E MHL Boro-Fellow-T. aman

AEZ, agroecological zone; MHL, medium high land; HL, high land; T. aman, transplanted aman rice; G. nut, ground nut.
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Table 2. Soil physico-chemical properties of the collected soil samples before starting the experiments.

Sample
ID

Textural-
Class pHCaCl2

Total
OM (%)

Avail. P
(mg/kg)

Total N
(%) S (mg/kg)

K
(cmolc/kg

Soil)

Ca
(cmolc/kg

Soil)

Mg
(cmolc/kg

Soil)

S1 Sandy
Loam 5.10 2.46 14.88 0.12 6.84 0.13 1.16 0.27

S2 Sandy
Loam 4.60 2.33 8.37 0.13 8.16 0.15 0.75 0.5

S3 Sandy
Loam 4.96 2.00 16.74 0.10 8.82 0.13 0.65 0.54

S4 Clay loam 6.02 1.33 17.37 0.08 9.33 0.09 3.11 1.49

S5 Sandy
Loam 4.61 1.86 35.54 0.10 9.87 0.14 1.1 0.17

S6 Sandy
Loam 5.17 2.00 14.88 0.10 10.31 0.12 1.32 0.26

S7 Loam 5.87 2.06 12.74 0.08 10.82 0.13 5.73 1.35

S8 Sandy
Loam 4.32 2.00 20.92 0.11 11.45 0.12 0.65 0.1

S9 Sandy
loam 5.03 1.93 14.34 0.10 12.19 0.12 1.39 0.25

S10 Clay loam 5.78 1.66 12.74 0.08 13.06 0.10 4.77 2.04

S11 Loam 4.99 1.58 12.36 0.09 15.14 0.09 2.01 0.43

S12 Clay 6.03 1.80 15.83 0.08 15.30 0.14 6.51 3.07

S13 Loam 4.85 1.66 21.05 0.08 16.00 0.11 3.67 0.66

S14 Loam 5.43 1.46 10.04 0.07 22.08 0.11 4.12 1.31

S15 Loam 5.33 1.66 22.31 0.09 22.87 0.18 2.28 0.45

S16 Clay loam 6.11 1.80 9.27 0.09 24.25 0.16 8.18 3.75

S17 Clay loam 6.03 2.00 12.36 0.10 31.72 0.11 7.57 3.12

S18 Clay
Loam 6.08 1.53 14.29 0.08 36.19 0.09 8.07 3.81

S19 Clay 5.90 1.60 12.36 0.07 36.94 0.11 8.17 4.01

S20 Clay loam 6.16 1.66 10.04 0.08 38.43 0.13 7.27 3.16

OM, organic matter; P, phosphorus; N, nitrogen; S, sulphur; K, potassium; Ca, calcium; Mg, magnesium Note: Soil pH measured in water
using a glass electrode and 1:2.5 soil-to-CaCl2 solution ratio [23]. Mechanical analysis of soils was done by hydrometer method [24] and the
textural class was determined from Marshall’s triangular co-ordinate following USDA system. Organic matter was determined by wet
oxidation method [25], total N by micro-Kjeldahl method [26], available P for neutral and alkaline soil by Olsen method [27], available P for
acidic soil by Bray and Kurtz method [28], and exchangeable bases (K, Ca and Mg) were extracted with 1 M NH4OAc solution (pH = 7) [29].
Available S was determined by extracting the soil sample with 0.15% CaCl2 solution as described by Page et al. [30].

This experiment was conducted in early winter (November to December 2019) with
an average day length of 11 h and an average day/night temperature of 22 ◦C. Initially,
10 seeds were sown in each pot, and then after thinning six uniform plants were allowed
to grow until harvesting. The pots were watered as per requirement, weeding and other
intercultural operations were carried out as and when required. The plants were harvested
49 days after sowing (DAS) by cutting the shoots just above the soil surface. The plants were
washed to removed dirt with running tap water followed by distilled water and were dried
in an oven at 65 ◦C for 48 h, and the dry matter yield was recorded. The dried plant samples
were ground and sieved through 2 mm sieve and kept for analysing plant nutrient content.
Plant tissue concentration of S was determined following the turbidimetric method [31].
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2.2. Experimental Design and Approach

This study was conducted in the net house of the Soil Science Department of the
Bangladesh Agricultural University (BAU) (Mymensingh, Bangladesh). The two-factorial
experiment consisted of two levels of S for each plant species (0 and 15 mg/kg soil or
32 kg/ha for wheat and 0 and 18 mg/kg soil or 38 kg/ha for mustard) and 20 soil samples
collected from different AEZs with varying available S (ranging from 6.84 to 38.43 mg/kg),
and was replicated three times using completely randomized design (six pots (2 sulphur
rates × 3 replication) for each soil and 120 pots (6 pots × 20 soils) for each crop). All soils
were amended with the following basal nutrients (in mg/kg soil) mixed through the entire
soil volume in each pot before sowing: N (70) from urea, P (20) from triple superphosphate
and K (40) from muriate of potash. Reagent grade calcium sulphate (CaSO4.2H2O) was
used as the source of S for soil application.

2.3. Critical Limit Determination by Graphical Method

The CL of S was determined by the graphical method as described by Cate and
Nelson [32]. A scatter diagram of the relative yields (Bray’s percent dry matter yield) as
Y-axis versus soil test values as X-axis was plotted. Bray’s percent yield was calculated
as follows:

% Relative yield = (Yield without nutrient addition/Yield with nutrient addition) × 100

2.4. Critical Limit Determination by Statistical Method

In the statistical technique of determining critical level of S, coefficient of determination
(R2) was calculated as described by Waugh [33]. In this technique, the data are ordered in
an array-based upon rankings of soil test values. The pairs of soil test value and relative
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yield were maintained in this order throughout the analyses. The procedure amounts to
splitting the data into two groups, using successive tentative critical levels to determine
the particular critical value. Accordingly, the predictability value (R2) was computed from
the following relationship:

R2 = {TCSS − (CSS1 + CSS2)}/TCSS

where,
TCSS = Total Corrected Sum of Squares
CSS1 = Corrected Sum of Squares of population 1
CSS2 = Corrected Sum of Squares of population 2

2.5. Statistical Analysis

The raw data observed from pot experiments were put for statistical analysis using
two factorial Complete Randomized Design (CRD) to draw the valid differences among
the treatments as well as soils. The data were subjected to two-way ANOVA and the
significance of treatment on dry matter yield, concentration and uptake of S by wheat and
mustard plant was tested as described by Gomez and Gomez [34].

3. Results

The soils were analysed for physicochemical parameters presented in Table 2. Textural
classes of the soils show that 7 soils were sandy loam, 6 soils were clay loam, 5 soils were
loam and 2 soils were clay following the USDA system; which indicates a wide variation
from relatively coarse to fine texture. Soil pH of the 20 test soils ranged from 4.32 (very
strongly acidic: <4.5) to 6.16 (slightly acidic: 5.6–6.5). The soil organic matter content
of the soils varied from 1.33% (low) to 2.46% (high). Sulphur content in the soils varied
from 6.84 to 38.43 mg/kg; it was the basis for selecting the soils. The S content in a set of
12 soils varied from very low to low (6–15 mg/kg), 4 soils were medium (16–24 mg/kg)
and 4 soils were high (25–40 mg/kg). Other major soil nutrient contents were also analysed
to support the effect of S content in soil and its application on the growth of wheat and
mustard. Nitrogen content between the soils varied from 0.07 to 0.13%; P content from
8.37 to 35.54 mg/kg and K content from 0.09 to 0.14 cmol/kg soil. The range of B, Ca,
Mg, Zn, Cu, Fe and Mn of the 20 test soils were 0.15 to 0.94 mg/kg, 0.65 to 8.18 mg/kg,
0.54 to 3.75 mg/kg, 0.27 to 2.04 mg/kg, 0.72 to 3.82 mg/kg, 23 to 120 mg/kg and 2.99 to
22.72 mg/kg, respectively.

3.1. Shoot Dry Matter Yield of Wheat and Mustard

Sulphur application in soil (15 mg/kg soil) significantly increased shoot dry weight of
wheat irrespective of initial S status in the soils (p ≤ 0.05; Table 3a). The shoot dry weight
varied from 2.67 to 3.63 g/pot (mean 3.12 g/pot) in the soil without S amendment, whereas
amending the soil with S (15 mg/kg soil) exhibited a significant increase in shoot dry
weight varied from 3.05 to 4.11 g/pot (mean 3.54 g/pot). In control plants (0 kg S/ha), the
lowest dry matter yield was recorded in soil with very low concentration of inherent soil S
(6.84 mg/kg; S1: Taraganj), and the highest dry matter yield was obtained in soils having
inherent soil S of 11.45 mg/kg (S8: Panchagarh). Notably, the highest shoot dry matter
yield of wheat was also observed in the soils of Panchagarh Sadar Upazila (AEZ 1) by
applying S to soil (15 mg S/kg soil), and the lowest was also in the soils of Taraganj (AEZ
3). The Bray’s percent S yield of wheat ranged from 78 to 93% (mean 88.5%) depending on
the soils.
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Table 3. Effect of sulphur (S) application on dry matter yield, S concentration and its uptake by wheat and mustard plants.

(a). Wheat

Sample ID
Soil

Available
S (mg/kg)

Dry Matter (g/pot)
S Level (mg/kg) Bray’s % S

Yield

S Concentration in Plants
(%) S Level (mg/kg)

S Uptake (mg/pot)
S Level (mg/kg)

0 15 0 15 0 15

S1 6.84 2.67 3.43 78 0.11 0.14 3.05 4.83

S2 8.16 3.30 4.00 83 0.12 0.15 4.03 5.80

S3 8.82 2.90 3.43 85 0.12 0.14 3.57 4.82

S4 9.33 3.50 4.04 87 0.14 0.16 4.90 6.58

S5 9.87 3.40 3.98 86 0.13 0.15 4.65 6.06

S6 10.31 2.94 3.49 84 0.13 0.15 3.92 5.31

S7 10.82 3.17 3.57 89 0.14 0.16 4.55 5.68

S8 11.45 3.63 4.11 88 0.14 0.16 5.07 6.56

S9 12.19 2.63 3.05 86 0.17 0.20 4.53 5.98

S10 13.06 2.83 3.13 90 0.16 0.18 4.50 5.52

S11 15.14 3.16 3.51 90 0.15 0.17 4.84 6.02

S12 15.30 3.11 3.54 92 0.17 0.19 5.37 6.87

S13 16.00 2.70 3.10 90 0.15 0.17 4.07 5.38

S14 22.08 2.86 3.13 91 0.15 0.16 4.40 5.12

S15 22.87 3.23 3.47 93 0.16 0.17 5.16 5.92

S16 24.25 3.15 3.45 91 0.18 0.20 5.79 6.79

S17 31.72 3.40 3.76 91 0.15 0.17 5.03 6.23

S18 36.19 3.38 3.68 92 0.16 0.17 5.39 6.36

S19 36.94 3.21 3.48 92 0.17 0.19 5.21 6.42

S20 38.43 3.14 3.37 93 0.17 0.18 5.37 6.22

Mean 17.98 3.11 3.54 88.5 0.15 0.17 4.67 5.92

P at 5% LSD [S (0.45); Soil (0.38)] LSD [S (0.002); Soil (0.002)] LSD [S (0.27); Soil (0.22)]

(b). Mustard

Sample ID
Soil

Available
S (mg/kg)

Dry Matter (g/pot)
S Level (mg/kg) Bray’s % S

Yield

S Concentration in Plants
(%) S Level (mg/kg)

S Uptake (mg/pot)
S Level (mg/kg)

0 18 0 18 0 18

S1 6.84 2.82 3.60 76 0.26 0.34 7.3 12.3

S2 8.16 3.03 3.97 80 0.28 0.35 8.4 14.1

S3 8.82 3.23 4.08 79 0.29 0.37 8.9 15.0

S4 9.33 3.17 3.91 81 0.30 0.37 9.7 14.4

S5 9.87 3.95 4.73 83 0.34 0.41 11.7 19.6

S6 10.31 3.21 3.82 84 0.34 0.41 11 15.5

S7 10.82 2.94 3.41 86 0.35 0.41 10 14.2

S8 11.45 3.06 3.62 85 0.35 0.41 10.9 15.0

S9 12.19 3.29 3.76 85 0.34 0.4 11.5 14.9

S10 13.06 3.80 4.39 87 0.35 0.4 13.5 18.2

S11 15.14 3.37 3.83 88 0.38 0.43 12.9 16.4

S12 15.30 3.24 3.63 89 0.38 0.42 12.1 15.2
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Table 3. Cont.

(b). Mustard

Sample ID
Soil

Available
S (mg/kg)

Dry Matter (g/pot)
S Level (mg/kg) Bray’s % S

Yield

S Concentration in Plants
(%) S Level (mg/kg)

S Uptake (mg/pot)
S Level (mg/kg)

0 18 0 18 0 18

S13 16.00 2.91 3.24 90 0.37 0.41 10.8 13.1

S14 22.08 3.47 3.82 91 0.41 0.45 13.4 17.2

S15 22.87 3.06 3.34 92 0.39 0.42 11.9 14.2

S16 24.25 3.23 3.50 92 0.41 0.44 13.1 15.3

S17 31.72 3.31 3.61 92 0.40 0.43 13.1 15.6

S18 36.19 3.77 4.04 93 0.39 0.42 14.6 16.9

S19 36.94 3.28 3.57 92 0.38 0.41 12.4 14.8

S20 38.43 3.33 3.59 93 0.37 0.40 12.3 14.3

Mean 17.98 3.27 3.77 86.9 0.35 0.41 11.5 15.3

P at 5% LSD [S (0.24); Soil (0.23)] LSD [S (0.03); Soil (0.03)] LSD [S (2.8); Soil (1.4)]

The shoot dry matter yield of mustard was significantly increased by S application
to soils (p ≤ 0.05; Table 3b). The shoot dry weight varied from 2.82 to 3.95 g/pot (mean
3.27 g/pot) in the soil without S amendment, whereas amending the soil with S (18 mg/kg
soil) exhibited a significant increase in shoot dry weight varied from 3.60 to 4.73 g/pot
(mean 3.77 g/pot). In control, the lowest shoot dry matter yield was observed in the soil
with a deficient concentration of inherent soil S (6.84 mg/kg), and the highest dry matter
yield was obtained in the soils having inherent soil S of 9.87 mg/kg. In S amended soil
(18 mg S/kg soil), the highest dry matter yield (4.73 g/pot) was recorded in the soils of
Taraganj Upazila and the lowest (3.24 g/pot) was observed in the soils of Tetulia Upazila
of AEZ 1, irrespective of the nature of soils. The Bray’s percent S yield of mustard ranged
from 76 to 93% (mean 86.9%) depending on the soils.

3.2. Sulphur Concentration and Uptake by Plants

Applying S to soil (15 mg/kg soil) significantly increased plant S concentration and
uptake of wheat plants growing in different soils (p ≤ 0.05; Table 3a). In control plants
(0 kg S/ha), S concentration in wheat plants ranged from 0.11 to 0.18% (mean 0.15%), and
in S amended soils (15 mg S/kg soil) the concentration varied from 0.14 to 0.20% (mean
0.16%). In control plants, S uptake by wheat varied from 3.05 to 5.79 mg/plant (mean
4.67 mg/plant) and 4.82 to 6.87 mg/plant with an average of 5.92 mg/plant in S amended
soil treatments.

In mustard, application of S (at 18 mg/kg soil) significantly increased plant S con-
centration and uptake of plants growing in different soils (p ≤ 0.05; Table 3b). In control
plants (0 kg S/ha), S concentration in wheat plants ranged from 0.26 to 0.41% (mean 0.35%),
and in S amended soils (18 mg S/kg soil) the concentration varied from 0.34 to 0.45%
(mean 0.41%). In control plants, S uptake by wheat varied from 7.3 to 14.6 mg/plant (mean
11.5 mg/plant) and 12.3 to 19.6 mg/plant with an average of 15.3 mg/plant in S amended
soil treatments.

3.3. Critical Limit of S for Wheat and Mustard

The CL of S concentration for wheat (49 DAS) was 0.14% (Figure 2a) using the graphical
approach. In statistical procedure, the results also showed the same CL of S concentration
(0.14%, see Table S1), below which a plant will be regarded as S deficient at the specified
growth period. Hence, it would require an external S application. Similar to wheat, the
critical S concentration of mustard plants (49 DAS) was found to be 0.35% both in graphical
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(Figure 2b) and statistical approaches (Table S2), below which a plant will be regarded
as S deficient at the specified growth period, and hence it would require an external
S application.
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3.4. Critical Limit of Soil S Concentration for Wheat and Mustard

The CL of available S in the present study was found to be 13.5 mg/kg (Figure 3a). It
is expected that wheat plants will respond to S application when the soils contain less than
13.5 mg/kg (CaCl2 extractable S). In statistical method, the CL of S in soil for wheat was
11.45 mg/kg (Table S3). From the critical level of S in soils, it is evident that S application
rate below 15 mg/kg of soil cannot be helpful for the crop to alleviate the deficiency stress.
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The CL of available S in the present study was 14 mg/kg (Figure 3b). The CL of S
increased because of the intensive cropping system and limited application of organic
matter in soil; thus, the soil remains deficient in S content in soil. It is expected that mustard
plants will respond to S application when the soils contain less than 14 mg/kg (CaCl2
extractable S). In statistical method the CL of S for mustard soil was 11.45 mg/kg (Table S4).
From the critical level of S in soils, it can be précised that S application rate below 18 mg/kg
of soil cannot be helpful for the crop to alleviate the deficiency stress.
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4. Discussion

The present study has determined the S level in soil below which wheat and mustard
might respond to the added S containing fertilizers. For example, the results from this
study demonstrated that the CL of S for wheat and mustard was 13.5 and 14 mg/kg soil,
respectively. At present, all versions of the fertilizer recommendation guide employed in
Bangladesh for fertilizer rate use 10 mg S/kg soil as critical level [35]. The mentioned CL
of S in this present study is higher than the current value for fertiliser recommendation.
This increase in CL of S can be explained by the intensive cropping system and limited
application of organic matter in soil (i.e., compost, farmyard manure etc.). Considering
the critical level of S in soils, it is evident that S application rate below 14 mg/kg of soil
cannot alleviate the S deficiency of plants. The CL of S in plant tissue can also be used as
an indicator to determine the time and requirement of S application instead of soil test
values. Based on the present study, the tissue S concentration was 0.14% for wheat and
0.35% for mustard. It is already established that after S application, S becomes available
to make it more effective when applied at optimum dose and right time [36]. The CL of
a nutrient in soil varies according to crops, soil and extraction methods. Concerning soil
factors, what is important here is the soil type (S deficiency occur most often in sandy
soil), soil pH (available at low soil pH) and soil organic matter, as they influence the S
availability in soil. Limited organic matter content in soil also triggers the deficiency of S in
soil, as it serves as a source of S in soil. Hence, this situation justifies the need to determine
and update the CL of different plant nutrients to formulate an optimum dose of deficient
nutrients for different crops and soils. The basic objective is to achieve a satisfactory crop
yield. However, the CL will remain changing due to the current farming practices and
frequent monitoring is essential to maximize the fertilizer use efficiency and maintain a
sustainable production system.

The CL of S may vary among the graphical and statistical approaches for determining
the critical level. The results from this present study highlighted that the CL for wheat
and mustard was 13.5 and 14 mg/kg soil, in graphical method. In contrast, the CL of S
was lower (11.45 mg/kg soil) for both crops in statistical method. The lower value in the
statistical approach might occur due to available soil S corresponding to a corrected sum of
squares for the population in this study to calculate predictability value (R2). However, this
dispute requires further investigation to know why the CL is lower in statistical method
than the graphical method. It has already been reported that the statistical approach for
determining CL provides a lower value than the graphical approach [35]. As the CL value
is closer to each other, researchers can use any methods of determining the CL of nutrients
in soil. We recommend using the highest critical value derived from the graphical and
statistical approach to ensure higher crop yield as the larger percentage of soils will fail to
comply with the CL. However, further research work is required to validate the findings
from this present study. A good method should be able to predict the amount of plant-
available nutrient and the fertilizer responsiveness of crops growing on a wide range of
soils. In this regard, the determination of CL using two different approaches is essential to
determine an average crop’s optimum fertilizer requirement [35].

A set of 20 representative soil was selected from 720 soils collected from throughout
Bangladesh covering a wide range in texture, AEZ, general soil type, cropping pattern
and land type. Among the 20 soils, six soils were collected from each of Sonatala and
Silmondi soil series. Another eight soils included two from Vojonpur and one sample
from Kawnia, Polashbari, Atoary, Gonggachora, Pirgacha, and Menanagar soil series. Of
the representative soils, 14 were medium high land (MHL), and the remaining six were
high land (HL) in their land types. The soils were dominated by rice-based cropping
patterns and belong to subtropical monsoon climates with a wide variation in rainfall
pattern, temperature and humidity. T. Aman rice was common in all the cropping patterns.
Mustard was grown in 10 cropping patterns while wheat was not present in any of the
patterns, though AEZ 1 and AEZ 3 are popular as wheat-growing areas in Bangladesh [7].
As the soil samples were collected from diversified regions of Bangladesh, the soil analysis
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showed variation in S content and other physico-chemical properties of soil. The diversified
sampling approach might be the underlying reason for varying critical value of S for wheat
and maize [7]. This dispute has also been supported by Murthy [21], who also described
that variation among the sampling sites produces significant variation in CL of nutrients.

Applying S to soil significantly increased the shoot dry biomass of crops grown in
different soils. For example, application of S to soil exhibited an approximately 12%
increase in shoot dry biomass (averaged across wheat and mustard) compared to when
no S was applied to soil. The accumulation of dry matter is a vital crop growth index
commonly used to determine the economic returns influenced by the effects of different
treatments. Sulphur is often considered a limiting factor for shoot biomass yield in crop
ecosystems [37]. The results agree with Huda et al. [38], who reported that application of S
containing fertilizers based on the critical limit of S increases shoot biomass of rice. The
improvements in shoot biomass yield obtained in this study might have resulted from the
efficient uptake and metabolism of available S [39]. Thus, the application of S to soil at
or above the CL will help to increase crop growth and productivity across the different
soil types.

5. Conclusions

We conclude that application of S significantly increased shoot dry matter yield and S
uptake of wheat over mustard irrespective of soils. Using the graphical method, the CL of
available S for soil in wheat was found to be 13.5 mg/kg and for mustard 14 mg/kg. In the
statistical method it was found 11.45 mg/kg for soil of both wheat and mustard, which
was higher than the present CL (10 mg/kg soil). Critical plant tissue concentration of S was
0.14% for wheat and 0.35% for mustard at the specified growth period (i.e., 7 weeks) both in
graphical and statistical approaches. The findings from this study can be used for updating
fertilizer recommendation guides for efficient fertilizer application in Bangladesh. This
study may also ensure that S fertilization would be crucial for getting a higher economic
yield of mustard and sustainable soil S management below the specified level. However,
future research should focus on validating the results from the present study in the actual
field condition.
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10.3390/su13158325/s1, Table S1. Soil available S, Bray’s % yield and predictability values (R2) of
wheat plant, Table S2. Soil available S, Bray’s % yield and predictability values (R2) of mustard plant,
Table S3. Soil available S, Bray’s per cent yield and predictability values (R2) of soil used for wheat
cultivation, Table S4. Soil available S, Bray’s percent yield and predictability values (R2) of soil used
for mustard cultivation.
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