
CO-LIMITATION OF NITROGEN AND SULFUR IN HARD RED WINTER WHEAT 
 

Brent R. Jaenisch, Mary Guttieri, Nathan Nelson, Dorivar R. Diaz, Victor O. Sadras, and 
Romulo P. Lollato 

Kansas State University, Manhattan, KS 
lollato@ksu.edu, 785-477-4644 

 
ABSTRACT 

 
Quantifying the interactions of nutrients in wheat production are essential to 

reduce the yield gap. Nitrogen and S deficiencies (individually or in combination) reduce 
wheat yields and increase the yield gap. Our objectives were to quantify the colimitation 
of N and S in wheat in Kansas. We established an experiment with three N rates (50, 
100, and 150% of the N required for an yield goal of 60 bu/a), four S rates (0, 10, 20, 
and 40 lb S/a), and three genotypes (LCS Mint, SY Monument, and Zenda) in a split-
split-plot design across eight Kansas environments distributed on three growing 
seasons. Grain yields ranged from 12 to 86 bu/a across treatment combinations and 
environments. Grain yield increased with increasing N rate at all locations (2 to 13 bu/a), 
while the addition of S increased grain yield at two locations (up to 40 bu/a). Increasing 
N rates decreased N use efficiency (NUE), and similar results occurred for S. However, 
S applied at 10 lb/a increased SUE in environments where soil-S content at sowing was 
limiting. The co-limitation analysis suggested that the optimal N:S ratio for grain was 
17.3. Through a field study conducted in eight environments, we demonstrated that N 
and S interact in the determination of wheat yield and nutrient use efficiencies, and an 
optimum N:S ratio that decreases the yield limitation by either nutrient exists.   
 

INTRODUCTION 
 

At historical time scales, N has been the most limiting nutrient to crop yields; 
thus, N fertilizer management has been extensively researched (e.g., Jaenisch et al., 
2019; Lollato et al., 2019; 2021). Nitrogen use efficiency (NUE) is the grain yield per unit 
of available N, and is determined by N uptake efficiency (i.e., the ratio between N 
uptake and N available) and N utilization efficiency (i.e., the ratio between yield and N 
uptake) (Moll et al., 1982). NUE is affected by agronomic management, of particular 
importance to the current study, the availability of other nutrients such as sulfur (S).  

Positive agronomic responses in commercial crops to the addition of S fertilizer 
seem to be more apparent in recent years (Girma et al., 2005; Camberato and Casteel, 
2010) due to the decline in organic matter in cultivated soils (Lollato et al., 2012) and 
the decrease in S dioxide deposition in the rainfall (Ceccotti, 1996). Sulfur is also an 
essential element to crops, playing variety of roles within the plant (Duke et al., 1986) 
thus S deficiency can reduce yield (Salvagiotti and Miralles, 2008).   

In wheat, S seems to interact with N to determine NUE by impacting soil N 
recovery rather than increasing N utilization efficiency (Salvagiotti et al., 2009). Sulfur 
allowed for the production of more shoot biomass which increased root biomass and for 
greater soil exploration and uptake of N (Salvagiotti et al., 2009). Despite these previous 
efforts to untangle N and S impacts on wheat performance, to our knowledge, there 



have been no attempts to understand this interaction from a co-limitation perspective 
(Sterner and Elser, 2002). Because N and S seem to limit wheat yield in commercial 
Kansas wheat fields (Jaenisch et al., 2021), our objective was to determine N and S 
limitation effects on the nutrient use efficiencies and yield on wheat.   

 
MATERIALS AND METHODS 

 
Experimental locations and agronomic management 

Field experiments were established in eight Kansas environments (E) resulting 
from the combination of locations and years. These were Ashland Bottoms during the 
2018-19 and 2019-20 winter wheat growing seasons (Belvue silt loam soil); Belleville 
during the 2017-18 and 2019-20 winter wheat growing seasons (Crete silt loam soil); 
Manhattan during the 2017-18 season (Kahola silt loam soil); Hutchinson during the 
2018-19 and 2019-20 seasons (Funmar-Taver loam soil); and Viola during the 2019-20 
season (Milan loam soil). All experiments were conducted under rainfed conditions. 

Winter wheat was sown using no-tillage practices following a previous soybean 
crop at all environments. Plots were seven 7.5-inch spaced rows by 30 ft long. Foliar 
fungicide was applied at anthesis at all locations so that disease incidence was not a 
confounding factor. Wheat was harvested using a small-plot Massey Ferguson 8XP 
combine and grain yield was corrected for 13.5% moisture.  

 
Treatment structure and experimental design 

The experiment was arranged in a 3 × 3 × 4 split-split-plot design with four 
replications. Three wheat genotypes (G) were assigned to whole plots, three N rates 
were assigned to sub-plots, and four S rates were assigned to sub-sub plots. The three 
genotypes were SY Monument, LCS Mint, and Zenda. Nitrogen was applied as urea 
ammonium nitrate (28N-0-0) and rates consisted of 50%, 100%, and 150% of KSU 
recommendations for a 60 bu/a yield goal. The actual amount of N applied depended on 
the initial soil NO3-N in the 0-60 cm profile and ranged from 43 to 73 lb N/ac in the 50% 
yield goal, and from 110 to 198 lb N/ac in the 150% yield goal. Sulfur was applied as 
ammonium thiosulfate (12-0-0-26S) at 0, 10, 20, or 40 lb S/a. A pressurized CO2 
backpack sprayer was used to apply treatments at spring greenup.   

 
Calculations and statistical analyses 

The N and S use efficiencies were calculated using the definitions provided by 
Gastal et al. (2015), which takes into account the soil nutrient available at sowing plus 
the nutrient from applied fertilizer. A limitation in this nutrient use efficiency calculation is 
that it does not account for the contribution of N and S from the mineralization of soil 
organic matter during the growing season, potentially overestimating nutrient use 
efficiency. The N:S ratio were calculated in the wheat grain.  

Analysis of variance was performed using “lmerTest” in R software version 3.4.0. 
Genotype, N rate, S rate, environment, and their interactions were considered fixed 
effects, while block nested within environment, and genotype nested within block, N rate 
nested within genotype, S rate nested within N rate were random effects (the latter 
accounted for the split-split-plot design). For the N:S stoichiometry, a linear-linear model 



was built using the “segmented” package to determine when either N or S were limiting 
in the wheat grain.  

 
RESULTS 

 
Across all environments, genotypes, and N and S rates, grain yield ranged from 

12 to 86 bu/a with significant three-way interactions for E × N × S, E × G × N, and E × G 
× S. Increased N increased yields in all environments from 1.5 to 14 bu/a (Figure 1). 
This benefit of N rate to yield depended on S rate in three environments (AB19, AB20, 
Sum20) where the presence of S increased grain yield in as much as 40 bu/a. The E × 
G × N interaction was due to the genotype Zenda yielding the least in six environments 
at the lowest N rate, and yielding the highest as N rate increased in three environments.  

Nitrogen use efficiency varied across environments and treatments (Figure 2). 
Interactions occurred for NUE among E × N × S and among E × G × S. The average 
NUE for each N rate across all S rates and environments was 25, 21, 17 lb/lb for the 50, 
100, 150% N rate, respectively. Increasing N rate decreased NUE at all environments. 
In six locations, NUE decreased from 24 to 17 lb/lb as N rate increased from 50% to 
150%. In two locations (AB19 and AB20), the zero S rate had significantly lower NUE as 
compared to treatments receiving a S application. In three environments (Bel18, Bel20, 
and Sum20), Monument and Mint resulted in a higher NUE than Zenda. Similarly to 
NUE, three-way interactions among E × N rate × S rate and E × G × S rate occurred for 
SUE (Figure 3). Across environments, the zero S rate resulted in the greatest SUE 
which ranged from 73-228 lb/lb, while the 40 lb S/a resulted in the lowest SUE (range: 
36-82 lb/lb). The only exception was ASB19, where the addition of 10 lb S/a increased 
SUE as compared to the zero S rate by 18 and 24 lb/lb for the 100 and 150% N rates.  
In five environments, the addition of N increased SUE anywhere within the same S rate. 

For N and S limited conditions, wheat yield increased with N:S until reaching the 
95% maximum value at 17.3 (CI: 17.1-17.5) for the grain, decreasing afterwards 
(p<0.001; R2=0.65).  

 

 
Figure 1. Average winter wheat gain yield affected by N rate (50, 100, and 150%), S 
rate (0, 10, 20, and 40 lb S/a), and environments (Bel18, Man18, AB19, Hut19, AB20, 
Bel20, Hut19, and Sum20). The Honest Significant Difference was calculated within 



each environment. Soil samples were taken before sowing to determine organic matter 
(%) and initial plant available S at sowing (kg ha-1).  

 
Figure 2. Mean nitrogen use efficiency (NUE) as affected by N rate (50, 100, and 
150%), S rate (0, 10, 20, and 40 lb S/a), and environment (Bel18, Man18, AB19, Hut19, 
AB20, Bel20, Hut20, and Sum20). The Honest Significant Difference was calculated 
within each environment. 
 

 
Figure 3. Mean sulfur use efficiency (SUE) as affected by N rate (50, 100, and 150%), S 
rate (0, 10, 20, and 40 lb S/a), and environment (Bel18, Man18, AB19, Hut19, AB20, 
Bel20, Hut20, and Sum20). The Honest Significant Difference was calculated within 
each environment. 
 



 
Discussion 

The range in wheat yield under the experimental conditions evaluated was 
similar to that reported in this region (Cruppe et al., 2021; Jaenisch et al., 2019; Perin et 
al., 2020). Wheat grain yield increased linearly with increases in N rate at all locations; 
however, the presence of S was only significant in two locations. The soil in these two 
environments were inherently low in plant available S at sowing (<20 kg S ha-1) and had 
low organic matter (<1.8%) and applications of 10-20 lb S/a maximized yields. Similarly, 
Ramig et al. (1975) suggested that plant available S at sowing was sufficient at 17 kg S 
ha-1, and Girma et al. (2005) suggested that yield responses to S fertilizer application 
are more likely to occur on low organic matter (<2%), coarse textured soils. In the 
remaining environments with greater soil S available at sowing and/or organic matter 
content, yield response to S fertilization was not expected.  

Increases in NUE and SUE either derive from improved fertilizer recovery or 
internal efficiency in utilizing the uptake N and S (Salvagiotti et al., 2009). Proposed 
mechanisms include 1) N and S fertilization increased root growth and the larger 
explored rooting area allowed for greater uptake of N and S (Salvagiotti et al., 2009),  
and 2) N and S fertilization increased crop growth consequently increasing the demand 
of nutrients. Our findings of a N:S ratio of 17.3 in the grain are similar to what has been 
reported in the literature (Randall et al., 1981; Byers et al., 1987). In S deficient soils, 
the N:S ratios can be as high as 20:1 or as low as 12:1 which is the minimum N 
requirement (Camberato and Casteel, 2010). Grain N:S ratio offer a great opportunity to 
check for nutrient deficiencies at the end of a season (Randall et al., 1981).  
 

CONCLUSIONS 
 

While N and S interacted in the determination of wheat yield, impacting wheat 
NUE and SUE; the impact of S application was only apparent in coarse textured soils 
with low organic matter content. This suggests the need for judiciously management of 
S in winter wheat systems of Kansas. The colimitation approach presented here 
suggested that wheat yields maximized when N:S ratio in the grain approached 17.3. 

  
REFERENCES 

 
Byers, M., J. Franklin, and S.J. Smith. (1987). The nitrogen and sulphur nutrition of 
wheat and its effect on the composition and baking quality of the grain. Asp. Appl. Biol. 
15: 337–344. 
Camberato, J., and S. Casteel. (2010). Keep and eye open for sulfur deficiency in 
wheat. Purdue Univ. April 13,2010, Purdue Univ. Depart. of Agron, West Lafayette. 
Ceccotti, S.P. (1996). A global review of nutrient sulphur balance, fertilizers, and the 
environment. Agro Food Ind. Hi. Tech. 7(6): 18–22. 
http://www.scopus.com/inward/record.url?eid=2-s2.0-
0039889976&partnerID=40&md5=ead776d998a9b4099b268c61114564af. 
Cruppe, G., DeWolf, E., Jaenisch, B. R., Onofre, K. A., Valent, B., Fritz, A. K., & Lollato, 
R. P. (2021). Experimental and producer-reported data quantify the value of foliar 
fungicide to winter wheat and its dependency on genotype and environment in the US 



central Great Plains. Field Crops Research, 273, 108300. 
Duke, S.H., H.M. Reisenauer, and M.A. Tabatabaí. (1986). Roles and requirements of 
sulfur in plant nutrition. Sulfur Agric.: 123–168. 
Gastal, F., G. Lemaire, J.L. Durand, and G. Louarn. (2015). Quantifying crop responses 
to nitrogen and avenues to improve nitrogen-use efficiency. Crop Physiology: 
Applications for Genetic Improvement and Agronomy: Second Edition 
Girma, K., J. Mosali, K.W. Freeman, W.R. Raun, K.L. Martin, et al. (2005). Forage and 
grain yield response to applied sulfur in winter wheat as influenced by source and rate. 
J. Plant Nutr. doi: 10.1080/01904160500203259. 
Jaenisch, B.R., A. de Oliveira Silva, E. DeWolf, D.A. Ruiz-Diaz, and R.P. Lollato. 
(2019). Plant population and fungicide economically reduced winter wheat yield gap in 
Kansas. Agron. J. 111: 650–665. doi: 10.2134/agronj2018.03.0223. 
Jaenisch, B. R., Munaro, L. B., Bastos, L. M., Moraes, M., Lin, X., & Lollato, R. P. 
(2021). On-farm data-rich analysis explains yield and quantifies yield gaps of winter 
wheat in the US central Great Plains. Field Crops Research, 272, 108287. 
Lollato, R.P., B.M. Figueiredo, J.S. Dhillon, D.B. Arnall, and W.R. Raun. (2019). Wheat 
grain yield and grain-nitrogen relationships as affected by N, P, and K fertilization: A 
synthesis of long-term experiments. F. Crop. Res. 263: 42–57. doi: 
10.1016/j.fcr.2019.03.005. 
Lollato, R.P., B.R. Jaenisch, and S.R. Silva. (2021). Genotype-specific nitrogen uptake 
dynamics and fertilizer management explain contrasting wheat protein concentration. 
Crop Sci. doi: 10.1002/csc2.20442. 
Lollato, R.P., M.A. Lollato, and J.T. Edwards. (2012). Soil organic carbon replenishment 
through long-term no-till on a Brazilian family farm. J. Soil Water Conserv. 67(3): 74A–
76A. 
Moll, R.H., E.J. Kamprath, and W.A. Jackson. (1982).  Analysis and Interpretation of 
Factors Which Contribute to Efficiency of Nitrogen Utilization 1 . Agron. J. doi: 
10.2134/agronj1982.00021962007400030037x. 
Perin, V., Santos, E. A., Lollato, R., Ruiz-Diaz, D., & Kluitenberg, G. J. (2020). Impacts 
of ammonia volatilization from broadcast urea on winter wheat production. Agronomy 
Journal, 112(5), 3758-3772. 
Ramig, R.E., P.E. Rasmussen, R.R. Allmaras, and C.M. Smith. (1975).  Nitrogen-Sulfur 
Relations in Soft White Winter Wheat. I. Yield Response to Fertilizer and Residual 
Sulfur 1 . Agron. J. doi: 10.2134/agronj1975.00021962006700020012x. 
Randall, P.J., K. Spencer, and J.R. Freney. (1981). Sulfur and nitrogen fertilizer effects 
on wheat. I. Concentrations of sulfur and nitrogen and the nitrogen to sulfur ratio in 
grain, in relation to the yield response. Aust. J. Agric. Res. doi: 10.1071/AR9810203. 
Salvagiotti, F., J.M. Castellarín, D.J. Miralles, and H.M. Pedrol. (2009). Sulfur 
fertilization improves nitrogen use efficiency in wheat by increasing nitrogen uptake. F. 
Crop. Res. 113(2): 170–177. doi: 10.1016/j.fcr.2009.05.003. 
Salvagiotti, F., and D.J. Miralles. (2008). Radiation interception, biomass production and 
grain yield as affected by the interaction of nitrogen and sulfur fertilization in wheat. Eur. 
J. Agron. doi: 10.1016/j.eja.2007.08.002. 
Sterner, R.., and J.. Elser. (2002). Ecological Stoichiometry: The Biology of Elements 
from Molecules to the Biosphere: Robert W. Sterner, James J. Elser, Peter Vitousek: 
9780691074917: Amazon.com: Books. 


