



Grain-yield response of bread-wheat to sulfur and phosphorus as sole-nutrients and interacting with nitrogen in four soils
Abstract
Despite sulfur being widely deficient in arable-soils, its integration into Ethiopian crop-production systems is relatively recent. This study involved six field experiments designed to evaluate the response of bread-wheat to sulfur and phosphorus (S&P) applied individually and in combination with nitrogen (N). Eight-treatments involving S, P, and N were arranged in a randomized complete block design (RCBD) with three-replications, using a nutrient-omission approach. Results indicated no significant grain-yield (GY) response to the application of S or P as sole-nutrients, nor to their combinations. In contrast, the response to sole-N was highly-significant (P≤ 0.001), with GY increases ranging between 160.8–279.7%, explaining about 75% of the observed yield-variation. Wheat showed a limited response to P, even in combination with other nutrients. However, significant interactions were observed for N×S, N×P, and N×S×P, with decreasing levels of statistical-significance. Notably, P appeared to have a suppressive effect when included in nutrient-mixes, as the GY gains from N×P were commensurate to those from N×S×P. Although phosphorus is generally recognized as critical for crop-productivity, wheat responded positively to applied P in only one-third of the experimental sites. This limited response is likely due to the high P-fixing capacity of the soils studied, viz. Andosols, Nitisols, and Vertisols. Consequently, P inaccessibility appears to be a key factor limiting yield (with a maximum observed yield of only 6.1 t/ha), which is significantly below the wheat crop’s potential. Soil pH, rather than soil-type, emerged as the dominant factor influencing P availability and retention. In contrast, the wheat response to applied S was mainly determined by the adequacy of available or applied N.  These findings underscore the complex interplay among S, P, and N in wheat production systems. These, and the potential role of S impurities in triple-superphosphate fertilizers, particularly in relation to wheat quality and other yield-components, warrants further investigation.
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1. Introduction
Nitrogen (N), phosphorus (P) and sulfur (S) are among the 17 essential plant-nutrients, required by all living-organisms. However, while N and P have been the subjects of extensive investigations throughout Africa including Ethiopia, much less is known about the S status in soils and the responses to S supplies in crop-production.  Although traditionally considered of secondary importance, its role is far more significant than often acknowledged in plant-nutrition. Sulfur ranks 2nd only to N in importance for achieving optimal crop-yield and quality, as well as enhancing the efficiency of other nutrient uses (Brown et al., 2005). From a crop assimilation perspective, S-uptake in grain-crops has been reported to equal or even exceed that of P, with uptake rates ranging between 10–30 kg/ha (Weil & Mughogho, 2000). 
The importance of S to higher plants has been recognized for over two centuries (Duke & Reisenauer, 1986). However, interest in S has lagged behind other macronutrients, particularly in countries like Ethiopia, where its deficiency has historically been less extensive than that of N and P. Over the past four decades, many regions, esp., those practicing intensive agriculture have seen a shift in S balance towards deficiency. This trend is largely attributed to the replacement of traditional S-containing fertilizers such as ammonium sulfate (AS) and single superphosphate (SSP) with high-analysis N and P fertilizers that contain little or no S. Additionally, reductions in atmospheric SO₂ emissions, due to international environmental regulations, might have also contributed further reduced S inputs to soils.
Despite early reports highlighting S-deficiency (Blair et al., 1980), the issue has not received sufficient attention in African agriculture. In countries like Ethiopia, low-yielding subsistence farming has long relied on natural soil S-reserves, with S primarily released through organic-matter mineralization. The shift toward high-analysis fertilizers, mainly urea and diammonium-phosphate (DAP), which lack S, has exacerbated this problem. Between 1996 and 2005, N-fertilizer use in Ethiopia increased by 22%, from 349,580 metric tons (MT) to 424,521 MT, primarily from urea and DAP (Rashid et al., 2013; CSA, 2021). Fertilizer imports and applications increased by 30% up to 2010–11. At the same time, the adoption of high-yielding varieties and improved agronomic-practices has significantly boosted crop production, often doubling yields. However, the return of S to soils via farmyard-manure and crop-residues has declined due to their alternative uses, further contributing to its deficiency, esp., in intensively cultivated areas.
Only recently has systematic exploration of soil S status begun in parts of Africa. In Ethiopia, studies by Menna et al., (2015), and Menna et al., (2016) documented its deficiency in arable-soils and wheat-response to S applied as gypsum. These findings underscore sulfur’s emerging role as a limiting factor in crop production, prompting increased research and fertilizer imports for sulfur supplementation. However, comprehensive assessments of the effects of S and P applied individually and in interaction with N on crop-yields and yield-components remain limited. Therefore, this study is based on our previous extensive field-experiments and surveys conducted during the 2014–15 seasons. And, now aimed to evaluate the individual effects of S, and P; and their interaction with N on the yield performance of bread-wheat across four soil types.
2. Materials and Methods
Field-surveys were conducted in 300 randomly selected farmers’ fields across three locations: Arsi (Ar), East-Shewa (ES), and West-Shewa (WS) administrative zones. The surveys focused on intensively cultivated out-fields, where wheat and faba bean plant materials were collected. Wheat plants were sampled when the average grain-moisture content reached 14.0%. The grain samples were then further dried to a constant-weight and ground to the required fineness. The resulting flour-samples were analyzed for S and N contents from 200 further randomly-selected plant-tissue samples (Figure 1). Our previous study (Menna, et al., 2016) showed low-levels of S in approximately 60% of the surveyed sites, indicating S insufficiency, likely reflecting its low levels in the soil. Based on these findings, on-farm validation-experiments were conducted at six-sites, selected from the original survey-locations and supported by additional soil-testing. The selected sites included: Dosha (Do) and Boro-Lencha (BL); Insilale (In) and Bekejo (Bk); and Nano-Kersa (NK) and Dawa-Lafto (DL), representing the Arsi, ES, and WS zones, respectively. These sites were geo-referenced using GPS, and were classified based on geomorphological or physiographic features such as elevation, size and soil-types when known. These sites were then used to conduct wheat response trials to S, P and N applications.

In the Arsi zone, the Dosha-site was located at 7o53'.814" N-latitude & 39o6'.177" E-longitude, at an altitude of 2,418.3 meters above sea-level (masl), while the Boru-Lencha site was located at 8o7'.477" N-lat & 39o17'.723" E-long with an alt. of 2,186.4 masl. In East-Shewa zone, Insilale site was located at 8o51'.648" N-lat & 38o53'.215" E-long with an alt. of 2,211.3 masl; whereas Bekejo site was located at 8o38'.377" N-lat & 38o55'.323" E-long at an alt. of 1,874.2 masl. 
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Figure 1. Locations’ map showing sulfur status of soils based on wheat grain analysis.   
Similarly, in the West-Shewa zone, Nano-Kersa site was located at 8o55'.606'' N-lat & 38o31'.063'' E-long at an alt. of 2,123.7 masl; whereas Dawa-Lafto site was located at 8o26'.93'' N-lat & 38o26'.93'' E-long at an alt. of 2,173.6 masl. The tested-soils were representative of nutrients-mined tropical-soils. 

2.1. Soil sample collection, preparation and analysis

Before planting composite soil-samples (0–20 cm depth) were collected from 10-spots per block and bulked; which were then further composted to make a sample per block. Soil-samples then were air-dried immediately in dust-free dry-rooms. The dried-samples were ground and sieved to pass 1-mm sieve. Some physico-chemical properties of the soils were analyzed in laboratory as per the methods described in Table 1.

2.2. Treatments application
Eight treatments were laid-out in RCBD in triplicate. The treatments were, absolute control/check without-fertilizer (CK); sulfur-alone (sole-S); phosphorus-alone (sole-P); nitrogen-alone (sole-N); N & S (NS); N & P (NP); S & P (SP); and N, P & S (NPS). The nutrient rates used were 2-levels of S (S1= CK, S2= 25 kg S/ha); 2-levels of N (N1= CK, N2= 115 kg N/ha); and 2-levels of P (P1= CK and P2= 25 kg P/ha) arranged in a nutrient-omission-approach as gypsum, urea and triple-super-phosphate (TSP). Each block was divided into, 3m x 5m experimental units/plots. Agronomic-spacing for wheat, 25cm x 5cm between rows and plants was used. There were 12-rows of wheat per plot, from which two were used as borders and another one-row was used for plant sampling. Finally, net central-rows, 4m x 1.5m per plot were used for data-collection. Management-practices pertinent to the wheat-plant were done as per the recommendations. Nitrogen was split-applied, from which one-third the amount was applied just before seeding, whereas the remaining two-third the amount was top-dressed at the stage of tillering. The entire sources of S & P were applied incorporated within rows before seeding.  
Table 1. Analytical methods of some selected soil parameters of the study Areas
	Parameters
	Unit of 

measurement 
	Extraction methods by
	References

	pH
	pH(1:2.5), soil:H2O
	Potentiometrically,1:2.5 soil: water
	Van Reeuwijk( 2002)

	EC
	mS/cm
	1:5 soil: water suspension
	Klute (1986)

	Exch. Bases
	Cmol(+)/kg
	1 M NH4OAc solution at pH =7.00
	Van Reeuwijk (2002)

	CEC
	Cmol(+)/kg
	1 M NH4OAc solution at pH =7.00
	Van Reeuwijk (2002)

	PBS
	%
	Calculation from exch. Bases
	Van Reeuwijk (2002)

	TN 
	%
	Kjeldlehl as described in
	Okalebo et al., (2002)

	OC
	%
	Walkley-Black as described in
	Nelson & Sommers, (1996)

	Av. P
	mg/kg
	Bray-1 & Olsen plant available P.
	Bray & Kurtz. (1945); and 
Olsen,et al. (1954)

	SO4-S
	mg/kg
	Ca-orthophosphate, Turbidimetrically 
	Rowell (1994)

	Soil texture
	% (sand, silt & clay)
	Hydrometer method
	Bouyoucos (1962)


Key: EC = Electrical-conductivity; Exch.  = Exchangeable; CEC = Cation-exchange-capacity; BS/PBS = % 

Base-saturation; TN = total-nitrogen; OC = organic-carbon; Av.P = Available-phosphorus; SO42- = sulfate-sulfur.
2.3. Statistical Data Analysis

Wheat yield data were subject ANOVA to evaluate the treatment-effects (S, P & N) on grain-yield (GY) using PROC-MIXED of generalized-linear-model (GLM) of R-software (R-Core, 2021). The LSD was used to separate means at 5%, 1%, 0.1% probability-levels. Correlation/regression analyses were also performed to test relations among soil-variables with yield using PROC REG-correlation protocol. Moreover, pair-wise orthogonal-comparisons using R-contrasts were performed to decide significances of the treatments (S, P & N) and/or their interactions. The fertility statuses of soils were evaluated based on contents of the respective variables obtained from laboratories; which were then compared with the established ratings using descriptive-statistics as per the criteria developed by Landon (1991); and Thiagalingam, (2000).  
3. Results and discussion
3.1. Some physico-chemical properties of the studied soils 

Soil property values varied-widely due to specific edaphic and environmental factors acting either together or separately (Table_2). Soil pH ranged from strongly acidic to slightly alkaline, falling within the 4.5–8.5 range, which is typical for agricultural soils. Since pH is a logarithmic function, a unit change represents a tenfold difference in hydrogen ion (H₃O⁺) concentration. This means that a solution with a pH of 4 has ten times more H₃O⁺ than a solution with a pH of 5, and 100 times more than one with a pH of 6. Such variation in pH is expected to primarily affect the CEC, due to pH-dependent nature of 2:1 clay-minerals. This, in turn, influences nutrient-availability, fertilizer-use-efficiency, and ultimately crop performance. The CEC of soils ranged between 15–25 cmolc/kg, considered medium, and 25–40 cmolc/kg, which is considered high. The soils were free from salinity.   
Table 2. Some physico-chemical features of soils of the studied areas cultivated for wheat before planting. 
	Site 
	pH (Soil:H2O)
	EC (mS/cm)
	Exchangeable Bases  
	CEC (Cmol(+)/kg)
	BS or PBS (%)
	TN (%) 
	OC (%)  
	Av.P  (mg/kg)
	SO4-S (mg/kg) 
	Soil type
	Soil-texture  

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	Ca2+
	Mg2+
	Na+
	K+
	
	
	
	
	
	
	
	

	
	
	
	(cmol(+)/kg)
	
	
	
	
	
	
	
	

	Dosha
	5.0
	2.21
	6.53
	1.42
	0.22
	1.00
	15.00
	42.37
	0.15
	0.92
	9.80
	11.33
	Nitisol
	C

	B/Lencha
	6.8
	1.11
	12.98
	4.42
	0.26
	1.66
	28.96
	71.61
	0.28
	3.00
	6.33
	5.55
	Andosol
	SC

	Insilale
	7.3
	1.13
	23.23
	5.46
	0.27
	2.06
	45.43
	90.50
	0.13
	1.51
	11.44
	7.56
	Chromic-Vertisol
	C

	Bekejo
	7.4
	1.11
	24.96
	5.26
	0.45
	2.21
	47.80
	96.52
	0.08
	1.42
	8.62
	1.65
	Pellic-Vertisol
	SC

	N/Kersa
	6.6
	1.02
	14.47
	3.76
	0.28
	2.06
	40.44
	66.87
	0.26
	1.46
	0.50
	13.58
	Chromic-Vertisol
	C

	D/Lafto
	5.2
	0.09
	6.12
	1.23
	0.31
	2.20
	18.6
	41.44
	0.18
	1.80
	8.49
	11.82
	Nitisol
	CL


Key: Soil-Texture (SC= Sandy-clay; C= Clay, and CL= Clay-loam). Soil-Types (CV= Chromic-Vertisol, Ni= Nitisol, and PV= Pellic-Vertisol). Av P = available-phosphorus (for pH> 7.0, by Olsen; and for pH< 7.0, by Bray-1 method used).

The distribution of exchangeable cations was in the order: Ca²⁺ > Mg²⁺ > K⁺ > Na⁺, with Ca²⁺ dominating the exchange sites and thus controlling most of the base-saturation and soil pH. This trend was particularly pronounced in calcareous soils from the ES zone. Base saturation (BS) ranged from 90.50% to 96.52%, which is considered high. In WS zone, BS levels fell within the medium to high range. Although BS measures the proportion of the four base cations relative to the CEC, it has been found to correlate strongly with Ca²⁺ content and pH. Some of the key variables such as TN, Av.P, and SO₄²⁻ were low for sustaining crop productivity, likely due to the low levels of soil OC. This could impact the balance of S and N available to crops. There was also noticeable variation in soil-texture, ranging from sandy to clay-loam, with clay dominating most textural-classes. In areas where sandy or sandy clay textures prevail, such as sites BL and Bk, stronger responses to applied fertilizers can be expected.  

3.2. Wheat yield as related to soil-property values 
Based on the World Reference Base (WRB, 2015), four soil-types were identified (Table_2). Relating these to yield, wheat showed a highly significant response to sole-N application, and also interacted with S in a way that was directly related to soil-test results. However, the response of the wheat-variety to applied straight S-fertilizer was negligible. Wheat response to S perceived to vary depending on factors such as soil-properties, OM, and possibly soil microorganisms and their interaction with other essential nutrients like N. The overall results indicated that S fertilization had a greater impact on wheat-yield in sandy-soils and in soils with lower OM content. 
Despite very low levels of pre-sowing plant Av.P, wheat did not respond to applied P at four out of the six, even when applied in combination with N and S. These sites include the Nitisols (Do-site), the Chromic-Vertisol (In-site), the Pellic-Vertisol (Bk-site) and the Nitisol (DL-site). These soils are perceived to have high P-fixing capacities, which can render P inaccessible for plant-uptake. Supporting this, Mamo & Haque (1991) and Mamo et al., (1993) reported low field-crop responses to added P in these soil-types. Interestingly, the pH levels of these soils fall outside the range considered favorable for maximum P availability. According to Weil & Brady (2017), the optimal pH range for P availability is 6–7. The poor wheat response to P, despite its low levels in the soils and the apparent depression of GY observed in this study may be attributed to several physico-chemical and biological factors. For instance, at the Do and DL sites, soil-pH was acidic and likely be dominated by kaolinite or similar minerals, including oxides and hydroxides of Fe, Al, or Si.
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Figure 2: Effect of N, S, and P as individual-elements & interactions on mean wheat GY at Ar-zone, Do- and BL- sites. Values expressed as mean ± SEM (𝑛 = 24); ∗P < 0.05; or ∗∗P < 0.01 probability levels compared with control. Means bearing the same letter in the bars are not significantly different at P< 0.01% of significance analyzed by t-test. 
These minerals are known for their high P retention. In contrast, at the Bk and In-sites (alkaline-soils), the precipitation of P with base cations, especially Ca²⁺ may have contributed to P insolubility. Another possible factor is nutrient antagonism. The application of S may have interfered with P uptake. In line with this, Weil & Mughogho (2000) reported reduced maize-response to S when interacting with P from TSP, and conversely, that the P response was reduced where S was added. 
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Figure 3: Effect of N, S, and P as individual elements and interactions on mean wheat GY at ES-zone, In- and Bk- sites. 
Therefore, among other factors, P inaccessibility may be a major cause of the depressed wheat yields, which in this study were well below both regional and global attainable potentials. Indeed, soils naturally contain abundant Ca, Fe, Al, and even Si ions that can form complexes with P, limiting its availability to plants. These mineral interactions showed stronger-correlations with soil-pH than with soil-type, indicating that soil-reaction may play a greater role in P availability than the soil-type itself. This highlights the need for ameliorative measures to optimize P availability. Potential options include the use of appropriate N and P fertilizer mixes and the management of nitrate-leaching. Another possible strategy is the saturation of such soils with the appropriate type and amount of P fertilizer to enhance its continuous-diffusion. Climatic conditions should also be taken into account; where at warmer-temperatures, molecules have more kinetic-energy and diffuse over greater-distances than at lower-temperatures, potentially improving nutrient movement. Beyond P, the absence of K and micronutrients, many of which are deficient in Ethiopian soils in fertilizer-mixes may also have contributed to the observed low wheat-yields, which may necessitate their calibrations of soil test-values with economic yield in the different agro-ecological-zones. 
3.3. Wheat yield as affected by single-nutrient effects and interactions 
Figures 2–4 depict the GY of wheat, averaged across-locations for applied fertilizers and their combinations. Despite the very low-levels of pre-soil-test plant-available-S, wheat did not show a response to sole-S application. This is consistent with the findings of Jamal et al., (2010) for rapeseed. Similarly, wheat did not respond to sole-P application from TSP.
Not only were the individual effects of S and P insignificant, but their interaction (S×P) also did not result in significant yield variations, except for some marginal-increases compared to the control. In agreement, Weil and Mughogho (2000) reported a reduced response of maize to S when it interacted with P from TSP. They also reported the reverse: a reduced maize response to P when S was added. This might indicate some antagonism between these two elements at certain level of concentrations or under specific soil-conditions. The lack of wheat response to S and P applied separately may also suggest the presence of other limiting factors. In contrast, wheat showed a highly significant response (**P < .001) to sole-N, possibly due to its severe limitation in arable-soils.  
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Figure 4: Effect of N, S, and P as individual elements and interactions on mean wheat GY at WS-zone, NK- and DL- sites. 
Regarding other nutrient interactions, wheat also showed a highly significant response to the N×S, indicating insufficiencies of both nutrients in the studied soils. Numerous studies have established the crop requirement for S in relation to N and highlighted their significant positive interaction in enhancing crop-yield and yield-related traits (Jamal et al., 2010; Järvan et al., 2017; Raffan et al., 2020). These studies emphasize the need to balance these nutrients to achieve target yields. Some reports indicate negative effects on yield when either N or S is missing in the fertilizer-mix. For instance, when S is not adequately supplied, its deficiency can hinder the effective use of soil-N, leading to increased nitrate leaching (Likkineni & Abrol, 1994). O'Connor and Vartha (1969) also reported reduced hay yield when N availabilities were unsatisfactory, and high doses of S (from gypsum) were applied. Moss et al., (1981) noted that a lack of S when N was applied resulted in noticeably harder-grain. Similarly, Eppendorfer (1971) observed that high N doses could induce S deficiency.

Wheat also responded to the N×P and N×P×S interactions, though not as strongly as it did to the N×S. Based on the results, the yield-gains due N×P and N×P×S were relatively lower than that due to N×S, possibly due to the limited availability of P from TSP. It was also observed that the yield-gains from N×P and N×P×S were comparable in most treatment units. These findings are consistent with those of Eyasu et al., (2019).
In general, the significant response of wheat to applied S and P when interacting with N may further confirm the severe N deficiency in arable-soils. Following the N, S response was also well correlated with soil-test results. But, the significant wheat response to both the sole-N and N×S interaction may be attributed to the roles these nutrients play in influencing crop-yield and quality-traits, possibly by altering key physiological and biochemical processes in the plant. The overall findings contribute to a better understanding of the nutritional behavior of S in relation to N and can serve as a guideline for balanced fertilizer recommendations. Therefore, more in-depth studies are needed to determine the optimal S:N ratios to enhance both crop-yield and quality-attributes.  
3.4. Average wheat-yield over locations
Wheat GY in the Ar-zone varied significantly (P< .001) among treatments within each site. Yields ranged from 0.85 t/ha in the control (CK) to 4.83 t/ha in the full-dose nitrogen, phosphorus, and sulfur (NPS) treatment at the BL site; and from 1.46 t/ha in CK to 6.06 t/ha in the NPS treatment at the Do site. Similarly, in the ES-zone, yields ranged from 0.87 t/ha in CK to 5.01 t/ha in NPS at the In-site, and from 1.10 t/ha in CK to 5.96 t/ha in NPS at the Bk site. In the WS-zone, yields varied from 0.88 t/ha in the sole-S treatment to 6.10 t/ha in NPS at the NK site, and from 1.13 t/ha in the sole-S treatment to 4.77 t/ha in NPS at the DL-site. 
Intermediate yield values were also recorded as a result of corresponding intermediate treatment effects. In most sites, the yield resulting from the nitrogen and phosphorus interaction (NxP) treatment was comparable to that of the combined nitrogen, phosphorus, and sulfur (NxPxS) treatment. From an agronomic standpoint, the GY differences between NxP and NxPxS were not statistically significant. However, both treatments produced significantly-higher-yields compared to the CK or other lower-level treatments missing one or more of the key nutrients. 
Although the yield response curves showed diminishing returns with each additional nutrient, there were consistent-yield-gains with each added element, reaching a maximum with the full NPS application. These findings align closely with those of Menna et al., (2015), and Menna et al., (2016).
Across all sites, sole-N resulted in a much sharper rise in the response-curve than any other single-nutrient or their combination. For example, application of sole-N led to GY increases ranging from 160.83% (the lowest, at Do-site) to 279.65% (the highest, at NK-site) compared to the CK. Similarly, substantial increases due to sole-N were recorded at other sites, with respective yield gains of 204.31% at BL, 222.69% at In-site, 172.87% at Bk, and 186.77% at DL; highlighting the crucial-role of N in explaining much of the variation in wheat-yield. 
3.5. Response of wheat to sulfur-impurity from the TSP 
Responses to sulfur (S) are often overlooked when a basal application of P is made using TSP, a high-analysis fertilizer that contains an agronomically significant amount of S, typically 2–6% by weight (Weil & Mughogho, 2000). The S-content in TSP is a result of sulfuric-acid used during its manufacture from rock-phosphate. This amount of S can lead to measurable yield-increases in crops. For instance, the authors reported optimal maize yield-responses when S was applied at rates of 5–6 kg/ha from gypsum. Similarly, Menna et al., (2016) observed responses to applied S (gypsum) in the range of 5–25 kg/ha.
To verify these effects, pairwise orthogonal-comparisons using R-stat software were conducted to assess differences between treatments at 95% confidence-level. The primary focus was on four sites that showed no response to P: Do, In, Bk, and DL. Note, a sample data only from Do-site is shown (Tables_3). This interpretation is based on GY comparisons between NPS and NS treatments and the vice-versa. 
Table 3. Pair-wise orthogonal (o) comparisons among treatments using R-contrast statements at Arsi zone, 

Dosha-site Comparisons significant at the 0.05 level are indicated by ***.
	Trt 

Comparisons
	DBM
	95% Confidence

Limits  
	
	Trt comparison 
	DBM
	95% Confidence

limits 
	 ***

	NPS-NP
	0.3567
	-0.1774   0.8907
	ns
	SP-NPS
	-3.7167
	-4.2507 -3.1826
	***

	NPS-NS
	0.4833
	-0.0507   1.0174
	ns
	SP-NP
	-3.3600
	-3.8941 -2.8259
	***

	NPS-N
	2.2467
	1.7126   2.7807
	***
	SP-NS
	-3.2333
	-3.7674 -2.6993
	***

	NPS-SP
	3.7167
	3.1826   4.2507
	***
	SP-N
	-1.4700
	-2.0041 -0.9359
	***

	NPS-P
	4.2533
	3.7193   4.7874
	***
	SP-P
	0.5367
	0.0026   1.0707
	***

	NPS-S
	4.2667
	3.7326   4.8007
	***
	SP-S
	0.5500
	0.0159   1.0841
	***

	NPS-CK
	4.6000
	4.0659   5.1341
	***
	SP-CK
	0.8833
	0.3493   1.4174
	***

	NP-NPS
	-0.3567
	-0.8907   0.1774
	ns
	P-NPS
	-4.2533
	-4.7874 -3.7193
	***

	NP-NS
	0.1267
	-0.4074   0.6607
	ns
	P-NP
	-3.8967
	-4.4307 -3.3626
	***

	NP-N
	1.8900
	1.3559   2.4241
	***
	P-NS
	-3.7700
	-4.3041 -3.2359
	***

	NP-SP
	3.3600
	2.8259   3.8941
	***
	P-N
	-2.0067
	-2.5407 -1.4726
	***

	NP-P
	3.8967
	3.3626   4.4307
	***
	P-SP
	-0.5367
	-1.0707 -0.0026
	***

	NP-S
	3.9100
	3.3759   4.4441
	***
	P-S
	0.0133
	-0.5207   0.5474
	ns

	NP-CK
	4.2433
	3.7093   4.7774
	***
	P-CK
	0.3467
	-0.1874   0.8807
	ns

	NS-NPS
	-0.4833
	-1.0174   0.0507
	ns
	S-NPS
	-4.2667
	-4.8007 -3.7326
	***

	NS-NP
	-0.1267
	-0.6607   0.4074
	ns
	S-NP
	-3.9100
	-4.4441 -3.3759
	***

	NS-N
	1.7633
	1.2293   2.2974
	***
	S-NS
	-3.7833
	-4.3174 -3.2493
	***

	NS-SP
	3.2333
	2.6993   3.7674
	***
	S-N
	-2.0200
	-2.5541 -1.4859
	***

	NS-P
	3.7700
	3.2359   4.3041
	***
	S-SP
	-0.5500
	-1.0841 -0.0159
	***

	NS-S
	3.7833
	3.2493   4.3174
	***
	S-P
	-0.0133
	-0.5474   0.5207
	ns

	NS-CK
	4.1167
	3.5826   4.6507
	***
	S-CK
	0.3333
	-0.2007   0.8674
	ns

	N-NPS
	-2.2467
	-2.7807 -1.7126
	***
	CK-NPS
	-4.6000
	-5.1341 -4.0659
	***

	N-NP
	-1.8900
	-2.4241 -1.3559
	***
	CK-NP
	-4.2433
	-4.7774 -3.7093
	***

	N-NS
	-1.7633
	-2.2974 -1.2293
	***
	CK-NS
	-4.1167
	-4.6507 -3.5826
	***

	N-SP
	1.4700
	0.9359   2.0041
	***
	CK-N
	-2.3533
	-2.8874 -1.8193
	***

	N-P
	2.0067
	1.4726   2.5407
	***
	CK-SP
	-0.8833
	-1.4174 -0.3493
	***

	N-S
	2.0200
	1.4859   2.5541
	***
	CK-P
	-0.3467
	-0.8807   0.1874
	ns

	N-CK
	2.3533
	1.8193   2.8874
	***
	CK-S
	-0.3333
	-0.8674   0.2007
	ns


Comparisons significant @ 0.05 probability level are indicated by ***. Key: Trt= treatment; DBM= difference 

between means; CL = confidence-Limits; N= nitrogen; P= phosphorous; S= Sulfur and; CK= Check; ns= not-significant.
At all four sites, wheat responded positively to S-gypsum. However, due to the S content in TSP (S-TSP), yield responses were observed at only three of the four target-sites. But this contrasts with previous reports by Menna et al., (2015), who found no wheat response to S-TSP across 18 experiments. In this study, among the four target-sites, pairwise-o-comparisons indicated non-significant (negative) differences only at Do-site (Tables_3), suggesting no yield-benefit from S-TSP in this site, the S-gypsum being 20 kg/ha.
If wheat shows a response to S-gypsum but not to P-TSP, any increase in GY beyond the effect of 20 kg/ha S could be attributed to the S in TSP. This means that wheat showed significant-response to S-TSP, in three out of the four target-sites.  
Certainly, there is better wheat-response to S-TSP in the current-study, compared to our previous. The observed better response of wheat to S-TSP in present-study than our previous can be due to at least two reasons. One is the differences in soil-reactions, and the other is the differences in the amount of N-supplied. For example, in present-work the soil which did not show response to S-TSP is strongly-acidic. This might have affected the availability of P-TSP, thereby obscuring the expected response of wheat to S-TSP. In contrast, the pH of the soils where wheat showed response to S-TSP ranged from slightly-acidic to alkaline, which are in close range to the optimum pH for P availability. 
Regarding, the differences in N fertilizer-used, in our previous work the amount of N-applied was 69 kg/ha, but in the present-work it is 116 kg N/ha, a significant increase in N supply. The role of increased supply of N to the increased responses of crops to S (NxS) was reported by Reneau et al., (1986). The increased amount of N in this case is expected to have enhanced the uptake-efficacy of S, resulting in better wheat response to S-TSP. 

Overall, across the six validation experiments, the maximum wheat GY (6.1 t/ha) was recorded only at the NK-site under the highest NPS application (Figure_3). However, this yield remains below the average wheat yield (8.5 t/ha) reported by Zhao et al., (1999). Similar studies also reported much higher yields, 17.4 t/ha in 2020 (Watson, 2020) what is called a Guinness-World-Record. Some growers have even aimed for higher-yields as high as 22 t/ha. This highlights the significance of integrated-nutrient-management strategies for achieving max economic-yield including biotic and abiotic-factors. 

Conclusions
Wheat plants showed no significant response to the application of sole-S or sole-P, nor to their interaction (S×P). In contrast, GY responded dramatically to sole-N, accounting for much of the observed yield variation. Interactions involving N, such as N×S, N×P, and N×S×P, also had considerable effects on GY, though in decreasing order of significance. Notably, the marked interaction between S and N suggests that the effect of S nutrition on crops cannot be fully realized without adequate N. In many cases, the yield gains from N×P were comparable to those from the N×S×P. Despite low levels of Av.P, wheat showed little response to P application at most sites, even when applied in combination with N and S, which may indicate a strong P-retention capacity of the soils considered. Among other factors, P inaccessibility appears to be a major contributor to yield-limitations, and it may also compromise nutritional-quality. For sustainable wheat productivity vis-à-vis P availability, soil pH was found to be a more critical-factor than soil-type, underscoring the need for targeted P management strategies. Regarding S availability and plant-response to it, the adequacy of N, whether present in the soil or applied is of primary-concern. Therefore, wheat growers should consistently monitor soil-pH and manage N levels effectively to maximize the benefits of added P, S and may be other nutrients. Especially, the interaction of N with other nutrients was found to be of utmost importance for sustainable wheat productivity and warrants further in-depth study. This would help clarify the nutritional behaviour of S vis-à-vis other nutrients and support the development of balanced-nutrient management practices aimed at optimizing-yield. 
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