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Abstract: Sulfur nutrition is a crucial part of proper crop growth. In this study, we investigated the
influence of organic fertilizers in a long-term field experiment (23 years) with continuous maize
monoculture. We focused on: (a) changes in the soil sulfur fraction pools, (b) the balance of total
sulfur inputs and outputs, and (c) sulfur uptake by maize. The following treatments were selected:
unfertilized control (Control), urea and ammonium nitrate (UAN), UAN and wheat straw (UAN + St),
sewage sludge (SS), farmyard manure (FYM), and slurry (Slurry). Using sequential extraction, we
determined water-soluble (SW—in water), adsorbed (Sads—in 0.032 mol L−1 NaH2PO4), and available
(Sav = SW + Sads) sulfur content. Microwave-assisted digestion in an Aqua regia solution was used
to measure the pseudo-total sulfur content (Spt). Organic-bound sulfur (Sorg) was calculated as
a difference between Spt and Sav. We found that average biomass yields responded to a uniform
120 kg N ha−1 year−1 dose, rather than the dose of S in fertilizers, with an increase over the Control by
34–49%. The effect of an additional 33.5 kg N ha−1 year−1 on UAN + St treatment was not significant.
Average sulfur uptake responded to increased yields (69-121% higher than Control), rather than the
sulfur application, with the exception of SS, where the dose of sulfur was high enough to cause an
additional uptake. In the topsoil, we discovered a significant decrease over time (from 1997 to 2019) in
water-soluble (SW), adsorbed (Sads), available (Sav), and pseudo-total (Spt) fractions on all treatments
to 29, 59, 37, and 82% of their initial values, respectively. For all treatments, the proportion of Sorg in
Spt increased over time, which was caused by the decrease in mineral fractions (SW, Sads, Sav). The
absolute content of Sorg decreased over time for all treatments except SS and FYM to about 85% of the
initial value. Using the simple balancing method, we calculated that UAN + St, SS, FYM, and Slurry
treatments annually lost 8.04, 66.1, 21.4, and 26.8 kg of S ha−1, respectively. This loss was attributed to
the decrease in atmospheric depositions, as well as the release of sulfur from soil organic matter (for
UAN + St and Slurry treatments) and a high proportion of easily mineralizable and inorganic sulfur
from the SS treatment. Generally, the FYM fertilizer provided the highest potential for maintaining
soil Spt status.

Keywords: maize monoculture; sewage sludge; slurry; farmyard manure; straw; organic fertilizer;
soil sulfur

1. Introduction

Sulfur is a key nutrient in agriculture. It influences the metabolism of the plant itself [1],
as well as crop yields and quality [2]. Some soil sulfur inputs are required for proper
crop production.

In the most recent history, one of the biggest avenues of sulfur inputs was atmospheric
depositions, but, due to desulfurization technologies in the industry, this path is no longer
sufficient [3,4]. In the Czech Republic, the amount of sulfur supplied through wet and dry
atmospheric depositions decreased from the hundreds to tens of kilograms of sulfur per
hectare in the late 1980s to the 1990s, respectively [5,6]. Currently, in the Czech Republic,
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the sulfur inputs through the atmosphere are in the range of 4–5 kg per hectare annually [7].
This trend is reflected throughout all of Europe, where a similar decrease was reported
by Gao et al., [8]. This decrease is a consequence of the reduction of sulfur-containing
emissions from the industry. The European environmental agency reported a decrease
in emissions in Europe by 74% between 1990 and 2011 [9]. Similarly, a 90% decrease
in sulfur-containing emissions has also been present in the Czech Republic [7,10]. The
development in the sulfur depositions, as well as the use of high-analysis fertilizers with
a low content of sulfur, has caused the crops to show symptoms of sulfur deficiency [3]. On
top of that, another contributing factor is also high pure nitrogen fertilization, which leads
to an increase in yields and can lead to an increase in the uptake of other nutrients [11–13].
The combination of these factors can lead to deficiencies in plant sulfur nutrition [4] for
crops such as maize (Zea mays L.), which seem to respond well to sulfur fertilizers at doses
in the range of 25 to 60 kg of sulfur [14–16].

Sulfur in the soil is present either in the organic or mineral (inorganic) form [1]. The
mineral fraction represents around 5–10% of the total sulfur content, and the content of
mineral sulfate (SO4

−2) anions is important for plant nutrition [17,18]. Mineral sulfates
can be present in three forms: (i) water-soluble and most easily available to plants, which
usually represents around 1% of the total S content, (ii) adsorbed sulfur on the soil particles,
which can be released easily into the water-soluble fraction and supply the plants with sul-
fur (together, water-soluble and adsorbed sulfate fractions are regarded as plant available),
and (iii) as a co-precipitated sulfur fraction occluded in the precipitates of magnesium
and calcium carbonates [17,19], which are generally unavailable to plants, yet can be very
slowly released [20].

Mineral sulfates are very mobile and susceptible to leaching into the subsoil [21–24],
or even the ground waters [25]. Due to high mineral S inputs from atmospheric depositions,
this release was measured in the European soils [21,22], as well as the Czech Republic [23,26].
On the other hand, organic-bounded sulfur is generally unavailable to plants, as it is less
soluble; nevertheless, throughout the vegetation, a certain mass can be mineralized and
released [20,21,27] to help with maintaining a steady supply of sulfur. This process can
lead to a significant increase in sulfates in water streams [3].

A decrease in total sulfur content in the soil was reported in the Czech Republic
between the years 1981 and 2007, from 221 mg S kg−1 to 204 mg S kg−1 [28]. This decrease
does not seem dramatic at first, but in the study, the authors also measured an average
decrease in water-soluble, adsorbed, and available sulfur content by 66.5, 41.5, and 50%,
respectively. A similar investigation between the years 1996 and 2014 was carried out in the
study by [29], and the same trend was found. Mehlich 3 sulfur extraction [30] has recently
been introduced as a possible determination of plant-available sulfur in soil in the Czech
Republic [18,31], and there is also a significant decrease in Mehlich 3 extractable sulfur in
the Czech soils [31], which further confirms the trends.

The application of sulfur-containing fertilizers is helpful in sustaining good crop nutri-
tional status. Generally, mineral fertilizers contain sulfur in the sulfate anion (for example,
ammonium sulfate or magnesium sulfate) [11], but these are quite mobile [21,22,24] or different
forms of elemental sulfur (S0), such as micronized or mixed with bentonite clay [21], that
are less mobile and less susceptible to leaching, yet might be problematic in sustaining
proper sulfur supply for fast-growing crops such as maize [32].

On the other hand, the application of organic wastes in agriculture can be of great
importance to maintain soil fertility [33]. It was found that, in order to maintain or even
increase total sulfur content (and organic-bound sulfur as well) to a steady supply of sulfur
in the soil, there must be a steady input of carbon in the organic matter [34], and this has
been demonstrated in farmyard manure and sewage sludge application. This is something
that Knights et al. [35] did not find in their experiment, where the annual application of
mineral sulfur fertilizers over the course of 150 years did not, in fact, increase total sulfur
content. The ability of organic fertilizers to maintain steady levels of sulfur in the soil can
be different and is based on the kind of fertilizer and its origin. Therefore, more stable
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materials might prove more effective than materials with more unstable compositions
(such as slurries, [36,37]). For example, the sewage sludge produced by water treatment
facilities is an environmental problem and can partially be resolved by using the sludge as
a fertilizer [38]. Out of total sewage sludge production, about 37% is used in agriculture in
Europe [39]. Out of all the countries in the European Union, more than half recycle over
50% of their sewage sludge production into their agriculture [40]. This material has a large
pool of potentially mineralizable sulfur [34] and is water soluble [41,42].

This study aimed to investigate the soil sulfur status under the conditions of 23 years
of continuous maize monoculture fertilized by several organic fertilizers. Specifically, the
assessment included: (a) changes in the soil sulfur fraction pools, (b) the balance of total
sulfur inputs and outputs, and (c) sulfur uptake by maize.

2. Materials and Methods

The experiment was conducted at the long-term stationary experiment site of the
Czech University of Life Sciences in Prague located at Červený Újezd. The field trials were
initiated in the year 1993. The experimental site characteristics at the beginning of the
trials are presented in Table 1. Information about current nutrient levels, as well as pH, is
presented in Table 2. The trials were conducted in a complete block design. There were
four blocks; each block had all fertilizer treatments arranged into individual plots. This
means each treatment was replicated 4 times. Area of plot was 170 m2. The silage maize
hybrids (Zea mays L.) were planted at a density of 80,000 plants per ha. Average monthly
air temperature and precipitation are displayed in Figure 1.

Table 1. Experimental site characteristics.

GPS Coordinates
50◦4′22′′ N
14◦10′19′′ E

Altitude (meters above sea level) 410
Mean annual precipitation (mm) 493
Mean annual temperature (◦C) 7.7

Soil type Haplic luvisol
Soil texture Silty Loam

pH (CaCl2) 6.5
Clay (%) (<0.002 mm) 5.4

Silt (%) (0.002–0.05 mm) 68.1
Sand (%) (0.05–2 mm) 26.5

Bulk density topsoil (g cm−3) 1.47
Bulk density subsoil (g cm−3) 1.50

CSOM (%) 1.26
Cation exchange capacity (mmol(+)/kg) 118

Table 2. Content of Mehlich 3 extractable nutrients (P, K, Ca, and Mg) and other soil properties in
2019, topsoil.

Properties
Treatments

Control UAN UAN +
St SS FYM Slurry

P (mg P kg−1) 141 102 125 366 317 303
K (mg K kg−1) 141 115 138 129 247 228

Ca (mg Ca kg−1) 2512 2000 2041 2435 3032 2797
Mg (mg P kg−1) 111 78.1 152 166 178 153

CSOM (%) 0.98 0.95 1.16 1.20 1.49 1.12
CHA/FA 0.56 0.63 0.82 0.78 1.04 0.84

pH (CaCl2) 6.36 5.91 5.88 6.25 6.81 6.70
P—phosphorus, K—potassium, Ca—calcium, Mg—magnesium, CSOM—carbon soil organic matter, CHA/FA
—humic and fulvic acid ratio, UAN—urea and ammonium nitrate, UAN + St—UAN and wheat straw, SS—sewage
sludge, FYM—farmyard manure.
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Figure 1. A climograph of average air temperatures and monthly precipitation calculated as average
of 1997 to 2019 values.

2.1. Treatments

Six fertilizer treatments were selected, namely: (1) unfertilized control (Control);
(2) urea and ammonium nitrate (UAN); (3) UAN and wheat straw (UAN + St); (4) sewage
sludge from municipal water treatment facility (SS); (5) cattle farmyard manure (FYM); and
(6) cow slurry (Slurry). Annual nutrient inputs from fertilizers are described in Table 3.
UAN fertilizer was applied in spring before sowing. Other fertilizers were applied in the
autumn before tillage. All organic fertilizers were immediately incorporated into the soil by
ploughing. Every fertilizer was applied in a single dose. No additional amendments were
added to individual treatments; only stubble from the previous year was incorporated into
the soil. Sulfur content analysis in stubble and roots was not performed.

Table 3. Experimental design and nutrient inputs with fertilizers.

Treatment
kg Nutrient ha−1 Year−1 C:N:S * C:S

N S P K

Control 0 0 0 0 - -
UAN 120 0 0 0 - -

UAN + St 120 + 33.5 2.61 4.34 45.0 14.6:1:0.02 728
SS 120 52.4 82.1 16.0 7.32:1:0.43 17.0

FYM 120 16.4 32.6 129 13.4:1:0.14 95.7
Slurry 120 16.3 23.2 105 5.08:1:0.14 36.3

UAN—urea ammonium nitrate solution, St—wheat straw in average dose of 5000 kg DM (dry matter) ha−1 year−1,
SS—sewage sludge in average dose of 3101 kg DM ha−1 year−1, 30.3% DM. FYM—farmyard manure in average
dose of 5027 kg DM ha−1 year−1, 23.7% DM. Slurry—slurry in the average dose of 2280 kg DM ha−1 year−1,
5.7% DM. * Nutrient ratios in fertilizers calculated based on C:N ratio results in Balík et al. [43] and internal
results.

Total sulfur inputs including annual sulfur deposition (dry and wet) are described
in Table 4. Precipitation (as the only source of soil water) was measured directly at the
experimental site; however, the site was not equipped to detect S depositions. The sulfur
deposition data were provided by the meteorological station at Prague in Ruzyně that
belonged to the Czech Hydrometeorological Institute. This was the nearest professional
station measuring S depositions (the distance is about 10 km by air; GPS: 50◦6′0.6′′ N,
14◦15′19.8′′ E).
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Table 4. Total sulfur inputs (depositions and fertilizer) during the experiment.

Input Period
Control UAN UAN + St SS FYM Slurry

kg S ha−1 per Period

1993–1996 80 80 90 290 146 145
1997–2001 61 61 74 323 143 143
2002–2007 48 48 64 362 146 146
2008–2013 37 37 53 351 135 135
2014–2019 29 29 45 343 127 127

1993–2019 254 254 325 1670 697 696
1997–2019 175 175 235 1380 552 551

Numbers in the Control and UAN treatments represent the atmospheric depositions that every treatment received.
UAN + St, SS, FYM, and Slurry treatments also include inputs from the application of their respective fertilizer.

2.2. Plant Analyses

Every year, once the silage maize reached maturity (BBCH 75 or R4 vegetative stage,
roughly 65% biomass moisture), the aboveground maize biomass from every plot was
harvested and weighed to obtain the biomass yield (BY)—more precisely, two middle rows
were harvested (area of 20 m2). Dry matter content was determined at 105 ◦C.

To determine the plant sulfur content, the dried samples (for 72 h at 40 ◦C) were fine
milled (<1 mm) (Retsch SM100, Haan, Germany) in laboratory. To determine the plant
sulfur content, a wet digestion analysis was performed. Briefly, an aliquot 0.25 g of milled
sample was weighed and immersed in nitric acid (7 mL of 65% HNO3) and hydrogen
peroxide (2 mL of 30% H2O2). Samples were then digested in a microwave-assisted high-
pressure environment. The whole procedure is further described in Tlustoš et al. [44]. This
analysis was performed twice for every plot, that is, 8 times per treatment.

2.3. Soil Analyses

Topsoil subsamples (0–30 cm depth) were collected in 1997, 2008, and 2019 after the
biomass harvest from every plot and pooled together to get one soil sample per plot. Subsoil
subsamples (30–60 cm depth) were collected in 1997 and 2019 after harvest from every
plot and pooled together to get one subsoil sample. Every sample was later air dried in
a forced-air oven until reaching constant weight at 40 ◦C; then, samples were ground and
sieved for particles <2 mm. These samples were archived until further analysis.

To study the changes of different sulfur fractions in topsoil and subsoil, the following
methods were selected: A sequential extraction method by Morche [20] and modified by
Kulhánek et al. [18] for available sulfur fractions determination. Briefly, samples were
extracted with demineralized water (1/10 w/v) to extract the readily available S (SW)
fraction and subsequently with 0.032 mol L−1 NaH2PO4 to extract the adsorbed sulfur
(Sads) fraction After the distilled water was added, the sample was shaken for 30 min, then
centrifuged for 5 min at 8000 g. The supernatant was removed and stored in the freezer at
5 ◦C until further analysis. The same soil sample was then extracted with sodium dihydro-
gen phosphate, and the process was repeated. The sum of sulfur in these fractions was then
the bioavailable sulfur (Sav). Usually, extraction by 1 mol L−1 HCl follows the extraction of
Sads to determine carbonate-occluded S, but this determination was omitted due to the low
carbonate content in the investigated soil.

The pseudo-total sulfur (Spt) concentration in the soil was determined by the modified
ISO 11466 1995 [45] method using Aqua regia extraction. The modification was microwave-
assisted high-pressure digestion and evaporation of samples using a heating plate (150 ◦C)
and subsequent quantitative transfer with distilled water to a final volume of 25 mL glass
tube, which were topped up by deionized water and kept at laboratory temperature until
measurements were taken.

The organic sulfur content (Sorg) was calculated as the difference between the pseudo-
total content (Spt) and available (Sav) content. Mehlich 3 extraction was also performed
following Mehlich [30] in order to also evaluate the SM3 fraction. Briefly, an aliquot of
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the soil sample was extracted by Mehlich 3 solution (1/10 w/v). The sample was then
shaken for 5 min and filtered. The filtered extract was stored in a freezer at 5 ◦C until
further analysis. Sequential extraction, Mehlich 3 extraction, and Aqua regia digestion
were performed once on every plot, that is, four times per treatment. In 1997 and 2008, the
sequential and Mehlich 3 extractions were not performed for subsoil. Aqua regia digestion
was not performed in 2008.

Sulfur concentrations in all digests and extracts were determined using optical emis-
sion spectroscopy with inductively coupled plasma (ICP-OES) with axial plasma config-
uration, Varian, VistaPro, equipped with autosampler SPS-5 (Mulgrave, Australia). The
operating measurement wavelength for ICP-OES was 180.7 nm for S.

All statistical evaluations were performed using STATISTICA software, version
13 (TIBCO, Palo Alto, CA, USA). Even though trials started in 1993, we evaluated the
period of 1997–2019, since a more representative dataset was available. Two-way ANOVA
was performed to investigate the interaction of year x treatment and its influence on topsoil
S fractions. Since we did not have historical data for the subsoil S content (except for Spt),
a two-way ANOVA was not performed. The one-way ANOVA analysis was performed to
individually test the influence of year on the topsoil and subsoil sulfur fractions, as well
as biomass sulfur content. The same was performed to test the influence of the fertilizer
treatment over topsoil and subsoil sulfur fraction content, plant biomass sulfur, uptake,
and yield. The differences between means were determined using Tukey´s HSD post-hoc
test at p < 0.05. The Spearman rank correlation was performed to determine which top-
soil sulfur fraction was most related to the content of sulfur in biomass. Only results for
p < 0.05 are presented, as lower p-values (0.01) produced no significant results.

3. Results
3.1. Biomass Yield and S Uptake

Statistical analysis of the average maize yield during the period 1993–2019 (Figure 2a)
revealed significant differences between the unfertilized Control treatment and all other
fertilized treatments. Meanwhile, differences between the fertilized treatments were all
within variance and were not significant.
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Figure 2. Relative average yields (a) and relative average sulfur uptake (b) at harvest during the
period 1993-2019; the different italic letters describe statistically significant differences between
treatments. Tukey HSD test; p < 0.05. n = 27.

Further data are shown in Figure 2b, where the average sulfur uptake in the period
of 1993–2019 is reported. The Control treatment showed the significantly lowest values
of sulfur uptake by maize in comparison with the fertilized treatments. During this time,
there were significant differences, even between the fertilized treatments. Maize with FYM
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and Slurry treatments had significantly lower S uptakes than plants on SS treatment (which
reached the highest uptake of S). UAN and UAN + St treatments were comparable to Slurry
and FYM, as well as SS treatments.

Table 5 shows plant sulfur content in the years 1997, 2008, and 2019. Judging by the
italic letters (comparison of treatments) the Control treatment always reached the signif-
icantly lowest S content, while the SS treatment reached the highest content in 2008 and
2019. Judging by the standard letters (comparing the difference between the year in one
treatment), it is evident that the S content for all treatments decreased as time moved on.

Table 5. Plant sulfur content (mg S kg−1) after harvest in dry biomass (n = 8).

Year
Control UAN UAN + St SS FYM Slurry

Mean Mean Mean Mean Mean Mean

1997 568 a c 714 b c 712 b c 681 b b 717 b c 710 b c
2008 472 a b 637 b b 590 b b 754 c b 545 b b 538 ab b
2019 381 a a 522 b a 484 b a 618 c a 447 ab a 441 ab a

The different italic letters describe statistically significant differences between treatments (in rows). The different
standard letters describe statistically significant differences between years (in columns). Tukey HSD test p < 0.05.

The maize sulfur uptake is further examined in Table 6. Judging by the italic letters,
there were significant differences between treatments, even at the beginning of the ex-
periment. UAN and SS treatments already differed enough from the Control treatment
and kept this trend for the duration of the entire experiment. UAN + St was comparable
with the Control in the first period; however, in the second and all the following periods,
it became significantly different from the Control. Generally, during all of the following
periods, all treatments produced significantly higher values than the Control. Overall, the
highest uptake was always present in the SS treatment.

Table 6. Detailed sulfur plant uptake in the period during the experiment (kg S ha−1 per period).

Uptake
Period

Control UAN UAN + St SS FYM Slurry

Mean Mean Mean Mean Mean Mean

1993–1996 15.7 a 25.3 b 24.2 ab 28.8 b 23.0 ab 21.7 ab
1997–2001 24.8 a 42.7 bc 35.4 bc 43.6 b 34.7 b 33.5 b
2002–2007 22.2 a b 43.2 b b 42.9 bc b 48.2 b b 39.5 b b 40.6 b b
2008–2013 17.6 a ab 39.8 bc b 40.3 bc b 42.9 c ab 32.5 bc a 28.3 ab a
2014–2019 16.1 a a 32.3 b a 33.1 bc a 38.6 b a 29.4 ab a 30.1 ab a

1993–2019 96.3 183 176 202 159 154
1997–2019 80.6 158 152 173 136 133

The different italic letters describe statistically significant differences among treatments (in rows). The different
standard letters describe statistically significant differences among years (in columns). Tukey HSD test (p < 0.05);
n = 4 for years 1993–1996 and 1997 and 2001; n = 6 for following periods.

Evaluating the changes in treatments in years (judging by standard letters) shows that
all treatments produced lower uptakes in later periods than the earlier ones, even in the
fertilized treatments. Only results from the last three periods were compared, as these
periods consisted of an equal number of years.

Spearman’s correlation coefficient was calculated in order to evaluate the impor-
tance of each soil sulfur fraction in maize nutrition (Table 7, results of 1997, 2008, and
2019 were pooled together for this analysis). Given the influence of the fertilizer treatment
over the values, the relationship between the values was monotonic. Therefore, Spearman’s
correlation was chosen. The test revealed that SW, Sads, Sav, SM3, and Sorg fractions were sig-
nificant in this relationship. The relationship between plant S content and soil Spt fractions
was not significant.
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Table 7. Spearman’s correlation coefficient values comparing the relationship of plant sulfur content
with soil sulfur content.

SW Sads Sav SM3 Spt Sorg

Plant S content 0.741 * 0.669 0.743 * 0.694 * 0.245 0.564 *
Values marked with * were significant at p < 0.05; n = 72.

3.2. Topsoil Sulfur Content

A two-way ANOVA was performed for topsoil in order to establish the influence of
the year and treatment and their interaction with the content of S fractions in topsoil. The
results in Table 8. show that there was no significant interaction for year and treatment.
On the other hand, individually, these effects had significant influences on the content of S
fractions in topsoil.

Table 8. Results for two-way ANOVA comparing the effects of treatment, year, and their interaction
on the S content in individual S fractions in topsoil.

Topsoil S Fraction
Treatment Year Treatment × Year

F df F df F df

SW 6.62 * 5 206.96 * 2 0.44 10
Sads 7.80 * 5 91.99 * 2 0.84 10
Sav 7.51 * 5 205.69 * 2 0.49 10
SM3 15.19 * 5 108.07 * 2 0.46 10
Sorg 19.76 * 5 5.80 * 2 0.98 10
Spt 22.43 * 5 23.13 * 2 0.95 10

The values marked with asterisk (*) are significant effect at p < 0.05.

To further investigate the effect of the year on the content of S fractions in topsoil,
a one-way ANOVA was performed. The results of the soil S content analysis revealed the
same pattern across all soil sulfur fractions. The mineral fraction, namely SW, Sads, Sav,
and SM3 in Figures 3–6, respectively showed a significant decrease in sulfur pools in all
treatments, whether fertilized or not. Generally, the biggest significant decrease happened
between the years 1997 and 2008 for SW and Sav, while the decrease from 2008 and 2019 was
smaller and, in many cases, was not significant. The rate of decrease in S pools for Sads and
SM3 fractions from 1997 to 2008 was not as big as the rate for SW and Sav. The Sav content
resembled the changes in the SW and Sads fractions, because the Sav fraction content was
calculated as a sum of water-soluble and adsorbed content. The proportion of SW in Sav
changed over the years. In 1997, the proportion of SW in Sav from all treatments around
was, on average, 76%. In 2019, this proportion was, on average, around 60%. On the other
hand, the proportion of Sads in Sav increased accordingly.

The significantly decreasing soil sulfur pools were found even in the Spt (Figure 7)
fraction with few exceptions. Firstly, although the SS treatment showed a decreasing trend,
due to variability in results, the decrease was insignificant. Given several more years, the
situation would be likely to change. The second exception was the FYM treatment, which
produced insignificant changes. The FYM and SS treatments had, in general, the highest
contents of Spt fractions. The percentages present in each column of Figure 7 show the
proportion of organic sulfur out of the pseudo-total. It is evident that, in all treatments,
the proportion of organic sulfur increased over time. This means that mineral S pools
accordingly decreased over the course of the experiment. On average, the proportion of Sav
in Spt in 1997 was 15.4%, while the same proportion in 2019 was only 7.7%.
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Figure 3. Content of water-soluble sulfur fraction (SW) in topsoil. Different letters describe significant
differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4).
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Figure 4. Content of adsorbed sulfur fraction (Sads) in topsoil. Different letters describe significant
differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4).
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Figure 5. Content of available sulfur fraction (Sav) in topsoil. Different letters describe significant
differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4).
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Figure 6. Content of Mehlich 3 extractable sulfur fraction (SM3) in topsoil. Different letters describe
significant differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4).

Agronomy 2023, 13, x FOR PEER REVIEW 11 of 25 
 

 

 
Figure 7. Content of pseudo-total sulfur fraction (Spt) in topsoil. Different letters describe statisti-
cally significant differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4). 
Percentages shown inside the columns are a proportion of organic sulfur fraction out of pseudo-
total sulfur content. 

The results present in Figure 8 describe changes in the Sorg fraction over time for each 
treatment (calculated as the difference between the pseudo-total content and available 
content). The lowest content of sulfur in this fraction, as well as the most significant de-
creases, were present in the Control and UAN. On the other hand, the organic sulfur con-
tent did not produce any significant change in organic fertilized treatments, namely, the 
SS, FYM, and Slurry. It is important to note that the Slurry treatment showed a decreasing 
trend. This trend might become significant over more time. 

 
Figure 8. Content of organic sulfur fraction (Sorg) in topsoil. Different letters describe statistically 
significant differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4). 

The data presented in Table 9 allow further investigation of the soil S changes in in-
dividual fractions. The presented values are a ratio comparing the 1997 S content to the 
2019 S content. Generally, we can see that the biggest decrease in soil S happened for the 
SW fraction, down to 23–42%, of the 1997 content. The FYM SW content for this treatment 

216 a
201 a

216 a

252 a
271 a

244 a

186 ab
171 ab

187 ab

237 a
229 a

207 b

157 b 155 b
177 b

220 a

254 a

189 b

100

150

200

250

300

Control UAN UAN + St SS FYM Slurry

m
g 

S 
kg

-1

1997 2008 2019

83
.9

%

81
.5

%

93
.9

%

91
.5

%
80

.4
%

84
.8

%

91
.9

%

89
.9

%

83
.6

%

91
.9

%

89
.8

%

84
.0

%

92
.9

%

90
.0

%

86
.2

%

92
.9

%

90
.6

%

85
.1

%

181 a
170 a

180 a

212 a

234 a

208 a

170 a

154 ab

169 a

213 a
205 a

188 a

146 b 141 b

163 a

202 a

235 a

175 a

100

140

180

220

260

Control UAN UAN + St SS FYM Slurry

m
g 

S 
kg

-1

1997 2008 2019

Figure 7. Content of pseudo-total sulfur fraction (Spt) in topsoil. Different letters describe statistically
significant differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4).
Percentages shown inside the columns are a proportion of organic sulfur fraction out of pseudo-total
sulfur content.

The results present in Figure 8 describe changes in the Sorg fraction over time for each
treatment (calculated as the difference between the pseudo-total content and available
content). The lowest content of sulfur in this fraction, as well as the most significant
decreases, were present in the Control and UAN. On the other hand, the organic sulfur
content did not produce any significant change in organic fertilized treatments, namely, the
SS, FYM, and Slurry. It is important to note that the Slurry treatment showed a decreasing
trend. This trend might become significant over more time.

The data presented in Table 9 allow further investigation of the soil S changes in
individual fractions. The presented values are a ratio comparing the 1997 S content to the
2019 S content. Generally, we can see that the biggest decrease in soil S happened for the SW
fraction, down to 23–42%, of the 1997 content. The FYM SW content for this treatment was
significantly higher than that of the control. The content of S in the Sav fraction decreased to
31–48%; however, there were no differences between treatments, which is likely due to the
fact that the Sav fraction has to reflect changes in both the SW (where some changes were
significant) and Sads fractions (where all the values were not statistically different from each
other). Sulfur in the Sorg fraction showed a change to 81–101% of the 1997 values. Organic
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fertilizer treatments in this fraction produced a smaller decrease than the Control and UAN
treatments. On the other hand, statistical differences were only present between the control
and FYM treatments. This also corresponded to a decrease in the Spt fraction, where the SS,
FYM and UAN + St fractions showed a smaller decrease than the other treatments.
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Figure 8. Content of organic sulfur fraction (Sorg) in topsoil. Different letters describe statistically
significant differences between years within the treatment. Tukey HSD test (p < 0.05), (n = 4).

Table 9. Relative changes (%) in the content of respective sulfur fractions in topsoil. Values represent
relative content in the year 2019 in comparison with the year 1997 (100% = content in 1997). Mean
plus standard deviation (SD).

Treatment
SW Sads Sav Sorg Spt

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Control 23 ± 8.00 a 58 ± 9.40 a 31 ± 9.44 a 81 ± 7.93 a 73 ± 5.05 a
UAN 33 ± 10.1 ab 73 ± 11.4 a 43 ± 10.7 a 83 ± 9.85 ab 77 ± 10.5 a

UAN + St 32 ± 4.52 ab 71 ± 11.0 a 41 ± 5.18 a 90 ± 6.18 ab 82 ± 4.17 ab
SS 38 ± 3.44 ab 68 ± 4.43 a 45 ± 2.49 a 95 ± 6.43 ab 87 ± 5.41 ab

FYM 42 ± 7.93 b 67 ± 5.08 a 48 ± 7.13 a 101 ± 3.29 b 94 ± 2.95 b
Slurry 29 ± 2.42 ab 59 ± 3.17 a 37 ± 1.90 a 85 ± 6.85 ab 77 ± 5.25 a

The different italic letters describe statistically significant differences between treatments per soil sulfur fraction.
Tukey HSD test p < 0.05 (n = 4).

3.3. Subsoil

The results of the subsoil S content analysis are presented in Table 10. Since the results
in previous years are incomplete, we decided to only present the findings of the year 2019.
Table 10 shows differences between the treatments in each of the investigated S fractions.
For the SW fraction, the Control was comparable to the UAN and UAN + St, while it
was significantly lower than the FYM and Slurry. It is also important to note that the SS
treatment was significantly higher than all of the previous treatments (with a roughly six
times greater value than the Control). For the Sav fraction, the S content in the Control
reached higher values than the UAN and UAN + St and lower values than the FYM and
Slurry. Nevertheless, the Control was statistically comparable to those treatments. The
UAN and UAN + St had significantly lower S contents than the FYM and Slurry. All
treatments showed also significantly lower values than the content of S in the SS treatment.
Interestingly, the sulfur content of the SS treatment was comparable to the FYM, Slurry,
and UAN + St treatments in the Sads fraction and, furthermore, the SS treatment in the Sorg
fraction was comparable to the content of the Control, UAN + St, and UAN. The highest
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Sorg content reached by the FYM treatment was significantly different from all fractions,
except for the Slurry. Out of the Sav fraction, the SW fraction for the Control, UAN, and
UAN + St treatments comprised 56.7–59.3%. The FYM and Slurry comprised 68.2–68.7%,
and the SS reached up to 81.3%.

Table 10. The content of sulfur fractions in subsoil (mg S kg−1) in the year 2019.

SW Sads Sav Sorg

Control 3.5 a 2.7 a 6.1 ab 109 ab
UAN 3.0 a 2.2 a 5.1 a 93 a

UAN + St 4.6 a 3.1 ab 7.7 a 112 ab
SS 21.8 c 5.0 b 26.8 c 112 ab

FYM 8.9 b 4.0 b 12.9 b 138 c
Slurry 7.5 b 3.5 ab 11.1 b 119 bc

The different italic letters describe statistically significant differences between treatments in a fraction at p < 0.05 Tukey
HSD test, n = 4.

Changes in the Spt fraction in the subsoil are described in Figure 9. Both the SS
and UAN treatments presented a decrease in sulfur from the year 1997 to 2019 in this
fraction. Due to variability, this decrease is not significant. The Control, UAN + St, and
Slurry treatments showed an insignificant increase, while the FYM content stayed the
same in both years. Judging by the italic letters, the content of S in this fraction in the year
2019 was lowest for the UAN treatment, which was statistically comparable to the Control,
UAN + St, and Slurry treatments. Significantly high S contents were produced by the SS
and FYM treatments.
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Figure 9. Content of pseudo-total sulfur (Spt) fraction in the subsoil in 1997 and 2019; the different
standard letters describe statistically significant differences between years. The different italic letters
(for 2019) describe significant differences between treatments. Tukey HSD test (p < 0.05), (n = 4).

The SW and Sav content proportion of the Spt in 2019 subsoil was, on average, 6.2%
and 8.9%, respectively. It is important to note that, for the SS treatment, this proportion was
15.7% and 19.3% for the SW and Sav, respectively. Other values fell close to the average.

3.4. Comparing the Pseudo-Total Sulfur Pools in Topsoil and Subsoil

Pseudo-total sulfur content in the topsoil (0–30 cm depth) and subsoil (30–60 cm depth)
is present in Table 11 in kilograms of sulfur per hectare. These values were calculated from
the Spt content, which is also presented in Figure 7 (for topsoil) and Figure 9 (for subsoil).
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Table 11. Balance of pseudo-total sulfur in topsoil and subsoil comparing the year 1997 to 2019.

Treatment
Control UAN UAN + St SS FYM Slurry

kg S ha−1

Topsoil

1997 952 ab b 885 a b 951 ab a 1113 bc a 1197 c a 1076 abc b
2019 692 ab a 682 a a 782 ab a 969 bc a 1121 c a 832 abc a

Balance −260 −203 −169 −144 −76 −243

Subsoil

1997 471 a a 587 a a 473 a a 795 a a 683 a a 540 a a
2019 519 ab a 442 a a 540 abc a 625 bc a 682 c a 585 abc a

Balance +48 −146 +67 −171 −1 +45
The different italic letters describe statistically significant differences between treatments in a year (in rows). The
different standard letters describe statistically significant differences between years of treatment (in columns).
Tukey HSD test, p < 0.05, n = 4.

Judging by the italic letters for the topsoil, the differences between treatments were the
same for both years 1997 and 2019. Generally, the Control, UAN, and UAN + St treatments
had statistically comparable contents of S. The SS and FYM significantly had the highest
contents of S and were comparable to each other. The Slurry treatment was comparable to
both groups. When focusing on the development of the S content over the years (judging
by the standard letters) it is visible that the Control, UAN, and Slurry treatments showed
a significant decrease in soil S.

Regarding the subsoil, there were no statistically significant differences between
treatments in the year 1997. In the year 2019, the lowest values were produced by the UAN
treatment, which was comparable to the Control. The SS and FYM reached the highest
significant contents of S. The Slurry and UAN + St were comparable to all groups, due to
their high variability.

The balance row describes how much sulfur each of the treatments gained (+) or lost
(−) during the entire experiment. Overall, in the topsoil, only the loss of pseudo-total sulfur
content was registered (ranging from −76 to −260 kg S ha−1). For the subsoil, the only
treatments that registered the influx were the UAN + St and Slurry (+67 and +45 kg S ha−1,
respectively), while all other treatments lost S content (ranging from −1 to −171 kg S ha−1).

3.5. Sulfur Movement in Topsoil and Subsoil

Table 12 describes the vertical movement of the pseudo-total sulfur in topsoil and
subsoil during the trials. In the topsoil, the smallest loss was present for the UAN treatment,
followed by the UAN + St and Control treatments at 221, 252, and 356 kg S ha−1, respectively.
The FYM and Slurry reached the loss of 492 and 661 kg S ha−1, respectively. The greatest S
loss was calculated for the SS treatment with 1350 kg S ha−1. The trend was similar for the
subsoil, where the smallest loss was present for the UAN + St, Control, and UAN treatments
at 186, 309, and 366 kg S ha−1, respectively. The FYM and Slurry lost 493 and 616 kg S ha−1,
respectively. The SS treatment also lost the most S in the subsoil at 1521 kg S ha−1.

Table 12. Movement of sulfur in topsoil and subsoil during the trials.

Treatment Control UAN UAN + St SS FYM Slurry

Topsoil (kg S ha−1)

Status 1997 and inputs in 1997 to 2019 (a) 1127 1060 1186 2493 1749 1626
Status in 2019 and uptake 1997 to 2019 (b) 771 838 934 1143 1257 965

Loss from topsoil (a,b) 356 221 252 1350 492 661

Subsoil (kg S ha−1)

Status in 1997 and loss from topsoil (c) 828 808 726 2146 1175 1201
Status in 2019 (d) 519 442 540 625 682 585

Loss from subsoil (c,d) 309 366 186 1521 493 616
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4. Discussion
4.1. Biomass Yields and Maize Sulfur Uptake

The average relative biomass yields from the entire experiment are displayed in Fig-
ure 2a. The Control treatment significantly produced the lowest yields of biomass from the
fertilizer treatments. The differences in yields between all fertilizer treatments were insignif-
icant. All treatments, with the exception of the Control, received 120 kg of N ha−1 year−1

as fertilizer. On top of that, the UAN + St treatment received an additional dose of 33.5 kg of
N ha−1 year−1 from the straw. Even though the yields for this treatment were, on average,
the highest, there was no significant difference from other fertilizer treatments. Different
sulfur inputs played no role in the production of yields, as maize seemed to respond to
nitrogen fertilizer. The soil P, K, Mg, and Ca supply (Mehlich 3 extractables) was sufficient
for maize growth for all treatments (Table 2).

The relative sulfur uptake (Figure 2b) from the entire experiment showed more vary-
ing results than yields. Maize from the Control treatment without any fertilizer inputs
significantly produced the lowest uptake. On the other hand, the highest uptake was
produced by maize from the SS treatment, which received 52.4 kg of S ha−1 year−1 as
fertilizer (the highest dose in this experiment).

Godlewska [46] reported an increase of 140% and 130% in S uptake over their control
by plants in composted sewage sludge and fresh sewage sludge treatments, respectively. An
increase in the uptake of sulfur by maize was also reported by Sakal et al. [47]. An increased
uptake of S was also presented by Knights et al. [35], where a long-term application of FYM
in a maize monoculture caused an increase in uptake to 11 kg of S ha−1 year−1 over their
control (2.0 kg of S ha−1 year−1).

Statistically comparable to the uptake of S for the SS treatment were the UAN and UAN
+ St treatments, although the UAN + St received 2.61 kg of S ha−1 year−1. Interestingly,
the increases in the uptake of S for the UAN and UAN + St treatments were most likely
produced by the dose of 120 kg of N ha−1 year−1 on these treatments. This phenomenon
was also measured by Weil and Mughogho [12], where a significant increase in S uptake
was produced for a treatment that received 80 kg of N ha−1 year−1 and no sulfur as
fertilizer. Similarly, Knights et al. [35] also determined that pure mineral N fertilization
(96 kg N ha−1 year−1) with zero sulfur caused a 2.6 fold increase in S uptake.

Table 7 shows a correlation analysis of the plant sulfur content with the soil sulfur
content in individual fractions. SW, Sads, Sav, and Sorg content correlated with plant p < 0.05.
The results of correlation analysis agree with Boye et al. [27] and Morche [20], who men-
tioned that these fractions are very critical for proper plant nutrition. These authors also
mentioned that Sorg content can be mineralized throughout the period of crop growth and
resupply the mineral fractions, thus explaining the correlation of plant S content with soil
Sorg content. There was a significant correlation between SM3 content and plant sulfur
content. Sedlář et al. [48] also describe this relationship between plant sulfur content and
SW and SM3 soil content on a wide variety of soil types and crop rotation systems that
included maize across the entire Czech Republic.

Generally, the content of plant S was greater for fertilizer treatments in comparison
with the Control (Table 5), although, in some cases, in years 2008 and more so in 2019, the
difference was insignificant. This is an important factor to note, since S is part of the primary
and secondary metabolism in crops [1] and generally can influence yield quality [2]. Since
we analyzed the entire aboveground biomass and not just the grain, we cannot comment
on the influence of fertilization on the S content in the grains. In summary, the increase in
yields can be attributed to the dose of nitrogen, and the sulfur dose had no significant effect
on yields. The overall increase in S uptake for all N fertilizer treatments in our experiment
can be mostly attributed to the application of nitrogen. The application of nitrogen fertilizer
in sufficient doses increases crop yields [12,13,47] and, thus, also increases the uptake of
other nutrients [13], including sulfur [49]. On the other hand, the application of sulfur in
the SS treatment at the dose of 52.4 kg of S ha−1 year−1 was sufficient enough to produce
a significant increase in biomass sulfur concentration and, in turn, increase the sulfur
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uptake over the FYM and Slurry treatments, which both received approximately only 16 kg
of S ha−1 year−1 and the same dose of N as the SS treatment.

4.2. Topsoil and Subsoil Sulfur Content

For maize to have a sufficient supply of sulfur, there needs to be at least 10 mg of
S kg−1 of soil in the plant available fraction (Sav) [50]. In our experiment, the Sav content
was not lower than that amount (Figure 5), even though the soil samples were collected
after the maize biomass harvest when the S pools were drained. This means that, during
vegetation, the content of Sav should be high enough to supply the crop with a sufficient
amount of sulfur.

The results displayed in Figures 3–6 show that there was a significant decrease in
sulfur content in the soil from 1997 to 2019 in terms of SW, Sads, Sav, and SM3 fractions.

Balík et al. [28] investigated soil sulfur status changes from 1981 to 2007 from a wide
variety of sites and crop rotations under FYM, FYM + NPK, and unfertilized Control
treatments. The authors found a decrease in the SW, Sads, Sav, and Spt fraction contents
to 32, 61, 50, and 92% of their initial values in 1981, respectively. Furthermore, they also
found an increase in the proportion of Sorg in the Spt content from 79.3% in 1981 to 88% in
2007. The results in our study (Table 9, Figure 7) show a very similar trend to the results
of Balík et al. [28]. Table 9 also shows a slight decrease in Sorg content for all treatments
except the FYM, which seemed to stay near the original value. The differences between
treatments in this sulfur fraction were insignificant with the exception of the Control, which
reached the significantly lowest value. This is in accord with Forster et al. [34], who showed
an increase in Sorg for treatments amended with FYM. Figure 8 shows the decrease in Sorg in
absolute numbers for the Control, UAN, and UAN + St in 2019 in comparison to 1997. The
SS, FYM, and Slurry treatments had rather high initial values of Sorg content in comparison
with the Control, UAN, and UAN + St treatments. This was caused by the fact that the site
was already fertilized since 1993, and inputs of organic carbon and sulfur influenced the
Sorg content. The same can be said for the Spt content (Figure 7). Interestingly, the slurry
treatment also showed a decrease in Sorg (unlike the SS and FYM treatments), but it was
insignificant. If given enough time, this trend might become significant in the future.

Foster et al. [34] evaluated the status of soil S pools in the long-term experiment
initiated in 1962 under crop rotation using different fertilizer treatments. They found that
sewage sludge and farmyard manure fertilization increased total sulfur content significantly,
which is generally in agreement with the results of Spt in our study. Furthermore, the
authors determined the Sav content in the interval between 10.0 and 17.8 mg of S kg−1,
which also confirms our results (Figure 5) with the interval of 10.9 to 18.1 mg S kg−1.
The SW content in the soil is the most labile and susceptible to changes [20] and is most
influenced by plant uptake [34,35], available soil sulfur supply [28,29], sulfur added in
terms of fertilizers [51], and, most notably, the decrease in inorganic sulfur inputs from the
atmosphere [3,4,31]. Another major factor that comes into play here is organic fertilization;
this effect is later discussed in Section 4.3.

In the Czech Republic, the Mehlich 3 extraction method has been used to determine
plant-available nutrients (e.g., P, Mg, Ca, K), and, recently, this method has been adopted
in order to evaluate the plant-available S in soil. The methodology according to [52] puts
arable soil into five categories according to the SM3 status. In 1997, all of the treatments in
our study would have fit into the “satisfactory” category (ranging from 21–30 mg SM3 kg−1).
In 2008, all treatments except the SS and FYM shifted into the “low” category (ranging from
11–20 mg SM3 kg−1), and, by 2019, even the SS and FYM would place in the same category
as the others. For the subsoil, there is no comparison. Zbíral et al. [31] evaluated sulfur
soil pools for a wide range of Czech soils using the Mehlich 3 method. The authors found
that, on average, there was a decrease in SM3 content in the soil from 33 mg of S kg−1 in
1981 to 8 mg of S kg−1 in 2017 for control treatments with no fertilizers. They also reported
a decrease from 26 mg of S kg−1 in 1995 to 17 mg of S kg−1 in 2013. This corresponds well
to the results in our study, where Zbíral et al. [31] attributed this decrease to the reduction
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in SO2 emissions and, in turn, the reduction in total sulfur depositions that occurred in the
1990s in the Czech Republic.

In consideration of the SM3 fraction (Figure 6), the extracted S content was almost
identical to the Sav fraction (Figure 5). The correlation coefficient between plant S content
and soil SM3 content (Table 7) was 0.694 (significant at p < 0.05), which suggests that
a Mehlich 3 extractant could release plant-available sulfur content. Kulhánek et al. [18]
determined the correlation coefficient at 0.882 (significant at p < 0.001) for the SM3 and Sav
fractions. Unlike our results, the results in Kulhánek et al. [18] were collected for a wider
range of soil types and from farms, which included crop rotation, as well as monocultures.
A significant positive correlation between the Sav and SM3 content has also been reported
outside of the Czech Republic [53,54], thereby making this method suitable for determining
the plant-available sulfur.

The general decrease in S in mineral sulfur fractions (including SM3) in topsoil from
all organic, mineral, or even control treatments can only be attributed to the decrease in
SO2 emissions, as suggested by Zbíral et al. [31] or Balík et al. [28], from hundreds of kg of
S ha−1 year−1 in the late 1980s or early 1990s to just units of kg of S ha−1 year−1 [6], which
was even reflected by authors in Europe [34,35].

The results of the subsoil Spt content are presented in Figure 9; however, the variability
of the results does not help the interpretation. When comparing the Spt content in 1997 and
2019, there seems to be no statistical differences when judging by standard letters, yet the
content for the SS treatment decreased by 21.5%. It seems to resemble the results of the
topsoil (Figure 7). The initial content of Spt for this treatment was, however, 1.68 fold that
of the Control. Given the fact that sewage sludge contains a lot of potentially mineralizable
S [34], it is possible that the content of sulfur was mineralized over time and was susceptible
to upward movement caused by plant uptake (maize roots can reach a depth greater than
60 cm) [55] or downward movement in terms of the leaching of sulfate anions [21,22].
Indeed, the mineral SW content in this treatment sustained a 6.23-fold increase (Table 10)
over the Control in 2019, while the Sorg content was almost identical to the Control. The
UAN treatment produced a decrease in Spt content (Figure 9). This can be explained by the
fact that the initial Spt content of this treatment was higher than the Control and also by the
fact that the CSOM content in this treatment decreased in the subsoil [56]. This is further
supported by Table 10, where the lowest content of Sorg was present in the UAN treatment.
The Control, UAN + St, and Slurry treatments produced a slight increase in Spt content
from 1997 to 2019 (Figure 9). These treatments had comparable contents of Sorg (Table 10).
This would suggest that the doses of S and C in the UAN + St and Slurry were not enough
to have a significant effect on the topsoil and subsoil Spt and Sorg pools, and the S supplied
by the Slurry was easily mineralized [36,37]. This is further confirmed in Table 10, where
we can see a 2.14-fold increase in SW for the Slurry over the Control. The levels of Spt in the
FYM in the subsoil did not change over time. The SW and Sorg contents for this treatment
in 2019 was also significantly higher than those in the Control, which suggest that FYM
plays an important role in maintaining sufficient S levels in the subsoil. The trend for the
FYM in the subsoil was identical to that in the topsoil.

4.3. Influence of Organic Carbon

One of the main effects of organic matter application is the sustaining and/or improve-
ment of the soil organic matter (CSOM) content. Balík et al. [56] reported changes in the
CSOM content for their current experimental site in a prior paper. At the beginning of the
experiment in 1993, the CSOM content was 1.26%. In 2018, the CSOM content changed for the
Control, UAN, UAN + St, and FYM treatments to 0.98, 0.95, 1.16, and 1.49%, respectively.
This was due to the fact that maize biomass was harvested, and only stubble and roots
were again incorporated into the soil. The dose of straw for the UAN + St treatment was
also not sufficient to maintain the levels of CSOM and produced an insignificant decrease
in the CSOM. On the other hand, the FYM treatment was supplied with enough carbon to
produce a significant increase.
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The content and quality of organic matter supplied with fertilizers has influence over
the content of Sorg and Spt fractions in the topsoil. Although the dose of S was greater
in the SS (52.4 kg of S ha−1 year−1) than in the FYM (16.4 kg of S ha−1 year−1), the Spt
and Sorg content was greater in the FYM than in the SS. Meanwhile, the Slurry treatment
received almost identical doses as the FYM and reached a lower content of S for the Spt
and Sorg fractions in 2019, respectively. Generally, organic materials with higher C:S ratios
are prone to immobilization [34], which includes manures. Sewage sludge has a large
pool of potentially mineralizable S [34], where a significant portion of inorganic sulfur is
present in sulfate and metal sulfides [41]. The SS also had the highest overall S content.
Slurries have generally much lower C:S ratios [36] and are more prone to mineralization
than other organic fertilizers [37]. In Table 3, we can see the C:S ratios for organic fertilizers.
The highest ratio (over 700) was present in the UAN + St treatment, which would suggest
immobilization according to Zhang et al. [57]. Based on Figure 8, it is obvious that the Sorg
content did not, in fact, significantly decrease. However, given the trend, it is very likely
that the change will be significant over time. After all, the dose of sulfur was only 2.61 kg
of S ha−1 year-. The trend of Sorg content for the Slurry treatment was similar to that of the
UAN + St, where the dose of applied sulfur was higher (16.3 kg of S ha−1 year−1); however,
the C:S ratio was 36.3. The combination of a relatively higher fulvic acid content, which
is less stable (discussed later, Section 4.4.), can explain the trend in Sorg content. The SS
treatment had the lowest C:S ratio (17.0), which means that the mineralization of sulfur
should occur [57]. According to Dewill et al. [41] and Sommers et al. [42], a significant
percentage of sulfur in SS fertilizer is inorganic and could possibly be released [21,22]. The
Sorg content (Figure 8) did not change over the course of the experiment, which suggests
that the dose of sulfur in the SS was right to maintain the content of organic-bound sulfur.
The FYM treatment produced no change in the Sorg content (Figure 8) at a much lower
sulfur dose than the SS. This is due to the fact that FYM materials have a higher C:S ratio
and are more stable than many other organic materials [34]. Generally, the increase in total
soil sulfur is mainly driven by the increase in organic carbon [34], which is in accordance
with our results. In a different experiment, with over 150 years of constant pure mineral S
application, there was no significant increase in soil sulfur content [35].

The application of organic matter into the soil can generally increase the water-holding
capacity [58] and, in turn, increase the content of the water-soluble SW fraction. The results
in Figure 3 show that the SW content was indeed higher for the organic fertilized treatments;
most notably, the SS and FYM treatments reached 1.89-fold increases over the Control
treatment. Kulhánek et al. [29] investigated changes in the SW and Sav content from 1996 to
2014 with a crop rotation through long-term field experiments. They found a decreasing
tendency in the Sav fraction, but for the sludge fertilized treatment of potatoes, there was
an increase in SW content, while a decreasing tendency was observed for the following
crops, thereby suggesting that the effectiveness of SS deteriorates over time.

4.4. Topsoil and Subsoil Sulfur Movement

Table 11 shows the change in topsoil and subsoil pseudo-total sulfur content from
1997 to 2019 in kg of S ha−1. These values were calculated from Figures 7 and 9 for the
topsoil and subsoil, respectively, using the bulk density of soil.

The balance of sulfur in the soil is, of course, influenced by maize sulfur uptake and
leaching. [21,22]. From among the organic fertilizer treatments, the FYM produced a lower
decrease in soil sulfur pools, followed by the SS and UAN + St treatments. This was
due to inputs of organic carbon in fertilizers that cause an increase in organic carbon in
soil [35,38,58] and, in turn, increase organic-bound sulfur in the soil [34,35]. The Control
and mineral-only UAN produced a similar, high decrease in balance, as these treatments
received no organic carbon. The Slurry treatment showed interesting results. It also
received organic carbon but balanced more similarly to the Control and UAN treatments.
A possible criterion for the evaluation of the stability of soil organic carbon can be the
humic and fulvic acid ratio (CHA/CFA) [59,60], where a higher content of CFA represents
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a lower stability of the soil organic carbon [61]. The CSOM content and CHA/CFA in the
Slurry treatment were 1.12% and 0.84, respectively, in 2019 (Table 2) in comparison with the
FYM treatment, where the same parameters were measured at 1.49% and 1.04, respectively,
in 2019. The Slurry treatment, overall, had a lower content of organic carbon as well as
a higher proportion of a less stable carbon fraction. Our original expectations for balance
regarding the UAN + St and SS treatments were also surpassed—in a negative way. We
did not expect the balance of these treatments to be this low. Looking at the CSOM content
and CHA/CFA ratio might shed some light on the results (Table 2). The CSOM content and
CHA/CFA ratios for the UAN + St were 1.16% and 0.82, respectively. For the SS treatment,
the CSOM content and CHA/CFA ratio were 1.20% and 0.78, respectively. This could explain
their similar behavior. On top of that, in Table 3, we can see that the Slurry and SS had
similar C:N ratios (5.05 and 7.32, respectively), which means that the carbon content in
these fertilizers was similar, yet the C:S ratio for the SS was double in comparison to the
Slurry. If we consider that the sulfur in the Slurry is organic in nature at the dose of 16.3 kg
of S ha−1 year−1, and the closeness of the C:N ratio with SS treatment, we can also consider
that 16.3 kg of S out of the annual dose of SS (52.4 kg of S ha−1 year−1) was organic bound,
which would mean that 68% of the SS dose was in fact inorganic, which is not in opposition
with the literature. For example, Dewill et al. [41] mention that sludges can have inorganic
sulfates as their dominant sulfur species.

In the subsoil, the situation is more complicated. None of the treatments (Table 11,
subsoil section) showed significant differences in time due to variability in results, which
was influenced by the variability in subsoil on site, as well as the fact that the experiment
was fertilized for 4 years before the trial evaluation started. The FYM was in balance in
2019, while the UAN + St and Slurry were in positive balance. A possible explanation might
be the mobilization of fulvic acids from the topsoil and their release, thus inducing the
mobilization of sulfur into the subsoil, since they are less stable than organic carbon in the
FYM [34]. The negative balance for the UAN treatment could be caused by the plant uptake,
even in the subsoil (30–60 cm depth). Maize roots can even grow into the subsoil [55]. This
would also explain why the balance for the UAN was lower than for the Control, as the
UAN treatment produced a higher yield (Figure 2a), which caused an increased uptake
of sulfur (Figure 2b) [13,16] and, thus, caused a decrease in the subsoil sulfur content.
The problematic treatment was the SS. We can see high initial values (Table 11) for this
treatment. This treatment received 52.4 kg of S ha−1 year−1 in fertilizer 4 years prior to the
beginning of the experiment, as well as atmospheric inputs from the deposition. Judging
by the 1997 value, it is clear that both factors led to an increase in the 1997 value. The
negative balance of this treatment can, therefore, be attributed to maize uptake, as well as
to the decrease in atmospheric sulfur depositions and leaching [21], since the SS contained
a significant portion of easily mineralizable sulfur [34] and possibly a major portion of
inorganic sulfur [41] that could be made up from water-soluble sulfates [42]. The significant
decrease in depositions led to a significant response in soil and crops. However, this
response takes time [62], and it is possible that, even though the biggest decrease happened
in the late 80s and early 90s [5–7,31], the response in subsoil could lag behind. On top of
these, the sludge materials have higher amounts of easily mineralizable sulfur [34], which
could cause a decrease through the leaching of sulfate anions. Before venturing forth, this
would be an appropriate moment to mention inputs for the SS treatment. Our experiment
received the annual supply of sewage sludge from the same water treatment facility every
year. The inputs of sulfur for the SS treatment from the sewage sludge were 52.4 kg of S
ha−1 year−1, which is substantially more than other organic fertilizers had. Sulfates are
a significant primary ion present in municipal and industrial waters [63] that can reach
the water treatment facility, where inorganic sulfates can be added as water softeners or
for phosphate precipitation [64]. As a result, sewage sludge can have a high content of
sulfur [41]. This explains the rather high content of sulfur in this organic fertilizer.

In Table 12, we can see the vertical movement of the total sulfur balance in the topsoil
and subsoil calculated based on inputs (Table 4), uptakes (Table 6), and status of the topsoil
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and subsoil (Table 11). The content of sulfur that could not be accounted for by inputs,
uptakes, or pseudo-total content was considered to be lost by leaching. It can be argued
that a possible loss of sulfur can happen from the emissions of H2S and SO2 gases, as
was reported by Kinsela et al. [65]. The problem is that it is hard to estimate the exact
values. Taking the work of Kinsela et al. [65] into consideration, the authors conducted
an experiment where the emission of SO2 and H2S gases was measured in Australia with
sulfur-rich soils and 1445 L m−2 of precipitation, and they measured a release of 3.66 kg of
S ha−1 year−1. By taking this value and applying it to the SS treatment in our experiment
(as it had the highest S inputs), we can calculate that, over the course of 23 years, 84.2 kg of
S ha−1 after 23 years would be released in gases. Given the fact that the precipitation in
our experiment was 493 L m−2, (Table 1) and considering the precipitation trend (Figure 1)
at the time of fertilizer application, we assumed that the potential for sulfur volatilization
was negligible, so a decision to omit it was made—therefore, leaching would be the most
dominant cause of sulfur loss. Additional water input was calculated in terms of organic
fertilizers. The highest moisture content was measured for the Slurry treatment (5.7% of
dry matter). Given the moisture content and applied doses of dry matter (Table 3), we can
calculate that this treatment received 3.77 L m−2 year−1 with fertilizers. This would not be
enough to influence the soil moisture content. The same applied to the other treatments
as well.

The results in Table 12 show that a loss was present in all treatments. The total loss
from the entire investigated profile (0–60 cm depth) is online (d). At this point, it was
not surprising that even the organic fertilized treatments produced a loss of sulfur. The
decrease in mineral fractions could be attributed to the decrease in atmospheric depositions
that supplied mineral sulfur into the soil [31]. Interestingly, even the organic fertilized
treatments sustained a loss of sulfur. The decrease in organic-bound sulfur can be explained
by findings in Riley et al. [21]. In our experiment, the outputs were also greater than
the inputs.

When comparing just the fertilizer inputs and annual loss, the SS annually received
52.4 kg of S ha−1 year−1 in fertilizer, while the annual loss was calculated (loss from subsoil
divided by 23) at 66.1 kg of S ha−1 year−1. The same could be calculated for the FYM,
Slurry, and UAN + St treatments, which received 16.4, 16.3, and 2.61 kg of S ha−1 year−1

as a fertilizer, respectively. After the calculation, we obtained 21.4, 26.8, and 8.04 kg of
S ha−1 year−1 of lost sulfur for the FYM, Slurry, and UAN + St, respectively. All fertilized
treatments produced higher annual losses than the annual fertilizer inputs.

5. Conclusions

This study examined the influence of organic sulfur fertilization and atmospheric
depositions on soil and plants in a 23-year-long maize monoculture for Control, UAN,
UAN + St, SS, FYM, and Slurry treatments. In terms of maize, the sulfur supply was not the
limiting factor, and yields were influenced by the nitrogen dose on all treatments. Sulfur
fertilization, however, caused a significant increase in sulfur uptake for the SS treatment, as
it received the highest sulfur dose, while the increased uptake of the other treatments was
mostly caused by the increase in yields.

In the soil, we found a decrease in Spt for all treatments except the FYM. For all
treatments, the proportion of the Sorg in Spt increased over time, which was caused by the
decrease in mineral fractions (SW, Sads, Sav) for all treatments. The absolute content of the
Sorg was decreasing over time for all treatments except the SS and FYM, as the dose of
sulfur for the SS was highest, and the FYM was rich in stable organic compounds. The
Slurry and UAN + St in our experiment were relatively richer in labile forms of carbon,
which resulted in the decrease in the Sorg.

By using the total sulfur balance, we demonstrated significant leaching for all treat-
ments (even the unfertilized Control) of sulfur below the 60 cm depth over the period of
the entire experiment. We conclude that high inputs of sulfur from atmospheric deposi-
tions in the 1990s were the major cause for this decrease, as well as the possible release of
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sulfur from the organic fertilizer treatments. The highest leaching was measured for the SS
treatment, where the highest inputs in terms of S were present. We contribute the leaching
to the dose and the fact that sewage sludges are generally rich in inorganic and easily
releasable sulfur. If considered for fertilization, we would recommend a much lower dose
of sewage sludge than the amounts administered in our work to reduce sulfur leaching
and inputs of potentially toxic elements. Based on these results, it is possible to say that
the periodical application of farmyard manure is the best choice for maintaining a proper
sulfur nutrient status.
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Abbreviations

Control Control treatment
UAN Urea and ammonium nitrate
UAN + Wheat Urea and ammonium nitrate + wheat straw
SS Sewage sludge
Slurry Cow slurry
FYM Farmyard manure
SW Water-soluble sulfur
Sads Adsorbed sulfur
Sav Plant-available sulfur
Spt Pseudo-total sulfur
Sorg Organic-bound sulfur
SM3 Mehlich 3 extractable sulfur
CSOM Soil organic matter carbon
CHA/FA Humic and fulvic acid ratio
DM Dry matter
C:N:S Carbon:nitrogen:sulfur ratio in fertilizer
BY Biomass yield
SD Standard deviation
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