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Abstract
To elucidate the effects of sulfur fertilizer application rates on crop yield en-
hancement, this study employed a single-factor randomized block design and
conducted a field experiment with five sulfur fertilizer (sulfur) application rates:
0 kg(S)・hm�2 (S0), 40 kg(S)・hm�2 (S1), 80 kg(S)・hm�2 (S2), 120 kg(S)・hm�2
(S3), and 160 kg(S)・hm�2 (S4), to investigate the effects of different sulfur fer-
tilizer application rates on maize yield and nitrogen and sulfur uptake and dis-
tribution. The results showed that sulfur fertilizer application increased maize
yield by 7.0%~18.1%, with the highest yield observed under the S2 treatment
at 12 978.30 kg・hm�2. Sulfur fertilizer application significantly increased plant
dry matter accumulation at various growth stages (except the large bell stage).
At maturity, dry matter accumulation in maize leaves, leaf sheaths, and grains
reached maximum values under the S2 treatment, while dry matter accumula-
tion in stems, husks, and cobs reached maximum values under the S1 treatment.
Throughout the entire growth period, sulfur accumulation and sulfur uptake in-
tensity in maize reached maximum values under the S2 treatment, which were
significantly higher than those under the S0 treatment without sulfur applica-
tion. At maturity, sulfur accumulation in maize leaves increased with increasing
sulfur application rate, reaching a maximum under the S4 treatment; sulfur ac-
cumulation in stems, husks, and cobs was highest under the S1 treatment; and
sulfur accumulation in leaf sheaths and grains was highest under the S2 treat-
ment. From the jointing stage to the tasseling and silking stage, the S3 treat-
ment was most effective in promoting nitrogen accumulation in maize; during
the filling and maturity stages, the S1 and S2 treatments were more conducive
to nitrogen accumulation, respectively. Increasing sulfur application rate de-
creased the partial factor productivity and use efficiency of sulfur fertilizer in
maize to some extent; the agronomic efficiency of sulfur fertilizer was highest
under the S2 treatment. The nitrogen and sulfur uptake and accumulation in
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maize plants showed an extremely significant correlation. Therefore, appropri-
ate sulfur fertilizer application plays an important role in improving maize yield
and the efficiency of nitrogen and sulfur uptake, distribution, and utilization,
with the best overall effect achieved at a sulfur application rate of 80 kg(S)・
hm�2.
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Abstract

To clarify the effects of sulfur fertilizer application rates on crop yield improve-
ment, a field experiment was conducted using a single-factor randomized block
design with five sulfur (as elemental sulfur) application rates: 0 kg(S)・hm−2

(S0), 40 kg(S)・hm−2 (S1), 80 kg(S)・hm−2 (S2), 120 kg(S)・hm−2 (S3), and 160
kg(S)・hm−2 (S4). The study investigated the effects of different sulfur appli-
cation rates on maize yield and nitrogen/sulfur uptake and distribution. The
results showed that sulfur application increased maize yield by 7.0%–18.1%,
with the highest yield of 12,978.30 kg・hm−2 achieved under the S2 treatment.
Sulfur application significantly increased plant dry matter accumulation at all
growth stages except the large bell stage. At maturity, dry matter accumula-
tion in leaves, leaf sheaths, and grains reached maximum values under the S2
treatment, while accumulation in stems, bracts, and cobs peaked under the S1
treatment. Throughout the growth period, both sulfur accumulation and sul-
fur uptake intensity in maize reached maximum values under the S2 treatment,
which were significantly higher than those under the S0 treatment. At maturity,
sulfur accumulation in leaves increased with increasing sulfur application rate,
reaching its maximum under the S4 treatment. Sulfur accumulation in stems,
bracts, and cobs was highest under the S1 treatment, while accumulation in leaf
sheaths and grains was highest under the S2 treatment. From the jointing stage
to the silking stage, the S3 treatment was most effective in promoting nitrogen
accumulation; at the grain-filling and maturity stages, the S1 and S2 treatments
were more conducive to nitrogen accumulation, respectively. Increasing sulfur
application rates decreased sulfur partial productivity and sulfur use efficiency
to some extent, while sulfur agronomic efficiency reached its maximum under
the S2 treatment. There was a highly significant correlation between nitrogen
and sulfur accumulation in maize plants. Therefore, appropriate sulfur fertilizer
application plays an important role in improving maize yield and the uptake,
distribution, and utilization efficiency of nitrogen and sulfur, with an application
rate of 80 kg(S)・hm−2 producing the best overall results.
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1 Materials and Methods
1.1 Experimental Site

The experiment was conducted in 2015 in Haicheng City, Liaoning Province
(40°53�N, 122°43�E), with an average annual temperature of 10.4 °C and total
rainfall of 390.6 mm during the growing season. The soil was a brown earth
with the following nutrient concentrations in the 0–20 cm tillage layer: total
nitrogen 1.32 g・kg−1, available nitrogen 104 mg・kg−1, available phosphorus
116.52 mg・kg−1, available potassium 98.52 mg・kg−1, and available sulfur 16.27
mg・kg−1. The local cultivation practice involved continuous maize cropping
with a one-time application of slow-release compound fertilizer (675 kg・hm−2,
N:P2O5:K2O = 28:12:12) at sowing, with no additional topdressing.

1.2 Experimental Design

A single-factor randomized block design was employed with five sulfur (elemental
sulfur) application rates: 0 kg(S)・hm−2 (S0), 40 kg(S)・hm−2 (S1), 80 kg(S)・
hm−2 (S2), 120 kg(S)・hm−2 (S3), and 160 kg(S)・hm−2 (S4). All plots received
compound fertilizer at 675 kg・hm−2 (N:P2O5:K2O = 28:12:12), applied once
at sowing. The test maize cultivar was‘Zhengdan 958’, planted at a density of
67,500 plants・hm−2 in eight-row plots with 5 m row length, 0.56 m row spacing,
and a plot area of 22.4 m2. The experiment had three replications, and field
management followed local production practices.

1.3 Sampling and Measurements

1.3.1 Dry Matter Accumulation At the jointing stage (51 days after emer-
gence), large bell stage (68 days after emergence), silking stage (90 days after
emergence), grain-filling stage (109 days after emergence), and maturity stage
(135 days after emergence), three representative plants were randomly selected
from each treatment. At maturity, plants were separated into stems, leaves,
sheaths, bracts, cobs, and grains. All samples were killed at 105 °C for 30
minutes, then oven-dried at 80 °C to constant weight for dry weight measure-
ment. Samples were analyzed to calculate dry matter accumulation, nitrogen
accumulation, and sulfur accumulation.

1.3.2 Plant Nitrogen and Sulfur Content Determination Plant nitro-
gen content was determined using the semi-micro Kjeldahl method after H2SO4-
H2O2 digestion, measured with a FOSS KJELTEC 8100 automatic nitrogen an-
alyzer. Plant sulfur content was determined after HNO3-HClO4-HCl digestion
using an ICP-7500A plasma mass spectrometer.
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1.3.3 Yield Measurement At full maturity, maize from the middle four rows
of each plot was harvested, and yield was calculated based on 14% moisture
content.

1.4 Data Analysis

Sulfur (nitrogen) uptake intensity (g・hm−2・d−1) = Net population absorption
amount (g・hm−2) / Growth duration of each stage (d) [Equation 1]

Sulfur partial productivity = Grain yield in sulfur-treated plots / Sulfur appli-
cation rate [Equation 2]

Sulfur use efficiency = (Sulfur absorption amount in sulfur-treated plots - Sul-
fur absorption amount in non-sulfur plots) × 100% / Sulfur application rate
[Equation 3]

Sulfur agronomic efficiency = (Grain yield in sulfur-treated plots - Grain yield
in non-sulfur plots) / Sulfur application rate [Equation 4]

Experimental data were analyzed using Microsoft Excel 2003 and SPSS 13.0
software for variance analysis and significance testing. Sigmaplot 12.0 was used
for graphing.

2 Results
2.1 Effects of Sulfur Application on Maize Dry Matter Accumulation
and Distribution

As shown in , sulfur application significantly increased aboveground dry matter
accumulation at the jointing stage, though differences among sulfur treatments
were not significant. From the large bell stage to maturity, aboveground dry
matter accumulation showed a trend of first increasing then decreasing with
increasing sulfur application rates. From the silking stage to maturity, the
S2 treatment produced the maximum aboveground dry matter accumulation,
significantly higher than other treatments. The S4 treatment resulted in the
lowest dry matter accumulation at all growth stages, being significantly lower
than the S0 treatment at the silking and grain-filling stages.

At maturity, dry matter accumulation in various organs followed the pattern:
grain > stem > leaf sheath > leaf > cob > bract. Leaf dry matter accumulation
increased with increasing sulfur application rates, reaching its maximum under
the S4 treatment. Dry matter accumulation in leaf sheaths, stems, cobs, and
grains all showed a trend of first increasing then decreasing with increasing
sulfur application rates. Sulfur application had no significant effect on bract
dry matter accumulation.
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2.2 Effects of Sulfur Application on Sulfur Uptake and Distribution
in Maize

According to , sulfur accumulation in maize at all growth stages showed a single-
peak curve pattern with increasing sulfur application rates, with the S2 treat-
ment producing the maximum sulfur accumulation at each stage. From the
jointing to large bell stage, sulfur accumulation among treatments followed the
order S2 > S3 > S1 > S0 > S4. At the silking stage, the order was S2 > S1 >
S3 > S0 > S4, while from grain-filling to maturity it was S2 > S1 > S3 > S4 >
S0.

At maturity, sulfur accumulation in various organs generally followed: grain >
leaf > stem > leaf sheath > bract > cob. Leaf sulfur accumulation increased
with increasing sulfur application rates, reaching its maximum under the S4
treatment. Sulfur accumulation in leaf sheaths, stems, bracts, and grains all
increased initially then decreased with increasing sulfur rates, peaking under
the S2 treatment. Cob sulfur accumulation was highest under the S1 treatment.

Sulfur application rate significantly affected sulfur uptake intensity in maize ().
Two peaks of sulfur uptake intensity occurred throughout the growth period,
at the jointing stage and silking stage. From jointing to silking, sulfur uptake
intensity followed the order S2 > S3 > S1 > S0 > S4. At the grain-filling stage
it was S2 > S1 > S3 > S4 > S0, and at maturity it was S2 > S1 > S3 > S0
> S4. Overall comparison across treatments showed that a sulfur application
rate of 80 kg・hm−2 (S2 treatment) was most beneficial for sulfur uptake at all
growth stages. The 160 kg・hm−2 sulfur application rate resulted in relatively
low sulfur accumulation and uptake intensity, indicating that while appropriate
sulfur application promotes sulfur uptake intensity, excessive application inhibits
sulfur absorption.

2.3 Effects of Sulfur Application on Nitrogen Uptake and Distribution
in Maize

Appropriate sulfur application significantly increased total nitrogen accumula-
tion in maize, which showed a trend of first increasing then decreasing with in-
creasing sulfur application rates. From jointing to silking, the S3 treatment pro-
duced the maximum nitrogen accumulation, being 12.40%, 64.45%, and 37.23%
higher than the S0 treatment, respectively. At the grain-filling stage, the S1
treatment showed the highest nitrogen accumulation, 21.43% higher than S0.
At maturity, the S2 treatment achieved the maximum nitrogen accumulation,
42.23% higher than S0, with all differences reaching significant levels (P < 0.05).

At maturity, nitrogen accumulation in various organs followed the same pattern
as sulfur accumulation. Nitrogen accumulation in leaves, leaf sheaths, stems,
and grains all reached maximum values under the S2 treatment. Bract nitrogen
accumulation peaked under the S3 treatment, while cob nitrogen accumulation
was highest under the S1 treatment, all significantly higher than other treat-
ments.
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As shown in , from jointing to silking, nitrogen uptake intensity was higher
under sulfur application rates of 80 kg・hm−2 and 120 kg・hm−2 (S2 and S3
treatments), significantly higher than other treatments. From grain-filling to
maturity, nitrogen uptake intensity was highest under sulfur application rates
of 40 kg・hm−2 and 80 kg・hm−2 (S1 and S2 treatments), significantly higher
than other treatments.

2.4 Correlation Analysis Between Sulfur and Nitrogen Accumulation
in Maize

There was a highly significant positive correlation between sulfur accumulation
and nitrogen accumulation in maize at different growth stages (P < 0.01). The
correlation coefficient between sulfur and nitrogen accumulation gradually in-
creased with advancing growth stages, reaching its maximum at maturity [Fig-
ure 1: see original paper].

2.5 Effects of Sulfur on Maize Yield and Sulfur Use Efficiency

As shown in , maize yield showed a trend of first increasing then decreasing
with increasing sulfur application rates. The maximum yield of 12,978.3 kg・
hm−2 was achieved at the S2 sulfur rate, significantly higher than the S0 and S1
treatments but not significantly different from the S3 and S4 treatments. Both
sulfur partial productivity and sulfur use efficiency decreased with increasing
sulfur application rates, reaching maximum values under the S1 treatment and
significantly higher than other treatments. Sulfur agronomic efficiency showed
a trend of first increasing then decreasing with increasing sulfur rates, reaching
its maximum under the S2 treatment and significantly higher than other sulfur
treatments except S1.

3 Discussion and Conclusion
As the fourth major essential nutrient for plant growth after nitrogen, phospho-
rus, and potassium, sulfur is an important component for synthesizing amino
acids (e.g., cysteine, methionine) in plants. Soil sulfur content is a crucial factor
affecting plant growth, development, and yield formation. In recent years, sul-
fur deficiency in soils has been widely reported. Therefore, appropriate sulfur
fertilizer application is an important measure for increasing crop yields. Numer-
ous studies have shown that applying appropriate sulfur fertilizer can increase
crop yields by 10%–25%.

Li et al. conducted experiments on the effects of different sulfur application rates
on maize yield in soil with available sulfur content of 13.3 mg・kg−1, finding that
when sulfur application rates were 37.5–112.5 kg・hm−2, maize grain yield in-
creased by 8.94%–22.05%, but decreased when sulfur application increased to
150 kg・hm−2. In our study, the test soil contained 16.27 mg・kg−1 sulfur, indicat-
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ing potential sulfur deficiency. Sulfur application significantly increased maize
yield by 7.0%–18.1%, with maximum yield achieved at 80 kg・hm−2, though
further increases in sulfur application decreased yield.

The foundation of high maize yield is adequate plant material accumulation,
as grain yield is significantly positively correlated with plant dry matter ac-
cumulation. Previous studies have shown that combined nitrogen and sulfur
application increases crop dry matter accumulation and promotes the transloca-
tion of assimilates to grains. Our results are consistent with these findings and
further demonstrate that sulfur application rates of 40–120 kg・hm−2 maintained
high dry matter accumulation throughout the growth period and increased the
percentage of grain dry matter in the whole plant.

Many studies have shown that appropriate sulfur application increases maize
sulfur accumulation. Our research found that at a sulfur rate of 80 kg・hm−2,
sulfur accumulation at each growth stage increased by 29.92%–54.64% compared
with the non-sulfur treatment. Two peaks of sulfur uptake intensity occurred
at the jointing and silking stages, likely because the silking stage represents the
transition from vegetative to reproductive growth, increasing sulfur demand.

Sulfur uptake by maize plants directly affects sulfur partial productivity and
sulfur agronomic efficiency. Li et al. reported that both sulfur partial productiv-
ity and sulfur agronomic efficiency decreased with increasing sulfur application
rates. Our results are consistent with these findings and further demonstrate
that sulfur agronomic efficiency reached its maximum at 80 kg・hm−2, decreasing
with further sulfur application. This indicates that excessive sulfur application
causes sulfur waste and may be toxic to maize. At the optimal sulfur rate
of 80 kg・hm−2, both sulfur accumulation and yield reached maximum values,
indicating a balanced state between sulfur supply and demand.

Furthermore, at the optimal sulfur rate, sulfur accumulation differed signifi-
cantly among maize organs, with the highest accumulation in grains, followed
by leaves and stems, and the lowest in bracts and cobs. This suggests that sul-
fur application promotes sulfur translocation from vegetative organs to grains,
increasing grain yield and sulfur agronomic efficiency.

In plant metabolism, sulfur and nitrogen are closely linked, with similar physio-
logical functions and assimilation pathways. Wu reported that 60 kg・hm−2 sul-
fur application promoted nitrogen and sulfur accumulation, translocation, and
contribution to grains in wheat at flowering. Our study shows that nitrogen
accumulation reached its maximum at 80 kg・hm−2 sulfur, with further sulfur
application inhibiting nitrogen uptake. At the optimal sulfur rate, nitrogen ac-
cumulation differed significantly among organs at maturity, with the highest
accumulation in grains, followed by leaves, leaf sheaths, and stems, and the
lowest in bracts and cobs. This demonstrates that sulfur application promotes
nitrogen uptake, which is another important reason for increased grain yield
and dry matter accumulation, and indicates that sulfur-nitrogen interaction is
crucial for improving maize yield and fertilizer use efficiency.
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Zhou et al. reported that nitrogen and sulfur promote each other at appropriate
supply levels but inhibit each other at excessive levels, which is detrimental to
crop growth. Wang et al. found that nitrogen accumulation was highly signifi-
cantly positively correlated with sulfur accumulation in wheat. Our study also
confirmed a highly significant positive correlation between nitrogen and sulfur
accumulation in maize, with correlation coefficients increasing as growth stages
progressed.

In conclusion, our experiments with different sulfur application rates demon-
strate that sulfur application at 80–120 kg・hm−2 promotes sulfur and nitrogen
uptake and increases maize yield, providing an important reference for local
maize production.
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