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ABSTRACT

Optimisation of S release from decomposing soil organic matter and S fertiliser related to plant S uptake
is a central issue and goal in applied research in agricultural systems. Two lysimeter experiments were
conducted in central Italy in two subsequent seasons on two commercial durum wheat cultivars to
investigate the effects on yield, S and N uptake and leaching of different rates of N and S fertilisers,
soil type and split applications of S. Sulphur fertiliser increased grain yield and N and S uptake of both
varieties. Grain yield increase was mainly due to an increase of the number of kernels per spike, which
was interpreted as a stimulation of the initiation of spikelets and/or florets, or to a reduction the floret
mortality. As an average of the two seasons, S leaching during wheat cycle was 35kgSha~!. Sulphur
fertiliser rate increased S concentration in drainage water and consequently S leached during wheat cycle.
Compared to unfertilised control, S leached was by 13kgha~! higher at 60 kgSha~! and by 19kgha!
higher at 120kgSha-!. The splitting of sulphur fertiliser during crop cycle modified both grain yield
and S leaching. The highest grain yield and S plant uptake was obtained with the splitting of S rate
into 60 kg Sha~! before seeding and 60kgSha~! at stem elongation and the lowest amount of S lost by
leaching occurred with the application of 36 kg S ha~! before seeding and 84 kg Sha~! at stem elongation.
Sulphur output was equally accounted for by leaching and plant uptake. The input-output balance of S
was positive in both experiments only when the higher S rate was applied, as more S was imported than
removed. Thus, no substantial S deficit may be expected in short term, provided that high S fertiliser rate

is applied and the availability of S is synchronised with plant needs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sulphur is an essential nutrient for plants since it is involved in
key steps of plant metabolism. During the last decades, sulphur
deficiency in agricultural soils has become widespread in many
European countries. This is mainly caused by the reductions in SO,
emissions, the use of low S-containing fertilisers, the low S return
with farmyard manure, and the declining use of S-containing fungi-
cides (Schnug, 1991; de Ruiter and Martin, 2001; Scherer, 2001).

For durum wheat, it is well established that S deficiency can
adversely affect plant growth and grain quality through its effect
on protein composition (Lerner et al., 2006; Ercoli et al., 2011).
The response of wheat to sulphur fertiliser was found to vary con-
siderably between sites and years, due to differences in soil or
climatic conditions (Pedersen et al., 1998). Especially variations in
soil organic matter composition as well as winter rainfall and spring
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temperature may give differences in the level of sulphate available
at the time of plant demand (Eriksen and Askegaard, 2000).
Sulphur is present in soil in inorganic and organic forms, the
former being generally much less abundant in most agricultural
soils, accounting for less than 10% of the total S (Bohn et al., 1986).
Sulphate is the most common form of inorganic S in soil and can
be present as SO42- either dissolved in soil solution or adsorbed
to soil particles and insoluble sulphur (Barber, 1995). Soil organic
S exists as C-bonded S or as sulphate esters (Eriksen, 2009). The
sulphur stock in soil is subject to biotic processes, causing continu-
ous degradation and re-polymerisation, and to abiotic processes, as
precipitation phenomena, atmospheric dry deposition or leaching
of water-soluble S compounds. Mineralisation and immobilisation
of S occur concurrently, and the release or incorporation of inor-
ganic sulphate into soil organic matter is thus a net result of several
processes (Maynard et al., 1983; Ghani et al., 1993). Sulphur may
be retained in soil via two major mechanisms: absorption on the
soil solid phase or incorporation into organic forms. The retention
of sulphate in soils by absorption depends on the nature of the col-
loidal system, pH, sulphate concentration and the concentration of
otherions in the solution (Harward and Reisenauer, 1966). Even for
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soils with a marked capacity to retain sulphate, the strength of the
retention is weak, as adsorbed sulphate can be removed by repeated
extraction with water (Chao et al., 1962). Thus the fate of S released
from microbial degradation of organic matter or from fertiliser is
either to be leached when the water moves vertical downward in
the soil profile or absorbed by the plant.

Leaching is potentially one of the most important contribu-
tors to S depletion. Sulphur is leached both as sulphate and as
dissolved organic sulphur (DOS), but the latter is much less abun-
dant in leachate than the former (Arowolo et al., 1994; Zhao and
McGrath, 1994). Over a three-year period, Riley et al. (2002) esti-
mated that DOS accounted for 6 4+ 10% of the total S lost to drainage.
Estimates of sulphate leaching by lysimeters and river catchments
generally ranges from 1 to 60kgSha~!y~! (Eriksen et al., 1998;
Eriksen, 2009), but also higher figures of 100kgSha~1y-! have
been reported (Guzys and Aksomaitiene, 2005).

Agricultural management can cause considerable variations in
sulphate leaching. To minimise the risks of large S leaching losses
from wheat crop the pattern of S distribution needs to be optimised
in relation to crop S demand (Korentajer et al., 1984; Eriksen and
Askegaard, 2000; Riley et al., 2002). This is accomplished by making
S available just prior to or synchronised with crop S uptake, while S
mineralisation during time periods of low or no crop uptake should
be minimised (Eriksen et al., 2002). Optimisation of S release from
decomposing soil organic matter and S fertiliser related to plant S
uptakeis a central issue and goal in applied research concerning S in
agricultural systems, and also in this paper. The present work was
therefore undertaken to determine S and N leaching and S fertiliser
response from durum wheat crop. The effects of different rates of N
and S fertilisers, soil types and split applications of S were investi-
gated. Sulphur input and output balances were determined in order
to evaluate the long-term possibility of an adequate S supply for the
wheat crop.

2. Material and methods

Two experiments were conducted with durum wheat (Triticum
durum Desf.) in two successive growing seasons, 2003-2004 and
2004-2005, at the experimental station of the Department of
Agronomy and Agroecosystem Management of the University of
Pisa, Italy, that is located at a distance of approximately 10 km
from the sea (43°40'N, 10°19’E) and 1 m above sea level. The cli-
mate of the experimental site is cold, humid Mediterranean with
mean annual maximum and minimum daily air temperatures of
20.2 and 9.5°C, respectively, and precipitation of 971 mm, with
688 mm received during the period of durum wheat cultivation,
that is from November through July (Moonen et al., 2001).

Both experiments were conducted with three replications in
randomised complete block designs utilising an open-air lysimeter
installation. This consisted of thirty-six lysimeters of 100-L vol-
ume (0.25-m? area and 0.4-m height), arranged in two rows of
18, spaced 15 cm and embedded in expanded clay to smooth daily
fluctuations in soil temperature. Lysimeters were filled with a soil
tamped to about original soil bulk density, and were attached to
a 5-cm rigid PVC drain that ended in a central collection facility.
Soil samples (0-40cm depth) were collected in December 2003
and December 2004 before wheat seeding for the determination of
soil properties (Table 1). Samples were air dried, grounded, and
analysed for texture (hydrometer method), pH (saturated paste
method), organic matter (Walkley and Black method), total N (Kjel-
dahl method), available P (Olsen method), available K (ammonium
acetate extraction) and total S (dry combustion and infrared detec-
tion, Schumacher et al., 1995). The fertiliser S and N treatments,
as well as the P and K rates were calculated based on the bal-
ance approach, which is considered a more reliable method than

traditional soil tests to determine plant nutrient availability (Zhao
et al., 1999).

Phosphorus and potassium were applied preplanting as triple
mineral phosphate and potassium chloride at a rate of 100 kg ha~!
P,05 and K, 0. The additions of nitrogen and sulphur fertilisers are
described later for each experiment.

Two durum wheat varieties, Creso and Svevo, were sown at a
rate of 100 viable seeds per container, corresponding to 400 viable
seeds per m?2, in rows spaced 15 cm apart on 12 December 2003 and
15 December 2005. Creso is an old variety (released in 1974) that
was widely cultivated in Central Italy in the past 20 years and is still
in use. It is characterised by a moderate but constant yield, medium
grain quality and a high adaptability to different environmental
conditions. Svevo is a more recent variety characterised by taller
size, higher productivity and improved grain quality.

Crops were irrigated when necessary to avoid water stress that
may occur in plants grown in containers, especially during grain
filling. In both years, no irrigation was applied before anthesis and
two irrigations were applied between anthesis and maturity, utilis-
ing a microirrigation system until field capacity was reached. Weed
control was performed throughout wheat cycle by hand hoeing.

Leachates from each lysimeter were collected during the entire
research period in both years after each major rainfall event in a
20-L PVC tank. Leachate volumes were measured and their N—NO3
and S—S04 concentrations were determined with a Dionex ion cro-
matograph model DX-120. The flow-weighted N—NO3 and S—SO4
concentrations for the whole leaching period were calculated by
summing up N—NO3; and S—SO, mass collected in the period
divided by the total leachate volume collected in the period. N—NO3
and S—SO4 concentrations were determined also in rainfall and irri-
gation water. Mean N—NOs3 concentration was 2.4 mg L1 in rainfall
and 1.9mgL-! in irrigation water. Mean S—S0,4 concentration was
7.4mgL-! in rainfall and 2.6 mgL~! in irrigation water.

At physiological maturity (stage 90 of the scale of Zadoks et al.
(1974)), plants from each container were manually cut at ground
level and were partitioned into culms, leaves, chaff and grain. Roots
were separated from the soil by gently washing with water until
they were totally clean. For dry weight determination, samples
from all plant parts were oven dried at 65°C to constant weight.
Mean kernel dry weight was also measured and number of ker-
nels per unit area and harvest index (HI) were calculated. Samples
of each plant part were analysed for nitrogen (Kjeldahl method)
and sulphur (wet ashing and infrared detection method) concen-
trations; N and S contents were calculated by multiplying N or S
concentration by dry weight.

2.1. Experiment 1 - nitrogen and sulphur rates

The research was carried out in the 2003-2004 wheat growing
season. The varieties Creso and Svevo were grown with two levels of
N application, low (120kgNha~1) and high (180kgNha~1), here-
after referred to as N120 and N180, respectively, and three levels of
S application, nil, high (60kgSha~1) and very high (120kgSha1),
hereafter referred to as SO, S60 and S120, respectively. Nitrogen
was applied as urea. The rate of 120kgNha~! was splitted into
two applications of 60 kg N ha~!, before seeding and at first node
detectable (stage 31 — 4 April 2004), that of 180 kg N ha—1 was split-
ted into three applications of 60kg N ha~! before seeding, at first
node detectable and 15 days after this stage (26 May 2004 ). Sulphur
was applied preplanting as agricultural gypsum (CaSO4-2H50). The
soil type was loam according to the USDA classification.

2.2. Experiment 2 - soil type and splitting of sulphur fertilisation

The research was carried out in the 2004-2005 wheat growing
season. The varieties Creso and Svevo were grown on two soil types
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Table 1
Soil properties in Experiments 1 and 2.

Parameter Unit Experiment 1 Experiment 2
Clay-loam soil Sandy-loam soil

Sand (2 mm>@>0.05mm) % 48.6 389 64.9
Silt (0.05 mm > @ >0.002 mm) % 33.6 28.7 24.0
Clay (@ <0.002 mm) % 17.8 324 11.1
pH 8.3 7.2 6.8
Organic matter % 1.8 1.7 1.3
Total N gkg! 0.9 1.1 0.8
Available P mgkg! 5.4 52 0.8
Available K mgkg! 68.7 80.2 16.5
Total S gkg ! 0.32 0.34 0.23

(sandy-loam and clay-loam, according to the USDA classification)
with three splittings of S fertilisation: (i) completely before seed-
ing, (ii) splitted 60 kg Sha~! preplanting and (iii) 60 kg Sha~! at first
node detectable (2 April 2005) and splitted 34 kgSha~! preplant-
ingand 86 kg Sha~! at first node detectable, hereafter referred to as
S$120-0, S60-60 and S36-84, respectively. Sulphur was applied as
agricultural gypsum (CaSO4-2H,0) at the total rate of 120 kg Sha~!
for all treatments. Nitrogen was applied at the rate of 180 kg N ha~!
and was splitted 60kgha~! preplanting as ammonium nitrate,
60kgha! at first node detectable and 60 kg ha~! 15 days after this
stage as urea.

2.3. Data analysis

Statistical analysis of data was performed separately for the two
experiments. Data were treated by ANOVA; in the first experiment
the main effects of variety, N rate, S rate and their interactions were
tested, in the second the main effects of variety, soil type, splitting
of S fertiliser, and their interactions were tested. Significantly dif-
ferent means were separated at the 0.05 probability level by the
least significant difference test (Steel et al., 1997).

3. Results
3.1. Experiment 1 - nitrogen and sulphur rates

3.1.1. Grain yield and yield components

Grain yield and its components were not affected by the inter-
actions among varieties, N rates and S rates. Grain yield of Svevo
was, on average, by 17% higher than that of Creso (Table 2). The
increase was attributed to higher number of spikes per unit area
(+21%), owing to a greater tillering rate, and number of kernels per
spike (+30%). Conversely, mean kernel weight of Svevo was by 8%
lower. Dry weight of all plant parts except grain was higher in Creso
than in Svevo and, consequently, harvest index was lower in Creso
(results not shown).

Table 2

The increase of N rate from 120 to 180 kg N ha~! increased grain
yield by 9%, owing to an increase of the number of spikes per unit
area (13%). Moreover, the increase of N rate slightly reduced mean
kernel weight and did not affect the number of kernels per spike
(Table 2). The increase of N rate also increased plant dry weight by
12%, due to the increase of all plant parts.

The increase of S rate from 0 to 60 and 120kgSha~! progres-
sively increased grain yield (by 5.4% from SO to S120), and dry
weight of culms (6.6%) and of roots (12.5%) (Table 2). Higher grain
yield was solely due to the increase of the number of kernels per
spike.

3.1.2. Sulphur concentration and content

Sulphur concentration in all plant parts was higher at the highest
N and S fertiliser rates, but the effect was statistically significant
only in grain and roots. Sulphur concentration in grain increased
from 1.2 of the control to 1.5gkg~! of the highest N and S fertiliser
rates. The interaction between N rate and S rate was significant
only for S content of roots. At the lower N fertiliser rate, the highest
level of Sincreased by 7% S content in roots compared to unfertilised
control, while at the higher N rate the increase due to S fertiliser was
by 25% (Fig. 1). Averaged over fertilisers rates, Creso gave higher S
content in grain and lower in leaves and culms, compared to Svevo
(Table 3).

The increase of N fertiliser increased S content of all plant
parts, the rate of increase ranged from 18% in roots to 40% in
leaves (Table 3). Conversely, the increase of S fertiliser progres-
sively increased only the S content of grain and culms, respectively
by 28 and 23%. All summarised, the uptake of S by the whole plant
was by 9.1 kg ha~1 greater at N180 than at N120 and by 7.1 kg ha!
greater at S120, compared to SO.

3.1.3. Nitrogen concentration and content

Treatments did not affect significantly N concentration that was,
on average, 20.1, 7.6, 3.1, 7.1 and 8.8 gkg~! respectively in grain,
leaves, culms, chaff and roots. Conversely, nitrogen content of all

Experiment 1 - dry weight of grain, leaves, culms, chaff, roots and yield components. Variety, nitrogen rate and sulphur rate mean effects.

Treatments Grain Leaves Culms Chaff Roots Spike number Kernel number Mean kernel wt.
(tha1) (nm~2) (nspike~1) (mg)
Variety
Svevo 55a 1.0a 55a 1.7a 16a 4703 a 253a 46.3 a
Creso 4.7b 1.2b 6.3b 1.8b 1.9b 389.7b 235D 514b
Nitrogen rate
N120 49a 1.0a 56a 1.7 16a 404.3 a 245a 493 a
N180 53b 1.2b 6.2b 1.9 19b 455.7b 243a 48.4b
Sulphur rate
SO 49a 1.1a 57a 1.8a 16a 432.0a 23.8a 484 a
S60 5.1ab 1.1a 6.0 ab 1.8a 1.7 ab 431.5a 24.4 ab 49.1a
S120 52b 11a 6.1b 18a 19b 4265 a 25.0b 49.1a

Within treatments variety, N rate and S rate, numbers followed by the same letter are not significantly different at P<0.05.
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Fig. 1. Experiment 1 - nitrogen (A) and sulphur (B) content of roots as affected by nitrogen rate x sulphur rate interaction.

Table 3
Experiment 1 — sulphur content of grain, leaves and culms. Variety, nitrogen rate
and sulphur rate mean effects.

Treatments Grain Leaves Culms
(kgha™1)
Variety
Svevo 8.1a 1.5a 13.2a
Creso 5.8b 20b 149b
Nitrogen rate
N120 6.0a 14a 12.1a
N180 8.0b 20b 159b
Sulphur rate
SO 6.1a 16a 126a
S60 7.0 ab 1.8a 14.0 ab
S120 7.8b 1.8a 154b

Within treatments variety, N rate and S rate, numbers followed by the same letter
are not significantly different at P<0.05.

plant parts except chaff varied between varieties and was affected
by N and S rates. Grain N content of Svevo was by 28% higher than
that of Creso, which had instead higher N content in leaves (+15%),
culms (+15%) and roots (+25%) (results not shown). As a conse-
quence, N harvest index was by 11% higher in Svevo compared to
Creso. The uptake of N with the higher N rate was 186kgha~! in
Svevo and 166kgha~! in Creso.

At the lower N fertiliser rate, the highest level of S increased by
33% N content in roots compared to unfertilised control, while at
the higher N rate the increase due to S fertiliser was by 10% (Fig. 1).
Both N and S fertilisers increased nitrogen content in grain, leaves
and culms. As a consequence, the uptake of N of the whole plant
was by 39kgha~! greater at N180 and 18 kgha~! greater at S120,
compared to the lower fertiliser rates (results not shown).

3.1.4. Sulphur leaching

No significant differences were observed in drainage water
among any of the treatments tested. Drainage water was roughly
correlated to rainfall, being higher in January, February and April
when the highest rainfalls occurred. Rainfall during 2003-2004
wheat growing season was close to normal values for the site. Sul-
phur concentration in drainage water and leached S were affected
only by S fertilisation. In the period from January to April, S concen-
tration was higher than 16 mgL~! and increased with the increase
of S rate (Fig. 2). The highest S concentrations from the S fertilised
treatments occurred in March, while from unfertilised treatment it
occurred earlier, in February. In March, a 2-fold higher S concen-
tration was recorded in leachates from S fertilised soils compared
to unfertilised one.

The quantity of S lost to the drainage water from S fertilised and
control treatments was highest in January and February. Sulphur
leached up to April increased with the increase of S rate, while in
May values were low and unaffected by S fertiliser. Over the wheat

cycle, Sleached from S60 and S120 was by 13 and 19 kg ha~! higher
respectively than from the unfertilised crop (Fig. 2).

3.1.5. Nitrogen leaching

No significant differences were observed in N concentration in
drainage and N leaching between any of the treatments tested.
Nitrogen concentration in water was higher following seeding, in
January and February, and decreased thereafter to minimal values
in May (Fig. 2). Averaged over all treatments, total amount of N lost
during wheat cycle was 26 kg ha—!, almost entirely accounted for by
N leaching in January and February (39% and 43% respectively of the
total leached N). Following March, leaching losses were negligible.

3.1.6. Sulphur balance

Averaged over varieties, S output from soil (leaching plus plant
uptake) was similar for all treatments and increased with the
increase of S fertiliser rate. Sulphur balance, calculated as the dif-
ference between estimated inputs (S fertiliser and wet deposition)
and outputs, was seriously negative from unfertilised crop, only
slightly negative from S60 and positive from S120 (Table 4). Dif-
ferences between treatments were due to the increase of plant S
uptake due to higher S fertiliser. To have balanced inputs and out-
puts, a S fertiliser rate lower than 120kgSha~! but higher than
60 kg Sha~! should be applied.

3.2. Experiment 2 - soil type and splitting of sulphur fertilisation

3.2.1. Yield and yield components

Grain yield and its components were not affected by the inter-
actions among varieties, N rates and S rates. Grain yield of Svevo
was on average by 12% higher than that of Creso, owing to a higher
mean kernel weight (Table 5). Conversely, dry weight of leaves and
culms were, respectively, 13% and 15% higher in Creso than Svevo.
Finally, harvest index was 14% lower in Creso (results not shown).

Soil type greatly affected crop production. Grain yield of plants
grown in clay loam soil was 43% higher, and dry weight of leaves
and culms were respectively 43 and 44% higher compared to plants
grown in sandy loam soil (Table 5). Root dry weight was unchanged
between the two soil types. The increase of grain yield between
clay loam and sandy loam soil was due to higher number of spikes
per unit area (+6%), number of kernels per spike (+10%) and mean
kernel weight (+20%). The differences of mean kernel weight are not
caused by variations of water availability, as crops were irrigated
during grain filling.

Conversely, S splitting had scarce effect on dry weight of all plant
parts: the treatment S60-60 increased slightly grain and roots dry
weight (Table 5). The higher grain yield was due to the increase
of the number of spikes per unit area. The treatments S120-0 or
S60-60 gave similar grain yield, but the former had higher number
of kernels per spike and the latter higher mean kernel weight.
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3.2.2. Sulphur concentration and content

Sulphur concentration in all plant parts was affected only by soil
type, as values were always higher for plants grown in clay loam
soil, compared to sandy loam soil. The increase ranged from 30 to
35% in aerial plant parts and was 42% in roots (results not shown).

The differences between varieties in S content of all plant parts
were similar to those observed in dry weight: Svevo showed higher
S content in grain and lower in leaves, culms and roots (Table 6).
The plant uptake of S was 30.8 kgha~! for Svevo and 33.5kgha~!

for Creso, accounted for mainly by vegetative plant part, while grain
accounted for only 27% in Svevo and 22% in Creso.

Soil type greatly affected S content of plants. Plants grown in
clay loam soil had higher S content in all plant parts except chaff,
compared to sandy loam soil. The increase was 90% for grain and
leaves, 100% for culms and nearly 50% for roots (Table 6).

Sulphur content in all plant parts was affected by S splitting,
decreasing in the following order: S60-60, S34-84 and S120-0
(Table 6). The treatment S60-60 increased S uptake of the whole

Table 4
Experiment 1 - sulphur balance (inputs minus outputs) based on average of varieties (kg Sha~!) with SE in brackets.
Treatments Inputs Outputs
Nitrogen rate Sulphur rate Wet deposition? S fertiliser Leaching Plant uptake Balance
N120 SO 14.5 0.0 30.6 34.0 —50.1(3.4)
S60 14.5 60.0 42.8 37.6 -6.0(1.9)
s120 14.5 120.0 49.1 39.8 45.6(3.1)
N180 SO 14.5 0.0 31.2 42.0 —58.7 (4.2)
S60 14.5 60.0 455 46.1 -17.1(3.0)
Ss120 14.5 120.0 49.7 50.6 34.1(3.5)

2 Wet deposition of S was calculated from the volume of the precipitation and the concentration of S in the precipitation.

Table 5

Experiment 2 — dry weight of grain, leaves, culms, chaff, roots and yield components. Variety, soil type and sulphur splitting mean effects.

Treatments Grain Leaves Culms Chaff Roots Spike number Kernel number Mean kernel wt.
(tha 1) (nm2) (nspike~1) (mg)
Variety
Svevo 55a 1.0a 46a 12a 15a 513.8a 23.7 a 45.1a
Creso 49b 1.2a 54b 1.2a 1.6a 5239a 23.1a 40.8 b
Soil type
Clay loam 6.1a 13a 6.0 a 12a 16a 5344 a 24.5a 46.9 a
Sandy loam 43b 0.9b 4.0b 12a 15a 5033 a 223b 39.0b
S splitting
S$120-0 52a 1.1a 49a 12a 14a 510.1a 252a 39.8a
S60-60 53b 1.1a 5.1a 12a 1.7b 535.6b 243a 40.6 a
S36-84 51a 11a 49a 12a 1.5ab 510.8 a 20.7b 483 b

Within treatments variety, soil type and S splitting, numbers followed by the same letter are not significantly different at P<0.05.
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Table 6
Experiment 2 - sulphur content of grain, leaves, culms, and roots. Variety, soil type
and sulphur splitting mean effects.

Treatments Grain Leaves Culms Roots
(kgha™1)
Variety
Svevo 84a 1.7a 84a 104 a
Creso 74b 19a 103 b 120b
Soil type
Clay loam 103 a 23a 125a 134a
Sandy loam 55b 1.2b 6.2b 9.1b
S splitting
S120 69a 1.6a 89a 9.6a
S60-60 9.0b 1.8a 9.9b 12.3b
S36-84 7.8 ab 19a 9.2ab 11.8b

Within treatments variety, soil type and sulphur splitting, numbers followed by the
same letter are not significantly different at P<0.05.

Table 7
Experiment 2 - nitrogen content of grain, leaves, culms and roots. Variety, soil type
and sulphur splitting mean effects.

Treatments Grain Leaves Culms Roots
(kgha™1)
Variety
Svevo 121.1a 10.7 a 14.7 a 12.7a
Creso 104.7b 129b 20.0b 14.5b
Soil type
Clay loam 136.1a 142 a 209 a 145a
Sandy loam 89.7b 94b 13.7b 12.7b
S splitting
S$120-0 108.5a 11.0a 17.1a 115a
S60-60 118.7b 12.1a 17.5a 153b
S36-84 1115a 123a 174a 14.0b

Within treatments variety, soil type and sulphur splitting, numbers followed by the
same letter are not significantly different at P<0.05.

plant by 2.4kgha~! respect to S36-84 and by 6.2 kgha~! respect
to S120-0.

3.2.3. Nitrogen concentration and content

Nitrogen concentration in all plant parts was not modified by
treatments. Grain N content was 16% higher in Svevo than Creso,
while leaves, culms and roots were 20, 36 and 15% lower, respec-
tively. At a whole, N plant uptake was only 4% lower in Creso.

Plants grown in clay loam soil had N content in grain, leaves and
culms by 52% higher and N content in roots by 14% higher compared
to plants grown in sandy soil (Table 7).

The splitting of S application preplanting and after seeding
(S60-60)increased N content of grain, leaves, culms and roots com-
pared to the other two applications, although only the differences
in grain N content were statistically significant. All summarised, N
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uptake by plants ranged from 157 kgha~! 0f S120-0to 173 kg ha!
of S60-60 (results not shown).

3.2.4. Sulphur leaching

The amount of drainage water and sulphur leaching increased
during winter as the rainfall increased. Rainfall during 2004-2005
wheat growing season was lower than normal, with a total amount
only 55% of the 100-year mean of the site. Soil type and S splitting
affected sulphur concentration in drainage water and S leaching.
The concentration of S in drainage from clay loam soil was always
higher than the one from sandy loam soil at all S splittings, but
differences decreased throughout the wheat cycle (Fig. 3). The
decrease of S fertiliser applied preplanting reduced by 15-37% S
concentration in the drainages collected in January, February and
March (Fig. 3). Consequently, S losses from clay loam soil were
higher than the ones from sandy loam soil and decreased when
the application of S fertiliser before seeding was reduced.

Over the whole wheat cycle, S leaching was affected by the inter-
action between soil type and S splitting. The quantities of S lost from
clay loam soil were consistently higher than the ones from sandy
loam soil, but S splitting reduced losses less in sandy loam soil than
in clay loam soil (Fig. 3).

3.2.5. Nitrogen leaching

Drainage, N concentration in drainage and leached N were
affected only by soil type. Drainage from sandy loam soil in January
and March was 56 and 52m?3 ha~! greater, respectively, than the
one from clay loam soil, while drainage in February and April were
similar in the two soil types (Fig. 4).

The concentrations of N in drainage from both soil types varied
during wheat cycle and were higher in February. Values from clay
loam soil were consistently higher than sandy loam soil in January
and February, while in the later drainages values were low and
similar between soils (Fig. 4). Similarly, the quantity of N leaching
from clay loam soil was higher than sandy loam soil in January and
February, while in March and April N leaching was very low for
both soils (Fig. 4). Over the wheat cycle, 32kgNha~! were lost by
leaching from clay loam soil and 21 kg N ha~! were lost from sandy
loam soil.

3.2.6. Sulphur balance

Averaged over varieties, S leaching accounted for 40-53% of the
total output from soil (leaching plus plant uptake) (Table 8). The
input and output balance was positive for all treatments, showing
a surplus of S in soil ranging from 51 to 85kgha~! (Table 8). The
surplus was not substantially modified by S splitting and was more
strongly affected by soil type: averaged over varieties and S splitting
rates, the surplus of S from sandy loam soil was by 50% higher.
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Fig. 3. Experiment 2 - sulphur concentration (A) in drainage and sulphur leaching (B) during wheat cycle from clay loam soil (open symbols) and sandy loam soil (closed
symbols) as affected by sulphur splitting. In figure B, values in box indicate total S leaching. Vertical bars indicate standard error.
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Table 8
Experiment 2 - sulphur balance (inputs minus outputs) based on average of varieties (kg Sha~!) with SE in brackets.
Treatments Inputs Outputs Balance
Soil type S splitting Wet deposition? S fertiliser Leaching Plant uptake
Clay-loam $120-0 9.4 120.0 385 37.0 53.9(4.2)
S60-60 9.4 120.0 33.7 44.6 51.1(4.9)
S36-84 9.4 120.0 26.8 40.3 62.3(5.7)
Sandy-loam $120-0 9.4 120.0 23.7 20.6 85.1(7.4)
S60-60 94 120.0 231 25.5 80.8 (6.3)
S36-84 9.4 120.0 19.3 25.0 85.1(6.6)

2 Wet deposition of S was calculated from the volume of the precipitation and the concentration of S in the precipitation.
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Fig. 4. Experiment 2 - drainage water (A), nitrogen concentration in drainage (B)
and nitrogen leaching (C) during wheat cycle as affected by soil type mean effect.
In figure C, values in box indicate total N leaching. Vertical bars indicate standard
error.

4. Discussion
4.1. Responses to N fertiliser

Nitrogen fertiliser increased grain yield and dry weight of all
plant parts except chaff of both varieties. This response was similar
to that reported by Ercoli et al. (2011) in the field under the same
environmental conditions and applying the same N rates, though
plants grown in lysimeters gave higher yield, probably because
they were exposed to more favourable conditions. Results of this
research indicate that crop fertilised with 120kgNha~! had less

than optimal soil N availability for growth. The rise of N rate did
not affect N concentration of all plant parts, but their N content
was increased owing to the effect on dry weight. Nitrogen fertiliser
did not affect S concentration in all plant parts and consequently
variations in their S contents were due to variations in dry matter
prompted by N rate.

Differences between varieties in the capacity to accumulate N
in grain were not evident in this trial: Svevo had higher grain yield
and N and S uptake but the response to fertiliser treatments was
similar for both varieties.

As expected in Mediterranean environments, where rainfall is
concentrated in autumn and winter when plant N uptake is low,
in our experiment leaching losses of N occurred mainly in January
and February, which accounted for over 90% of the total leaching
loss. This was to be expected since the differentiation between the
two N treatments occurred late in March, when rainfall and the
consequent drainage volume were low. It is worth noting that in
April drainage volume was high, but N concentration was very low,
probably as a consequence of high plant uptake. Thus, the timing of
N distribution is crucial to minimise N leaching losses. The benefits
obtained with the higher N rate relied on the fulfillment of crop
requirements coupled with minimised N losses.

4.2. Responses to S fertiliser rate

Sulphur application increased dry weight and S uptake of all
plant parts except chaff, but only grain and roots had higher S con-
centration at higher S rate. Grain yield increase was mainly due to
an increase of the number of kernels per spike, which was inter-
preted as a stimulation of the initiation of spikelets and/or florets,
or to a reduction of floret mortality (Archer, 1974; Monaghan et al.,
1997; Ercoli et al., 2011).

Sulphur fertiliser also increased N content of grain, culms and
roots. At low N availability, sulphur fertilisation stimulated N accu-
mulation in roots. The response of all plant parts, except roots, to N
and S fertiliser agree with our previous research, where we could
not demonstrate any synergism between N and S rate, which does
not support the hypothesis of Zhao et al. (1999) and Flaete et al.
(2005), asserting that crop response to S fertilisation depends on
the amount of N fertiliser, and that S deficiency may be induced
by a high amount of N supply. Probably, in our experiment plants
fertilised with 180 kg N ha~! were not driven to S deficiency.

The positive effect of S application on dry matter and S uptake
was detected already at S60 and no further significant effect was
evidenced with the higher rate. Thus, we can assume that S60 is
not limiting in our environment. Our previous research, carried out
in the same environment in the field, found that S concentration in
grain increased and grain quality was improved when S application
went beyond the maximum grain yield, which probably indicates
a luxury consumption (Ercoli et al., 2011).

Averaged over the seasons 2003-2004 and 2004-2005, S leach-
ing during the whole wheat cycle was 35kgSha~!, which was
equivalent to 48% of the total output of the crops. Sulphur
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leaching in the period March-April accounted for 24-45% of the
total amount of S leached during wheat cycle. Thus, in our envi-
ronment, the risk of high S losses by leaching is high especially in
spring, due to the low S uptake by the plants and the high release
of S by the decomposing organic matter in soil. Sulphur fertiliser
rate increased S concentration in drainage water and consequently
S leached during wheat cycle. Compared to unfertilised control, S
leached was by 13 kgha~! higher at S60 and by 19kgha~! higher
at S120.

4.3. Responses to S fertiliser splitting

In field conditions, sulphur nutrition of wheat may be restricted
as the S availability in soil is not necessarily synchronised with plant
needs and the redistribution of S from vegetative tissues to grain
is considerably less than for N (Monaghan et al., 1999). Hocking
(1994) found that only about 33% of the S in stem and leaves was
redistributed to the grain, compared to approximately 75% for N.
This implies that the S availability needs to be maintained at suf-
ficient levels throughout the whole period of growth to achieve
adequate accumulation of S in the grain (Flete et al., 2005).

In our research, S availability during crop cycle affected the ini-
tiation and development of plant organs and hence grain and yield
components. The splitting of sulphur fertiliser during crop cycle
modified grain yield. The highest grain yield was obtained with the
application of 60 kg Sha~! before seeding and 60 kgSha~! at stem
elongation. The application of S entirely before seeding or split-
ted 36 kg Sha~! before seeding and 84 kg Sha~! at stem elongation
gave similar yields, but values were obtained with different con-
tributions of yield components: higher kernel number per spike
for the former and higher mean kernel weight for the latter. Thus, a
higher S availability at seeding promoted the development of spike-
bearing culms and the spike size, while the higher availability at the
beginning of stem elongation favoured the accumulation of assim-
ilates into grain. Sulphur splitting also increased N and S uptake
of plants: the highest N and S uptake were recorded with applica-
tion of S60-60. The effect of the splitting of S fertiliser was similar
for both varieties, as expected, and also for soil types, as no inter-
action was detected for any of the measured characters. Thus we
can conclude that the timing of S application did not modify the
mineralisation and immobilisation pattern of sulphur in soil, and
the variations during wheat cycle of S application rate were prob-
ably not high enough to give rise to differences in S availability by
modifications of the mobilisation/immobilisation balance.

Sulphur splitting modified also the quantities of S lost by leach-
ing: S application later during wheat cycle reduced S losses by
leaching and the effect was higher in clay loam soil, which con-
firms its higher retention capacity of S. However, sulphate leaching
that occurred when S was applied before seeding is not expected
to have a detrimental environmental impact, since the peak S con-
centration (50.8 mgL-! in March) was well below the EC limit of
83mgSL-! in drinking water (directive 98/83/EC). Thus the ben-
efits from S splitting rely only on the increase of sulphur fertiliser
use efficiency.

Plant dry weight and S uptake were also higher in clay loam
soil than in sandy soil, as soils with a higher clay content and
thus higher storage capacity for water have a higher production
potential and consequently S removal of crops grown increases
with rising clay content (Pedersen et al., 1998). Light textured soils
are generally believed to be most at risk of S leaching because
of the ease with which the leachate moves through the soil and
also because such soils have low absorption capacities (Walker and
Gregg, 1975; McGrath and Zhao, 1995). Conversely, in our research
higher S losses occurred from clay loam soil compared to sandy
loam soil. Work of Eriksen et al. (1995) indicated great differences
in net mineralisation of S among different soils and suggested that

mineralised S was not significantly correlated with total organic S
contents of the soil but with microbial activity.

4.4. Sulphur balance

Several studies have shown the importance of availability of soil
S during crop growth and the need to apply additional S fertilisers
to avoid S deficiency symptoms (Curtin and Syers, 1990; Guzys and
Aksomaitiene, 2005). In durum wheat S nutrition is also crucial to
improve grain quality (Lerner et al., 2006; Ercoli et al.,2011). Amass
balance approach for determining the S fertiliser rate should be
applied in order to reduce environmental losses of S and depletion
of S in soil (Eriksen et al., 1995).

In our research, an equilibrium between S input and output was
not reached, as the overall S balance greatly differed in the two
experiments, being highly positive or seriously negative. The S bal-
ance was positive in both experiments only when the higher S rate
was applied, as more S was imported than removed. Thus, no sub-
stantial S deficit may be expected in short term, provided that high
S fertiliser rate is applied and the availability of S is synchronised
with plant needs.

Previous studies have reported no effect of S fertilisation on
mineralisation-immobilisation processes (Wu et al., 1995; Knights
et al., 2001) or reduced immobilisation and gross mineralisation
(Nziguheba et al., 2005). Our study showed that in the unfertilised
plots net mineralisation of soil organic S must have contributed
substantially to both leaching and plant uptake of S, while in the
fertilised plots both deficit and surplus were evidenced, suggesting
either a depletion of soil organic S reserves or an immobilisation
of fertiliser S. However to show more explicitly how the S balance
and availability in soil are affected by S fertilisation in our environ-
ment, long-term data obtained with radioactive tracers should be
considered.

5. Conclusions

These results indicate that in Mediterranean regions with high
winter rainfall significant leaching losses of S are likely to occur
in soils with high organic S content. Because S is readily leached,
S applications should be timed to coincide with the phase of high
demand by crops, which usually means in late spring rather than
in autumn, and management options generally employed for min-
imising nitrate leaching should also be applied to S fertilisers.
Moreover, it seems clear that if crop yield and quality are to be
maintained at present levels, plant S uptake and S leaching must, at
least in part, be replaced by S fertilisation because S mineralisation
cannot fulfill the S demand of the wheat crop.
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