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Abstract
Sulfur (S) is an essential nutrient for optimizing corn (Zea mays L.) growth and

yield. While S deficiency has increased in recent years, corn response to S fertil-

izer application remains challenging to predict owing to complex interactions among

soil, crop, and weather conditions. Forty field trials were conducted between 2009

and 2011 over a range of soil types and environments to evaluate corn grain yield

response to S fertilizer and assess the ability of soil and leaf S concentration to pre-

dict yield response to S fertilizer. Rate trials included two (0 and 34 kg S ha−1) or five

rates (0 to 52 kg S ha−1, in 13 kg ha−1 increments), whereas S sources were eval-

uated at 26 kg S ha−1 (ammonium sulfate [21-0-0-24S], elemental S [0-0-0-90S],

gypsum [0-0-0-21Ca-17S], monoammonium phosphate [MAP] MAP-10S [12-40-0-

10S], MAP-10S+Zn [12-40-0-10S-1 Zn], and MAP-15S [13-33-0-15S]). Over the

3-year study period, we found minimal yield response to S fertilizer application with

an overall response rate of 5% (two of 40 trials). In addition, neither S fertilizer eval-

uated increased corn grain yield relative to no S at any site; however, elemental S

significantly reduced yield in one of 18 sites. While S application generally increased

soil and earleaf S concentration, this did not translate into yield increases; hence, the

lack of relationship between relative yield and soil and earleaf S. Under the study’s

conditions, these results indicate that S fertilization is unlikely to increase corn yields,

and standard diagnostic tests such as soil S and earleaf S concentration are unreliable

in predicting yield response in the upper US Midwest. Future research should incor-

porate other organic and inorganic soil S fractions to improve understanding and

prediction of crop response to S fertilization.

Plain Language Summary
Sulfur (S) is an important nutrient for corn growth, but in recent years, S deficiency

has become more common, and predicting how corn will respond to S fertilizer is

difficult due to complex interactions among factors like soil type, weather, and crop

conditions. Between 2009 and 2011, researchers conducted 40 field trials to see how

Abbreviations: AMS, ammonium sulfate; EleS, elemental sulfur; MAP, monoammonium phosphate; SOM, soil organic matter.
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S fertilizer affects corn yield and whether testing S levels in the soil and corn leaves

could predict the response. Overall, the study found minimal yield increase from S

application, with only two out of 40 trials showing a yield increase. In fact, one type of

S fertilizer even decreased yield in one of the trials. While the S application generally

raised S levels in the soil and corn leaves, it did not result in higher yields, indicating

that S fertilization is unlikely to improve corn production. The study also concluded

that common tests for S in the soil and leaves are not reliable in predicting how corn

will respond to S fertilizers.

1 INTRODUCTION

The US Midwest Corn Belt (Illinois, Iowa, Indiana, Ohio,

Kentucky, Michigan, Minnesota, Wisconsin, South Dakota,

Nebraska, Kansas, and Missouri) is an important agricultural

region, accounting for ∼80% of the total corn production in

2024 (USDA-NASS, 2025). While sulfur (S) is an essential

macronutrient for plant growth and development, many states

have not historically recommended S fertilizer in row-crop

production because of adequate S supply in the 1970–1980s

(soil organic matter [SOM] mineralization, soil profile S, and

high atmospheric S deposition) (Hoeft et al., 1985; Sawyer &

Barker, 2000; Sexton et al., 1998). For instance, early work by

Hoeft et al. (1985) showed that precipitation was an essential

source of S, providing between 4 and 21 kg S ha−1 to crops.

Hence, the authors found that corn yield responded to S fer-

tilizer in only five out of the 81 trials between 1977 and 1979

in Illinois, with an average yield increase of 0.7 Mg ha−1 at

responsive sites. Similarly, corn yield responded to S fertilizer

in three of approximately 200 trials from multiple studies in

Iowa from 1960 to 2005 (Sawyer & Barker, 2002).

In contrast, S deficiency has recently become more com-

mon in this region. Continued reduction in atmospheric

sulfate-S (SO4-S) deposition is likely a major factor in reduc-

ing soil S availability. The national average atmospheric S

deposition has decreased by 71% over the past 30 years in

response to the Clean Air Act of 1970, with the northern Corn

Belt currently receiving less than 5 kg S ha−1 year−1 (NADP,

2025). In addition, crop S removal rates have increased by

approximately 64% over the same period, given the average

corn yield in the United States has increased from 3.9 Mg

ha−1 in 1980 to 10.9 Mg ha−1 in 2022 (USDA-NASS, 2024).

Other reasons for the increased occurrence of S deficiency

are reduced manure applications, the use of high-analysis

N and P fertilizers with low S concentration, new pesticide

formulations with no S materials, and increased SO4-S leach-

ing due to increases in precipitation and subsurface drainage

(Castellano et al., 2019; Dick et al., 2008; Sharma et al.,

2024).

While the overall frequency of S deficiency has increased

across the US Midwest, crop response to S remains inconsis-

tent. For instance, corn yield response to S fertilizer was only

found in four out of 50 trials in Ohio (Fleuridor et al., 2023).

Similarly, Kaur et al. (2019) found that corn yield increased in

two out of 10 trials in the Red River Valley of North Dakota

and Minnesota. Others have shown no yield response across

twelve sites in North Dakota (Goyal, Franzen, Cihacek, et al.,

2021) and 11 sites in irrigated corn in Nebraska (Wortmann

et al., 2009). In contrast, Kim et al. (2013) reported that S

increased corn yield in two of four trials in Minnesota, and

Sawyer et al. (2015) reported that S application increased corn

yield in 28 out of 47 trials in Iowa soils with soil properties

conducive to S deficiency.

Sulfur availability to corn is reliant on S being in the SO4-

S form in the soil and in sufficient concentration. Major

commercial S fertilizers contain S as SO4-S (e.g., gypsum

[CaSO4, 0-0-0-21Ca-17S] and ammonium sulfate [AMS,

(NH4)SO4, 21-0-0-24S]), elemental S (EleS), or a combi-

nation of both (e.g., monoammonium phosphates [MAP] +
S [50% SO4-S + 50% EleS] such as the Mosaic Company

MicroEssentials S10 [MAP-10S, 12-40-0-10S], MicroEssen-

tials S15 [MAP-15S, 13-33-0-15S], or MicroEssentials SZ

[MAP-10S+Zn, 12-40-0-10S-1 Zn]). Sulfate-S is readily

available for plant uptake, whereas EleS needs to be oxidized

to SO4-S before the crop takes it up. Because it is a microbial-

mediated process, oxidation rates are influenced by weather

and soil conditions (Germida & Janzen, 1993), which can

affect S availability to the crop. In a laboratory incubation

study, Mahal et al. (2022) found a slower production of plant-

available S from EleS compared with AMS, gypsum, and

polyhalite across two soils (coarse- and fine-textured soils).

Relatively few studies have evaluated the effects of S fertil-

izer sources on corn yield under field conditions. Mahal et al.

(2022) found lower yields in four out of twelve field trials with

EleS compared with AMS, gypsum, and polyhalite, and no

difference between the untreated control (UTC) and EleS. In

contrast, Goyal, Franzen, & Chatterjee (2021) found no sig-

nificant difference in corn yield among different forms of S,

including AMS, MAP-10S, EleS, and ammonium thiosulfate.

Similarly, Sawyer et al. (2015) found that corn yields did not

increase with AMS and MicroEssentials S15 (MAP-15S) rel-

ative to no S. The interaction of S source with weather and soil

properties that influence S availability to corn needs further

refinement.
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While soil testing has been reliable for identifying respon-

sive sites for nutrients such as phosphorus (P) and potassium

(K), that has not been the case for S. Several studies in

the US Midwest have shown little to no correlation between

extractable SO4-S at the commonly sampled 0- to 15-cm

depth and yield response (Fleuridor et al., 2023; Kaiser &

Kim, 2013; Kim et al., 2013; Sawyer et al., 2015). Like nitrate,

SO4-S is mobile in the soil and can leach down into sub-

soil with spring rainfall and be potentially available for plant

uptake later in the season as roots develop. Previous studies

have shown that soil N concentrations (at 0- to 30-cm and

0- to 60-cm depth) at key corn growth stages are related to

yield (Preza Fontes et al., 2020; Sawyer & Mallarino, 2017);

however, few studies have assessed whether soil profile S is

correlated with yield response. Tissue testing is another tool

often used to measure crop response to S management. At

present, leaf S tissue testing has been shown to be a weak pre-

dictor of corn response to S (Fleuridor et al., 2023; Sawyer

et al., 2015). For this reason, research has suggested a wide

range (1.0 and 2.1 g kg−1) of S sufficiency levels of corn ear-

leaf (Culman et al., 2020; Fernández & Hoeft, 2009; Sawyer

et al., 2015).

Given that the last statewide research on corn response to S

in Illinois was conducted in the late 1970s (Hoeft et al., 1985),

the decreased atmospheric S deposition rates and increased

crop S requirement warrant further evaluation of the effects

of S fertilization on corn in this region. The objectives of this

study were to (i) evaluate the magnitude and frequency of corn

yield response to S fertilizer rates and S sources over a range

of soil types and environments in Illinois and (ii) assess the

utility of soil and leaf S concentration to predict yield response

to S fertilizer.

2 MATERIALS AND METHODS

2.1 Site description and experiment design

A total of 40 field experiments were conducted across 23

counties in Illinois between 2009 and 2011 to evaluate corn

yield response to S fertilizer application rate and sources:

18 small-plot trials and 22 large-scale on-farm strip trials

(Figure 1; Table 1). Fourteen trials were located at the Univer-

sity of Illinois Crop Sciences Research & Education centers

near Urbana (40.058, −88.233; Sites 1, 7, and 13), DeKalb

(41.841, −88.848; Sites 2, 8, and 14), Brownstown (38.954,

−88958; Sites 3, 9, and 15), Perry (39.805, −90.822; Site 4),

Dixon Springs (37.434, −88.667; Sites 5, 12, and 18), and

Monmouth (40.936, −90.820; Site 6); whereas the remain-

ing trials were on cooperator’s field (Table 1). Weather data

were retrieved from meteorological stations maintained at the

Research Centers (https://warm.isws.illinois.edu/warm/). All

trials had no previous history (at least 5 years) of S fertilizer

application.

Core Ideas
∙ Application of sulfur fertilizer increased corn grain

yield in only two of 40 trials.

∙ There was no corn grain yield response to sulfur

fertilizer sources.

∙ Sulfur fertilization often increased early-season

soil sulfur concentrations.

∙ Leaf sulfur concentration at R1 was a poor predic-

tor of yield response to sulfur fertilizer.

Most sites have silt loam surface texture, although coarse-

textured sites (sand to sandy loam), where S deficiency is

most likely to occur, were also included. A few sites on

moderate- to fine-textured soils (e.g., silty clay loam and

clay loam) were also included to evaluate whether they war-

rant attention for S management. Table 1 shows the location

(county), soil description, and the Illinois Crop Productiv-

ity Index (CPI), which ranges from 47 to 147 (Olson &

Lang, 2000). The CPI refers to the capacity of the soil

to grow crops and is influenced by soil properties (e.g.,

soil texture, SOM, pH, etc.), environmental conditions, and

crop management. The CPI is strongly correlated with SOM

(R = 0.8177) (Olson et al., 2000) with higher CPI values

indicating greater SOM content and higher yield potential.

Although SOM was not directly determined in this study, the

soil series and CPI information still provide an indication of

the low, medium, and high SOM levels of the sites listed

in Table 1. In general, most Mollisols in central and north-

ern Illinois typically have 2.5%–5.5% SOM, while Alfisols

in southern Illinois typically contain 1%–2% SOM (Fehren-

bacher et al., 1984; Needelman et al., 1999; Olson et al.,

2000).

The small-plot trials were arranged in a randomized com-

plete block design with four replications. Each plot was 3 m

wide and 9 m long, comprising four corn rows spaced 76 cm

apart. Treatments consisted of different S fertilizer sources,

with or without Zn (to account for fertilizer sources con-

taining Zn), applied before corn planting at a rate of 26 kg

S ha−1 and 2.6 kg Zn ha−1. The treatments included an

UTC, AMS, AMS+Zn, EleS (0-0-0-90S) (trade name: Tiger-

90 CR), EleS+Zn, MAP-10S, MAP-10S+Zn, MAP-15S, and

gypsum (0-0-0-22Ca-16S), which are all commonly used on

row-crop production in this region. All products were broad-

cast applied and incorporated prior to corn planting, and N and

P rates were equalized across treatments with total amounts

of nutrients applied according to university recommendations

(Fernández & Hoeft, 2009). Each site also included an S

rate trial to characterize the corn yield response to S fertil-

izer rates. Five fertilizer S rates (0–52 kg S ha−1, in 13 kg

https://warm.isws.illinois.edu/warm/
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F I G U R E 1 Illinois map showing the Counties (gray-shaded with names) where field trials were conducted between 2009 and 2011 (n = 23).

ha−1 increments) were broadcast-applied before corn planting

using MAP-15S in all years.

The on-farm trials were arranged in a strip-trial design

with three to eight replications, depending on land avail-

ability within each site-year. Each strip was 21.3 m wide

and 335 m long. In these trials, treatments included two

S rates (0 and 34 kg ha−1) with varying S sources (see

Table 1). Treatments were balanced by applying N and P

fertilizers so that S was the only limiting factor for corn

growth. Rates of N and P were based on university recom-

mendations and varied between fields (Fernández & Hoeft,

2009).

2.2 Corn management

Corn was grown following either corn or soybean (Glycine
max L. Merr) in typical cropping systems in Illinois (Table 1).

Fall primary tillage with a chisel plow was followed by sec-

ondary spring tillage with a field cultivator before planting

at all sites. Corn was planted with 76 cm row spacing at a

target seeding rate of 79,000 seeds ha−1. Planting dates var-

ied across site years but were generally between mid-April

and mid-May. Pre-emergence and post-emergence herbicides

were used to control weeds—consistent with standard prac-

tices in the region. At the small-plot trials, corn was harvested
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T A B L E 1 Field location, soil description, and soil productivity ratings for trials conducted in Illinois between 2009 and 2011.

Year Site County Soil series Taxonomic classification Texturea Sulfur source CPIb Previous crop
Small-plot trials

2009 1 Champaign Wyanet Fine-loamy, mixed, active, mesic

Typic Argiudolls

Silt

loam

MAP-15S 120 Soybean

2 DeKalb Flanagan Fine, smectitic, mesic Aquic

Argiudolls

Silt

loam

MAP-15S 144 Soybean

3 Fayette Cisne Fine, smectitic, mesic Mollic

Albaqualfs

Silt

loam

MAP-15S 109 Soybean

4 Pike Downs Fine-silty, mixed, superactive, mesic

Mollic Hapludalfs

Silt

loam

MAP-15S 134 Soybean

5 Pope Belknap Coarse-silty, mixed, active, acid,

mesic Fluventic Endoaquepts

Silt

loam

MAP-15S 117 Soybean

6 Warren Sable Fine-silty, mixed, superactive, mesic

Typic Endoaquolls

Silty

clay

loam

MAP-15S 143 Soybean

2010 7 Champaign Wyanet Fine-loamy, mixed, active, mesic

Typic Argiudolls

Silt

loam

MAP-15S 120 Soybean

8 DeKalb Drummer Fine-silty, mixed, superactive, mesic

Typic Endoaquolls

Silty

clay

loam

MAP-15S 144 Soybean

9 Fayette Bluford Fine, smectitic, mesic Aeric Fragic

Epiaqualfs

Silt

loam

MAP-15S 101 Soybean

10 Lee Wyanet Fine-loamy, mixed, active, mesic

Typic Argiudolls

Silt

loam

MAP-15S 120 Soybean

11 Menard Broadwell Fine-silty, mixed, superactive, mesic

Typic Argiudolls

Silt

loam

MAP-15S 138 Soybean

12 Pope Belknap Coarse-silty, mixed, active, acid,

mesic Fluventic Endoaquepts

Silt

loam

MAP-15S 117 Soybean

2011 13 Champaign Wyanet Fine-loamy, mixed, active, mesic

Typic Argiudolls

Silt

loam

MAP-15S 120 Corn

14 DeKalb Catlin Fine-silty, mixed, superactive, mesic

Oxyaquic Argiudolls

Silt

loam

MAP-15S 138 Corn

15 Fayette Bluford Fine, smectitic, mesic Aeric Fragic

Epiaqualfs

Silt

loam

MAP-15S 101 Corn

16 Lee Ayr Sandy over loamy, mixed,

superactive, mesic Arenic Argiudolls

Loamy

sand

MAP-15S 109 Corn

17 Mason Plainfield Mixed, mesic Typic Udipsamments Sand MAP-15S 76 Corn

18 Pope Belknap Coarse-silty, mixed, active, acid,

mesic Fluventic Endoaquepts

Silt

loam

MAP-15S 117 Corn

On-farm trials
2009 19 Champaign Kendall Fine-silty, mixed, superactive, mesic

Aeric Endoaqualfs

Silt

loam

MAP-10S+Zn 125 Soybean

20 Champaign Pella Fine-silty, mixed, superactive, mesic

Typic Endoaquolls

Clay

loam

MAP-10S+Zn 136 Soybean

21 Champaign Flanagan

and

Drummer

Fine, smectitic, mesic Aquic

Argiudolls; Fine-silty, mixed,

superactive, mesic Typic Endoaquolls

Silt

loam

and

silty

clay

loam

MAP-10S+Zn 144 Soybean

(Continues)
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T A B L E 1 (Continued)

Year Site County Soil series Taxonomic classification
Texturea

Sulfur source CPIb Previous crop

22 Ford Drummer Fine-silty, mixed, superactive, mesic

Typic Endoaquolls

Silty

clay

loam

MAP-15S 144 Soybean

23 Logan Buckhart Fine-silty, mixed, superactive, mesic

Oxyaquic Argiudolls

Silt

loam

Gypsum N/A Soybean

24 Menard Onarga Coarse-loamy, mixed, superactive,

mesic Typic Argiudolls

Sandy

loam

Ammonium

sulfate

110 Soybean

25 Peoria Rozetta Fine-silty, mixed, superactive, mesic

Typic Hapludalfs

Silt

loam

Ammonium

sulfate

120 Soybean

26 Livingston Cisne Fine, smectitic, mesic Mollic

Albaqualfs

Silt

loam

Elemental S 109 Soybean

2010 27 Bureau Flanagan Fine, smectitic, mesic Aquic

Argiudolls

Silt

loam

Ammonium

sulfate

144 Soybean

28 Champaign Flanagan Fine, smectitic, mesic Aquic

Argiudolls

Silt

loam

MAP-10S+Zn 144 Soybean

29 Champaign Xenia Fine-silty, mixed, superactive, mesic

Aquic Hapludalfs

Silt

loam

MAP-10S+Zn 118 Soybean

30 Christian Virden Fine, smectitic, mesic Vertic

Argiaquollos

Silty

clay

loam

Ammonium

thiosulfate

135 Corn

31 Douglas Sabina Fine, smectitic, mesic Aeric

Epiaqualfs

Silt

loam

MAP-10S+Zn 122 Soybean

32 Iroquois Andres Fine-loamy, mixed, superactive,

mesic Aquic Argiudolls

Silt

loam

Ammonium

sulfate

135 Corn

33 McHenry Dickinson Coarse-loamy, mixed, superactive,

mesic, Typic Hapludolls

Fine

sandy

loam

MAP+15S 104 Soybean

34 Vermilion Drummer Fine-silty, mixed, superactive, mesic

Typic Endoaquolls

Silty

clay

loam

Gypsum 144 Soybean

35 Woodford Ross Fine-loamy, mixed, superactive,

mesic Cumulic Hapludolls

Silt

loam

MAP-10S 134 Soybean

2011 36 Champaign Drummer Fine-silty, mixed, superactive, mesic

Typic Endoaquolls

Silty

clay

loam

Ammonium

sulfate

144 Soybean

37 Champaign Flanagan,

Dana, and

Drummer

Fine, smectitic, mesic Aquic

Argiudolls; Fine-silty, mixed,

superactive, mesic, Oxyaquic

Argiudolls; Fine-silty, mixed,

superactive, mesic Typic Endoaquolls

Silt

loam

and

silty

clay

loam

Ammonium

sulfate

138 Soybean

38 Effingham Darmstadt Fine-silty, mixed, superactive, mesic

Aquic Natrudalfs

Silt

loam

Gypsum 93 Soybean

39 Franklin Cisne Fine, smectitic, mesic Mollic

Albaqualfs

Silt

loam

Elemental S 109 Soybean

40 Shelby Bluford Fine, smectitic, mesic Aeric Fragic

Epiaqualfs

Silt

loam

Ammonium

sulfate

101 Soybean

Note: Monoammonium phosphate (MAP) + S (50% SO4-S + 50% EleS) = MAP-10S (MicroEssentials S10, 12-40-0-10S), MAP-15S (MicroEssentials S15, 13-33-0-15S),

and MAP-10S+Zn (MicroEssentials SZ, 12-40-0-10S-1 Zn).
aSurface soil texture at 0- to 15-cm depth (Soil Survey Staff, 2024).
bIllinois Crop Productivity Index (CPI) from Olson and Lang (2000).
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using a research-grade combine from the two center rows

(Gleaner K, AGCO Corp.). At the on-farm strip trials, the

middle eight rows were harvested to a length of 183 m and

weighed with a weigh wagon. Grain yields were adjusted to

150 g kg−1 moisture content.

Subsamples of grain were taken during harvest at 13 of

the 18 small-plot trials, oven-dried at 65˚C until a consistent

moisture, ground with a flour mill, and digested in concen-

trated nitric acid (HNO3) and 9.8 M hydrogen peroxide. Grain

S concentration was then determined from the digests by

inductively coupled plasma spectrometry (Thermo Scientific

iCAP 600) (Gavlak et al., 2003). Total S removal (dry weight

basis) was calculated by multiplying grain yield by S con-

centration. Partial S balance was calculated by the difference

between S input (fertilizer) and S output (S removed in grain).

2.3 Soil and plant sampling

In-season soil samples were collected to a depth of 60 cm

between the V6 and V8 growth stages to evaluate early-

season S availability. Composite samples (10–12 soil cores)

were obtained from each plot and divided into 0- to 15-cm,

15- to 30-cm, and 30- to 60-cm increments. Soil samples

were oven-dried at 60˚C overnight and ground to pass a 2-

mm sieve. Following protocols for the North Central Region

(NCERA-13, 2015), soil inorganic S was extracted using

monocalcium phosphate and analyzed using the turbidimetric

method (Franzen, 2015).

Earleaf (leaf opposite and below the ear) samples were

collected at the silking (R1) stage. However, personnel and

time constraints prevented us from taking ear leaf samples

from five of the 18 small-plot sites (Sites 3, 9, 12, 15, and

16). Six random leaves were collected from non-harvest rows

within each plot. Similarly, earleaf samples were taken from

12 of the 22 on-farm trials. Leaf samples were oven-dried at

65˚C, ground to pass a 2-mm sieve, and analyzed for total

S using a Vario MAX CNS combustion analyzer (Elementar

Americas).

2.4 Statistical analysis

Analysis of variance (ANOVA) was conducted using PROC

GLIMMIX of SAS v9.4 (SAS Institute). For each site-year,

the effect of S fertilizer rate and source was analyzed using a

randomized complete block design, with treatment as fixed

effects and block as random effect. After each ANOVA,

residuals were assessed for normality using the Shapiro–

Wilk test with PROC UNIVARIATE, and the variable soil

S for Site 6 (at 30- to 60-cm depth) and 10 (at 0- to 15-

cm depth) was log-transformed to meet ANOVA assumptions

of normal distribution and equal variances. After ANOVA,

the data were back-transformed to the original scale to aid

interpretation. Treatment effects were considered significant

at p ≤ 0.1, and the Tukey–Kramer test was used to assess

the difference between the means of the treatments through

LSMEANS statements with the LINES, ADJUST = TUKEY,

and ALPHA = 0.1 options.

Regression analysis was conducted to evaluate the relation-

ship between leaf and soil S concentrations as the dependent

variable and relative yield as the independent variable. Rela-

tive yield was calculated by dividing the yield of control (no

S) by the average yield of all treatments in each site (Pearce

et al., 2022). Linear-plateau, quadratic-plateau, and quadratic

models were used to determine a potential critical level of

soil and leaf S at which grain yield plateaued using PROC

NLMIXED, with location as a random factor. No models sig-

nificantly fit the observed relationship between soil or leaf

S and relative yield (p ≤ 0.1). Correlation analysis among

grain yield and soil S and leaf S was conducted using PROC

CORR.

3 RESULTS AND DISCUSSION

There were substantial differences in monthly rainfall

patterns both among and within sites. For instance, the

lowest (12 mm in August) and the highest (309 mm in June)

monthly rainfall totals were recorded at Site 15 (Table 2).

In 2009, Northern Illinois (Site 2) experienced consistently

below-normal precipitation throughout the growing season,

receiving 79% of the 30-year normal. In contrast, Southern

Illinois (Site 5) had a wetter-than-normal season, with 132%

of normal rainfall, largely due to a very wet July. In 2010,

while June rainfall was above normal at most sites, dry to

very dry conditions prevailed from July through September,

especially in Southern Illinois (Site 12), which ended the

season with 80% of normal rainfall. In 2011, Central Illinois

(Sites 13 and 15) experienced consistently below-normal

rainfall, except for June at Site 15, which was unusually wet

(248% of normal). In contrast, Southern Illinois (Site 18) had

consistently above-normal rainfall, ending the season with

261% of the long-term average.

3.1 Corn response to S fertilization

In the small-plot S rate trials, corn yield across the three grow-

ing seasons ranged from 7.1 to 14.8 Mg ha−1 when S fertilizer

was added, and from 7.6 to 13.5 Mg ha−1 when no S fertil-

izer was added (Table 3). Application of S fertilizer did not

increase yields at any of the 18 sites with five S rates. In con-

trast, S fertilizer significantly decreased yields in three (Sites

12, 15, and 17) out of 18 sites, with no consistent pattern. For

instance, there was a significant yield decrease from the 26 kg

S ha−1 rate at Site 12, the 13 and 39 kg S ha−1 rates at Site
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T A B L E 2 Monthly and growing season (May–September) precipitation totals at the University of Illinois Research Centers during the

2009–2011 growing seasons.

Year Site County May June July Aug. Sept. May–Sept.
Precipitation (mm)

2009 1 Champaign 130 (+6) 108 (−2) 156 (+37) 137 (+37) 16 (−64) 547 (+14)

2 DeKalb 93 (−22) 105 (0) 64 (−47) 125 (+14) 28 (−55) 416 (−110)

3 Fayette 174 (+50) 124 (+2) 113 (+10) 42 (−44) 27 (−55) 481 (−37)

4 Pike 120 (+13) 78 (−31) 70 (−40) 134 (+36) 37 (−55) 439 (−77)

5 Pope 156 (+35) 92 (−22) 241 (+129) 72 (−4) 115 (+27) 676 (+165)

6 Warren 77 (−44) 191 (+77) 80 (−24) 160 (+40) 34 (−61) 542 (−12)

2010 7 Champaign 78 (−46) 198 (+88) 90 (−29) 40 (-60) 76 (−4) 483 (−50)

8 DeKalb 123 (−7) 175 (+70) 99 (−12) 119 (+8) 50 (−33) 567 (+41)

9 Fayette 139 (+14) 229 (+107) 138 (+35) 40 (-46) 74 (−8) 621 (+103)

12 Pope 121 (−1) 100 (−14) 54 (−58) 68 (-7) 63 (−24) 406 (−101)

2011 13 Champaign 122 (−2) 107 (−3) 40 (−79) 45 (-55) 71 (−9) 385 (−148)

14 DeKalb 220 (+104) 107 (+2) 101 (−10) 108 (-3) 97 (+14) 632 (+106)

15 Fayette 51 (−74) 302 (+180) 97 (−6) 12 (-74) 86 (+4) 547 (+29)

18 Pope 190 (+68) 196 (+82) 116 (+3) 102 (+27) 168 (+81) 772 (+261)

Note: Departures from the 30-year (1991–2020) normal are presented in parentheses.

T A B L E 3 Corn grain yield in response to S fertilizer rates at the sites evaluated in this study during the 2009–2011 growing seasons.

S fertilizer rate (kg S ha−1)
Year Site 0 13 26 39 52 Pr > F

Grain yield (Mg ha−1)
2009 1 13.5 13.1 14.8 14.4 14.6 0.471

2 10.3 10.4 9.9 10.7 10.6 0.369

3 13.0 12.4 13.2 13.0 13.2 0.640

4 11.4 10.7 12.2 10.6 11.2 0.613

5 9.1 7.9 9.1 8.7 8.2 0.720

6 12.6 13.0 13.4 13.0 12.5 0.389

2010 7 9.4 9.6 11.4 10.1 9.8 0.175

8 11.5 11.3 12.0 11.3 11.9 0.637

9 7.6 7.3 7.2 6.8 7.1 0.610

10 11.6 11.5 13.1 12.2 12.5 0.573

11 7.7 8.5 7.6 10.1 8.5 0.172

12 12.4ab 12.9a 11.2c 12.0bc 12.1b 0.032

2011 13 9.0 9.2 7.9 8.1 8.3 0.253

14 11.9 11.6 11.0 11.9 11.5 0.959

15 11.6a 10.0c 11.6a 10.4bc 11.4ab 0.079

16 12.9 13.1 13.6 13.7 13.1 0.579

17 12.5a 12.1a 12.2a 11.2b 12.1a 0.095

18 12.7 12.8 11.9 12.9 11.9 0.709

Note: Treatment means followed by different lowercase letters within rows are significantly different at p < 0.1 by the Tukey–Kramer test.

15, and the 39 kg S ha−1 at Site 17 relative to the control (no

S applied).

Corn grain S concentration ranged from 0.85 to 1.15 g kg−1.

Sulfur fertilizer rate did not consistently affect corn grain S

concentration (Table 4). The application of S fertilizer sig-

nificantly increased grain S content at Site 10, except for the

26 kg S ha−1 rate (Table 4). At Site 11, only the highest S rate

resulted in significantly greater grain S concentration com-

pared to no S control. Across all sites and S fertilizer rates,

corn grain S concentration decreased with increasing grain
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T A B L E 4 Corn grain sulfur (S) concentration and uptake in response to S fertilizer rates at the sites evaluated in this study during the

2009–2011 growing seasons.

S fertilizer rate (kg S ha−1) S fertilizer rate (kg S ha−1)
Year Site 0 13 26 39 52 Pr > F 0 13 26 39 52 Pr > F

Grain S concentration (g kg−1) Grain S removal (kg ha−1)
2009 1 0.90 0.92 0.96 0.95 0.97 0.420 10.3 10.3 12.1 11.7 12.0 0.198

2 1.06 1.05 1.05 1.04 1.03 0.926 9.3 9.3 8.8 9.5 9.3 0.697

3 1.00 1.03 1.09 1.03 1.11 0.311 11.0 10.4 12.2 11.4 12.5 0.200

5 1.01 1.04 1.07 1.03 1.05 0.861 7.8 7.0 8.2 7.6 7.3 0.693

6 0.96 0.95 0.97 0.94 1.02 0.273 10.2 10.5 11.0 10.4 10.9 0.304

2010 7 1.00 1.01 1.05 1.03 1.05 0.683 8.1 8.3 10.2 8.9 8.9 0.292

8 0.97 0.97 0.99 0.95 0.97 0.461 9.5 9.4 10.1 9.2 9.8 0.533

10 0.85c 0.93ab 0.91bc 0.99a 0.97ab 0.001 8.3 9.1 10.1 10.4 10.3 0.142

11 0.89bc 0.94ab 0.89bc 0.99ab 1.00a 0.026 5.9b 6.8ab 5.7b 8.6a 7.2ab 0.074

2011 13 1.04 1.03 1.13 1.11 1.15 0.118 7.9 8.0 7.6 7.6 8.1 0.911

14 0.93ab 0.90ab 0.88b 0.97a 0.93ab 0.061 9.4 8.9 8.7 9.8 9.1 0.174

16 1.02 1.05 1.09 1.07 1.10 0.435 11.3 11.7 12.6 12.5 12.2 0.429

17 1.12 1.08 1.11 1.09 1.11 0.821 11.9 11.1 11.6 10.4 11.4 0.243

Note: Sulfur was applied as monoammonium phosphate + sulfur (MicroEssentials-S15) preplant. Treatment means followed by different lowercase letters within rows are

significantly different at p < 0.1 by the Tukey–Kramer test.

F I G U R E 2 Relationship between corn grain yield and grain sulfur (S) concentration (A) and grain S removal (B) during the 2009–2011

growing seasons.

yield, though the relationship was weak (Figure 2A). Reduced

grain S concentration with higher corn grain yield was also

observed by Ohio research (Fleuridor et al., 2023). Grain S

removal increased with increasing grain yield, as expected,

and ranged from 4.2 to 15.0 kg S ha−1 (Figure 2B). Sulfur

removal per unit of yield ranged from 0.74 to 1.08 kg S Mg−1.

Grain S removal was only influenced by S rates at one out

of the 13 measured sites. At Site 11, the 39 kg S ha−1 rate

had the highest S removal, significantly higher than 0 and

26 kg S ha−1, but similar to 13 and 52 kg S ha−1 (Table 4).

All treatments fertilized with S (13–52 kg S ha−1) applied

greater amounts of S compared to that removed in the grain

with harvest.

Average corn yield ranged from 7.4 (Site 39) to 16.2 Mg

ha−1 (Site 34) across the 22 on-farm trials (Table 5). Grain

yield was significantly affected by a single S rate at four sites

(Sites 19, 24, 32, and 34). At Sites 19 and 34 with fine-textured

soils, applying 34 kg S ha−1 significantly decreased yields by

2.4% (0.3 Mg ha−1) and 4.9% (0.8 Mg ha−1) compared to no

S, respectively. When S was applied at Site 24 with coarse-

textured soil, grain yield increased by 30.5% (3.2 Mg ha−1).

Similarly, grain yield increased by 14.7% (1.3 Mg ha−1) at Site

32 with fine-textured soil. These results corroborate previous

studies showing a greater yield increase in coarse-textured soil

than fine-textured soil (Sawyer et al., 2011, 2015).

Our findings showed minimal yield response to S fertil-

izer application with an overall response rate of 5% (two of

40 trials). We had anticipated S responses at Sites 16, 17, 24,

33, 38, and 40, where soil conditions would typically favor S

deficiency (well-drained and coarse-textured soils and/or rel-
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T A B L E 5 Corn grain yield and earleaf sulfur (S) concentration in response to S fertilizer application at the 22 on-farm trials during the

2009–2011 growing seasons.

S fertilizer rate (kg ha−1) S fertilizer rate (kg ha−1)
Year Site 0 34 Pr > F 0 34 Pr > F

Grain yield (Mg ha−1) Earleaf S concentration (g kg−1)
2009 19 12.2a 11.9b 0.033 2.5b 2.8a 0.017

20a 12.4 12.4 0.917 – – –

21a 12.4 12.4 1.000 – – –

22 12.7 12.9 0.259 2.2 2.2 0.701

23 15.1 14.2 0.332 1.9 1.8 0.191

24a 10.5b 13.7a 0.023 – – –

25 13.8 13.6 0.796 2.3 2.4 0.855

26 11.1 11.0 0.625 1.8 1.7 0.515

2010 27a 11.9 11.9 0.680 – – –

28 10.2 10.4 0.596 2.1 2.1 0.878

29 12.9 12.6 0.400 2.1 2.2 0.140

30 13.7 12.5 0.291 2.0b 2.3a 0.004

31 12.9 12.7 0.722 2.0 2.1 0.248

32 8.8b 10.1a 0.018 1.5b 1.8a 0.023

33 11.5 11.4 0.796 1.8 2.0 0.376

34 16.2a 15.4b 0.016 2.0 2.0 0.165

35a 13.4 13.9 0.335 – – –

2011 36a 10.3 9.6 0.329 – – –

37a 10.3 10.5 0.479 – – –

38a 9.1 9.1 0.990 – – –

39a 7.4 7.0 0.533 – – –

40a 9.6 9.9 0.192 – – –

Note: Treatment means followed by different lowercase letters within rows are significantly different at p < 0.1 by the Tukey–Kramer test.
aEarleaf samples were not collected.

atively low CPI). However, a yield increase was observed only

at Site 24. Instead, the second instance of increased yields

with S application occurred at Site 32, on a highly produc-

tive silt loam soil (Table 1). In addition to grain yields at

Site 32 being lower than expected, it is unclear which factors

contributed to the observed response. Despite considerable

variation in growing season precipitation in this study, which

ranged from 366 to 772 mm, no significant relationship was

observed between corn grain yield and the amount of rain-

fall during this period (R = 0.0504, p = 0.864). The corn

S requirement is much lower compared to other macronutri-

ents such as N (2–3 kg S Mg−1 grain vs. 14–22 kg N Mg−1

grain) (Bender et al., 2013), and the limited yield responses

observed across 40 site-years further suggest that weather

conditions did not correlate with yield responses. A long-term

study conducted in Iowa (2006–2017) also found no corre-

lation between crop response to S fertilization and growing

season weather patterns (Crespo et al., 2025). Interestingly,

although not statistically significant, 50% of the on-farm tri-

als showed a negative response to S in this study, and similar

to findings reported by Fleuridor et al. (2023), which further

highlights the inconsistency of yield responses to S fertilizer

in this region.

Previous studies across the US Midwest have also shown

inconsistent yield response to S. For instance, Fleuridor et al.

(2023) observed corn yield responses to S fertilizer only in

four out of 50 trials across a 9-year study in Ohio—a response

rate of 8%. Kaur et al. (2019) reported a 20% response rate

(two of 10 trials) on corn grown in the Red River Valley of

North Dakota and Minnesota, while Kim et al. (2013) reported

a 50% response rate (two of four trials) in Minnesota. Other

studies have found no yield response to S application. For

example, Goyal, Franzen, Cihacek, et al. (2021) reported no

response at any of the 12 sites in North Dakota, and Wort-

mann et al. (2009) found no yield increases across 11 irrigated

corn sites in Nebraska. In contrast, Iowa research reported a

60% response rate (28 out of 47 trials) across a 3-year study

(Sawyer et al., 2015). The authors also grouped the trials by
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T A B L E 6 Corn grain yield in response to different sulfur (S) fertilizer sources applied at 26 kg S ha−1 during the 2009–2011 growing seasons.

Year Site
UTC (Mg
ha−1)

AMS
(Mg
ha−1)

AMS+Zn
(Mg ha−1)

EleS (Mg
ha−1)

EleS+Zn
(Mg ha−1)

MAP-10S
(Mg ha−1)

MAP-
10S+Zn
(Mg ha−1)

MAP-15S
(Mg ha−1)

Gypsum
(Mg ha−1) Pr > F

2009 1 13.5 14.0 13.5 13.9 14.2 14.5 13.6 14.8 14.7 0.771

2 10.3 10.2 10.5 10.3 10.5 10.2 10.3 9.9 10.5 0.848

3 13.0a 12.7b 13.3ab 11.4c 13.5a 13.1ab 13.1ab 13.3ab 12.7b 0.004

4 11.4 11.4 11.8 11.6 10.6 11.6 11.7 12.2 10.9 0.658

5 9.2 9.3 8.8 8.6 7.8 7.7 9.2 9.6 7.3 0.526

6 12.6 13.9 12.9 13.2 12.7 12.7 13.2 13.4 12.8 0.233

2010 7 9.4 10.0 10.2 10.5 9.9 9.5 10.9 11.4 11.0 0.242

8 11.5 11.7 11.4 11.7 12.1 11.9 11.9 12.0 11.6 0.122

9 7.6 7.3 7.0 6.3 6.4 6.9 7.2 7.2 7.0 0.496

10 11.6 13.3 13.3 11.7 12.3 12.5 11.9 13.1 12.9 0.406

11 7.7 9.7 7.6 9.0 9.9 8.1 7.7 7.6 8.2 0.609

12 12.4 12.5 12.3 11.5 12.4 12.4 12.3 11.2 11.7 0.118

2011 13 9.0 8.5 8.9 7.4 8.1 8.9 9.1 7.9 8.8 0.567

14 11.9 11.7 10.7 10.8 11.7 11.2 11.6 11.7 10.7 0.429

15 11.6 10.6 10.7 10.9 11.1 10.9 10.4 11.6 10.4 0.680

16 12.9 13.5 12.9 13.2 13.4 12.7 13.3 13.6 12.9 0.731

17 12.5 11.3 11.7 11.6 12.0 12.8 11.8 12.3 11.9 0.149

18 12.8 12.1 12.2 11.8 13.4 12.6 13.4 11.9 12.4 0.758

Note: Treatment means followed by different lowercase letters within rows are significantly different at p < 0.1 by the Tukey–Kramer test.

Abbreviations: AMS, ammonium sulfate; EleS, elemental sulfur; MAP-10S, monoammonium phosphate + sulfur (MicroEssentials-S10); MAP-10S+Zn, MAP + sulfur

+ zinc (MicroEssentials-SZ); MAP-15S , MAP + sulfur (MicroEssentials-S15); UTC, untreated control.

soil textural classes and reported that yield responses were

observed in 64% and 62% of coarse- and fine-textured soil

trials, respectively (Sawyer et al., 2015). However, it is impor-

tant to highlight that these trials were conducted in fields

known to be conducive to S deficiency and did not represent

a random potential of yield response to S application. Still,

these results indicate a more consistent agronomic and eco-

nomic response to S fertilizer in fields with a history of low S

supply and severe S deficiency symptoms.

Across the 18 fertilizer source trials, the average corn yield

ranged from 6.3 to 14.8 Mg ha−1 with S fertilizer additions

and from 7.7 to 13.5 Mg ha−1 without S fertilizer (Table 6).

Corn did not respond to any specific S source, with or with-

out Zn, in all sites except Site 3. At this site, though, EleS

was the only treatment that significantly reduced yield com-

pared to the UTC; by 12% (1.6 Mg ha−1). In addition, there

was no difference between the UTC and any of the other treat-

ments. While we did not measure soil S during the growing

season in the S source trials, it is possible that S availability

was limited at this site due to slower microbial oxidation of

EleS to SO4-S, as previously reported by Mahal et al. (2022)

and Degryse et al. (2020). Similar to our study, Mahal et al.

(2022) found statistically lower yields in four out of 12 field

trials with EleS compared with AMS, gypsum, and polyhalite,

and no difference between the UTC and EleS. In contrast,

Goyal, Franzen, & Chatterjee (2021) found no significant dif-

ference in corn yield among the UTC and different forms of

S, including AMS, MAP-10S, EleS, and ammonium thiosul-

fate. Sawyer et al. (2015) evaluated the effects of AMS and

MAP-15S on corn in Iowa and found no yield increase with

either product relative to no S.

The lack of yield response to S fertilizer application sug-

gests that S supply was adequate to meet crop S demand under

the conditions of our study. Research has reported that corn

can take up 24–40 kg S ha−1 in high-yielding environments

(>12 Mg ha−1) (Bender et al., 2013; Karlen et al., 1988). Aver-

age grain S content in our study ranged from 5.9 to 12.6 kg

ha−1, and using the S harvest index of 57% reported by Bender

et al. (2013), the estimated total S uptake would have ranged

between 10.3 and 22.1 kg ha−1. Atmospheric S deposition

likely contributed a meaningful portion of this requirement.

According to the National Atmospheric Deposition Program

(NADP, 2025), the average wet S deposition during the corn

growing season (May–September) from 2009 to 2011 in Illi-

nois was between 6 and 8 kg SO4-S ha−1. Mineralization of

SOM is another important source of S. Although the amount

of SO4-S released varies due to interactions between weather

and soil conditions, it is generally estimated that about 5–6 kg

S ha−1 can be mineralized each year for every 1% SOM (Dick

et al., 2008). However, only a portion of that is mineralized
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T A B L E 7 Corn earleaf sulfur (S) concentration in response to S fertilizer rates at each site evaluated in this study during the 2009–2011

growing seasons.

S fertilizer rate (kg S ha−1)
Year Site 0 13 26 39 52 Pr > F

Earleaf S concentration (g kg−1)
2009 1 1.8 1.8 1.6 1.8 1.8 0.618

2 2.0d 2.1cd 2.2bc 2.3ab 2.4a 0.014

3 – – – – – –

4a 2.1 2.1 2.1 2.1 2.1 0.842

5 2.3 2.2 2.3 2.1 2.3 0.396

6 2.0c 2.0c 2.2b 2.3b 2.5a <0.001

2010 7 1.8c 2.0b 2.1ab 2.2a 2.2a 0.011

8 1.8 1.6 1.9 1.8 1.9 0.115

9a – – – – – –

10 2.0b 2.2a 2.3a 2.3a 2.3a 0.081

11 1.4c 1.5bc 1.4c 1.9a 1.6b 0.001

12a – – – – – –

2011 13 1.5 1.5 1.6 1.6 1.7 0.492

14 1.7ab 1.7bc 1.5d 1.8a 1.6cd 0.004

15a – – – – – –

16a – – – – – –

17 2.5 2.4 2.6 2.5 2.7 0.300

18 2.0ab 2.0ab 1.9c 2.0bc 2.1a 0.044

Note: Treatment means followed by different lowercase letters within rows are significantly different at p < 0.1 by the Tukey–Kramer test.
aEarleaf samples were not collected.

during the growing season. While we did not measure SOM

in our study, a conservative estimate is that most Mollisols in

central and northern Illinois typically have 2.5%–5.5% SOM,

while Alfisols in southern Illinois have 1%–2% (Fehrenbacher

et al., 1984; Needelman et al., 1999; Olson et al., 2000). In

addition, a more recent study reported that incidental SO4-S

application with granular P fertilizers could range from 4.5 to

5.1 kg SO4-S ha−1 if fertilizer is applied at P crop removal

rates on a conventional midwestern corn–soybean rotation

(Camberato et al., 2023).

3.2 Effects of S fertilization on soil and
tissue S concentration and their relationship to
yield

In the small-plot trials, earleaf S concentration was affected

by S rates at seven (Sites 2, 6, 7, 10, 11, 14, and 18) of the 13

sites measured, but the effect of S rates did not follow a similar

pattern (Table 7). Earleaf S concentration generally increased

with increasing S rates at Sites 2, 6, and 7. At Site 10, the

application of 13 kg S ha−1 significantly increased ear leaf

concentration compared to zero S, but it was not statistically

different than the remaining S rates. In contrast, S rates did

not linearly increase earleaf S concentration at Sites 11, 14,

and 18. Interestingly, the treatment differences at these sites

were due to a significant decrease in ear leaf S concentration at

26 kg S ha−1. These results were unexpected, and it is unclear

why ear leaf S decreased when S was applied compared to no

S. Earleaf S concentration was also measured at 12 of the 22

on-farm trials, where S concentrations ranged between 1.5 and

2.4 g kg−1 (Table 5). Of the 12 sites, earleaf S concentration

significantly increased only at three sites (Sites 19, 30, and

32) when 34 kg S ha−1 was applied compared to no S.

Soil inorganic S was measured to a 60-cm depth between

stages V6 and V8, indicating the pool of SO4-S available for

plant uptake early in the season. Treatment differences were

more pronounced in the 0- to 15-cm depth, where soil S gen-

erally increased with increasing S rates (Table 8). Of the 12

small-plot trials where soil S was measured, soil S was high-

est at the highest S rate (52 kg S ha−1) in five sites, while the

39 kg ha−1 S rate had the highest soil S in two sites, though

not statistically different than the 52 kg S ha−1. Similar results

were found at the 15- to 30-cm depth, whereas fertilizer S rates

did not affect soil S at the deeper layer (30–60 cm) in any site.

In addition, we found no significant differences in soil SO4-S

between the control and the 13 kg S ha−1 rate at any depth in

six of the seven responsive sites.

Tissue analysis has been widely used to diagnose nutrient

deficiency in grain crops (Kovács & Vyn, 2017; Mallarino &
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F I G U R E 3 Relationship between relative grain yield and earleaf

sulfur (S) concentration during the 2009–2011 growing seasons.

Sawyer, 2018). The fact that corn did not respond to S applica-

tion may not be surprising, given that earleaf S concentrations

in our study were within the sufficiency level of 1.0‒2.1 g

kg−1 previously reported in the literature (Culman et al., 2020;

Fernández & Hoeft, 2009; Sawyer et al., 2015). Consequently,

we found no significant relationship between relative yield

and earleaf S concentration (Figure 3). Correlation analysis

also showed a weak relationship between grain yield and ear-

leaf S concentration (r = 0.1519). These results corroborate

with many others in the literature by showing that leaf S con-

centration increases may not always translate to corn yield

increases (Fleuridor et al., 2023; Goyal, Franzen, Cihacek, et

al., 2021; Kaur et al., 2019; Sawyer et al., 2015).

Similar to plant tissue, in-season soil SO4-S was a poor pre-

dictor of corn yield response to S in our study, as we found no

significant relationship between relative yield and soil SO4-S

concentration at any soil testing depths (Figure 4). Previous

studies have also shown that soil SO4-S at 0- to 15-cm depth

(standard depth for fertilizer recommendation) did not cor-

relate with yield response to fertilization (Fleuridor et al.,

2023; Kim et al., 2013). Like nitrate, SO4-S is mobile in the

soil and can leach down into subsoil with spring rainfall and

be potentially available for plant uptake later in the season

as roots develop. While previous work has shown that soil

N from soil samples taken at the rooting depth at key corn

growth stages is correlated with relative yield, that was not the

case for SO4-S in our study and others in the literature (Preza

Fontes et al., 2020; Sawyer & Mallarino, 2017). The low pre-

dictive capacity of soil SO4-S can be attributed to the fact

that >95% of the total S in typical US Midwest soils is in the

organic form, that mineralization rates are heavily influenced

by weather and soil conditions, and the great within-field spa-

tial variability of soil SO4-S, which all collectively affect the

total S supply (Dick et al., 2008). In response, future research

should incorporate SOM, other organic and inorganic soil

S fractions, and potentially extracellular soil enzymes (such

as sulfatases that control the conversion of organic to inor-

ganic S) to improve our understanding and prediction of crop

response to S fertilization.

3.3 Partial S balances

Overall, partial S balance increased linearly with increasing

S fertilizer rates (Figure 5). As expected, partial S balances

were negative in the control treatment for all sites, ranging

from −13.6 kg S ha−1 (Site 17) to −4.6 kg S ha−1 (Site 7). In

contrast, higher S rates that do not correspond with increased

grain yields would result in higher partial S balances. Par-

tial S balances at the highest S rate ranged from 36.9 to

46.2 kg S ha−1. Partial nutrient balances (input minus output)

are commonly used to assess nutrient exports and efficiency

in cropping systems, helping to determine whether specific

nutrients in the soil are accumulating or depleting over time

(Congreves et al., 2021; Dobermann, 2007). While the par-

tial S balances of plots without S fertilization can indicate

soil S supply through SOM mineralization, the negative val-

ues also point to the potential mining of soil S, which could

adversely affect soil productivity in the long term. Partial S

balances were between 0.6 and 8.2 kg S ha−1 with an S fertil-

izer rate of 13 kg S ha−1. Our findings suggest that S additions

may be necessary in the near future, as cropping systems

with negative balances cannot be sustained long-term. For

instance, Zhang et al. (2015) estimated an N balance target

of 39–78 kg N ha−1 to minimize environmental N pollution

while sustaining soil productivity in agricultural production

systems.

Still, it is important to highlight that the partial S bal-

ance estimated here only accounted for S fertilizer as inputs.

Including other S input sources, such as atmospheric depo-

sition and incidental S application with ammoniated P

fertilizers, would have increased the S balance, but this would

require additional measurements that were not made at the

time of this study. Including the average atmospheric S depo-

sition estimated by NADP (2025) in Illinois during the 2010

growing season would increase the S balance by about 5.6 kg

S ha−1, with the S balances in the control treatments ranging

from −8 to 1 kg S ha−1 across all sites.

4 CONCLUSIONS

Over a range of soil types and environments in Illinois, we

found minimal yield response to S fertilizer application with

an overall response rate of 5% (two of 40 trials). The yield

response in the two responsive sites was large (1.3 and 3.2 Mg

ha−1) and occurred in both coarse- and fine-textured soils. In

addition, neither of the S fertilizer sources evaluated increased

corn yield relative to no S at any site; however, EleS sig-
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F I G U R E 4 Relationship between relative grain yield and soil sulfur (S) concentration at different soil test sampling depths between corn

growth stages V6 and V8.

F I G U R E 5 Relationship between partial sulfur (S) balance and S

fertilizer rates applied to corn during the 2009–2011 growing seasons.

nificantly reduced yield in only one of 18 sites. While S

application generally increased soil SO4-S and earleaf S con-

centration, this did not translate into yield increases, hence

the lack of relationship between relative yield and soil and

earleaf S concentration. Thus, critical soil and tissue test S

levels could not be determined. These results indicate that

(1) soil S supply (through SOM mineralization, atmospheric

deposition, and incidental S applications with ammoniated P

fertilizers) was adequate to meet crop S demand under the

conditions of our study, and (2) standard diagnostic tests such

as soil and plant S concentration are poor predictors of corn

yield response to S. While the data presented here suggest

that S fertilization was unlikely to increase corn yields under

the conditions of our study, continued monitoring of partial

S balance is needed to avoid nutrient mining and potential

deficiencies over time. Future research should incorporate

SOM and other organic and inorganic soil S fractions to

improve understanding and prediction of crop response to S

fertilization.
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