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Abstract 

Sulphur (S) is one of the most important pillars of pest control in
organic viticulture. In organic vineyards, sulphur is used mainly for the
control of grapevine powdery mildew. Grapevine is widely grown organ-
ically in Apulian farms. The objective of the work was to evaluate total
sulphur concentrations with ICP-OES in four Apulian organic vineyard
over a three-year period. Total sulphur contents were determined also in
other fields such as olive groves and a pasture where no sulphur had
been used. The highest values were found in the organic vineyards
where the smallest quantities of sulphur were used. No relationship was
found between sulphur applications and its effective accumulations. A
decrease of S concentrations was observed in the vineyard where the
highest quantity of sulphur was used in 2005 and 2006 growing seasons
whereas an increase was observed in the field where relatively low
quantities had been applied. Furthermore, total S concentrations were
higher in the control fields where no sulphur-based treatments had been
performed. Results obtained indicated that many factors must be taken
into account while considering sulphur turnover, the most important of
which are soil management, climate and crop growth pattern. A positive
correlation was found between total S concentrations and organic mat-

ter contents. Our results, although confined into a relatively short peri-
od of time, underlined the urgent need for further investigations to fol-
low sulphur long-term dynamics in the Mediterranean soils.

Introduction

Sulphur is the 10th abundant element (Stevenson and Cole, 1999),
and is an essential element in the life processes of all living things
including micro-organisms, higher plants, animals, and humans (Rehm
and Schmitt, 1989). Some authors consider it as a macronutrient for all
plants being as important as nitrogen, phosphorus, and potassium. It is
described as a secondary plant nutrient only because it is not as often
deficient as them (Schulte and Kelling, 1992). Crops requirements in
sulphur range from 10 to 50 kg/ha–1 (Gessa and Ciavatta, 2005; Zhao et
al., 1996).
In Apulia region (south-eastern Italy), organic agriculture represents

6.9% of the regional agricultural area whereas it represents 9% of the
Italian organic land. Olive groves covers 28% (23,258 ha) and vineyards
3% (2888 ha) of the regional organic agriculture surface, respectively
(Pugliese, 2006). Sulphur is one of the most important pillars of pest
control in organic agriculture. In organic vineyards, it is used mainly for
the control of grapevine powdery mildew caused by Erysiphe necator
(Mildura, 2003). In case of favourable conditions, an average on 12
treatments are performed in Apulian organic vineyards during each
cropping season. These treatments are generally conducted using for-
mulations containing 80% of sulphur at the application rate of 4 kg ha–1.
That is to say that about 36 kg ha–1 of sulphur are brought each year to
organic vineyards under wettable form. In case of high pressure of the
disease, coinciding with bunches closure phenological developmental
stage, dust sulphur is used in one or two treatments reaching in this
case up to 40 kg ha–1. Therefore, the quantity of sulphur applied to
organic vineyards in Apulia can reach more than 70 kg ha–1 yr–1

(Provenzano et al., 2006). From the total quantity of sulphur used in
each treatment, only a part reaches the target (pest on leaves and other
plants organs depending on foliage surface characteristics such as cuti-
cle, wax, etc.) while a certain fraction, more or less relevant, is deposit-
ed on soil or lost as air drift. The fraction reaching the soil depends on
chemical and physical characteristics of the formulations (e.g. vapour
pressure), spray volume, and spraying methods (drops size, spraying
pressure, etc.). In general, the bigger the drops size the less adsorbed
they become thus increasing the probability that they reach the soil.
Climatic conditions play a major role mainly as far as wind speed is con-
cerned (Matthews, 2006).
The European Council regulation 834/2007 on organic agriculture did

not fix any threshold for sulphur use while that was done in the case of
copper. Products allowed for plant protection purposes in organic farms
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have normally very low environmental and human health impacts.
However, few information are available on environmental impact of sul-
phur on soils in the Mediterranean area in general and Apulia region in
particular. Several studies focused on the long-term management and
cropping impacts on soil sulphur especially in the temperate zones
(Solomon et al., 2001; Zucker and Zech, 1985; Bettany et al., 1980;
Tabatabai and Bremner, 1972). However, to our knowledge, no exhaus-
tive and comprehensive study has been carried out so far on the impact
of sulphur-based treatments on sulphur accumulation in Mediterranean
organic vineyards soils.
The objective of this research is to evaluate total sulphur concentra-

tions in some Apulian organic vineyards over a three-year period with
the aim to study the impact of sulphur-based treatments on sulphur con-
tents in Mediterranean vineyards soils. 

Materials and Methods

During April and May 2005, 2006 and 2007, before organic farmers
started treatments during the new vine growing seasons, soil samples
were collected at 0-0.2 m and 0.2-0.4 m depths in four organic vineyards
in Apulia region: i) Mediterranean Agronomic Institute of Bari (IAM-B)
experimental field divided into two vineyards of 1160 m2 each. The first
one is dedicated to three table grape varieties: Italia, Victoria, and Red
Globe. The second one is dedicated to four wine grape cultivars:
Chardonnay, Negroamaro, Primitivo, and Uva di Troia; ii) Papparicotta, a
100 ha farm with an Uva di Troia vineyard; iii) Pietrarossa vineyard cov-
ering a surface of 3500 m2 and divided into two fields with two different
varieties: Primitivo and Chardonnay; iv) La Pizzica farm extending over
130 ha and featuring a cherry orchard, olive groves, cereals fields, and a
pasture. The vineyard covers 3.4 ha. Cabernet Sauvignon is grown on two
hectares and the remaining surface is dedicated to Croatino.
Four sub-samples were retrieved in each field (vineyard, olive grove,

etc.) from each sampling site which were bulked to obtain a representa-
tive sample for the site. In 2005, sampling points were referenced in
order to sample soils from the same points during the following years
(2006 and 2007). Only in 2006 and only in the IAM-B experimental organ-
ic vineyard soil samples were collected at three different depths: 0-0.05,
0-0.2 and 0.2-0.4 m in order to study the vertical distribution of total S
along the soil profile.
In order to estimate the background/baseline total S concentrations

and ascertain the extent of sulphur accumulation in organic vineyards
due to sulphur treatments, in each farm soil samples were also collected,
at the same depths, from olive groves where sulphur is not used. In the
case of La Pizzica farm, a pasture field, on which sulphur was never used,
was considered as a control. 
All soil samples were air-dried at greenhouse temperature (approxi-

mately 25-30°C), lightly ground, mixed thoroughly in order to
homogenise them, and sieved through a 2 mm stainless steel sieve.
Homogenized samples were sealed in polyethylene bags and then stored
in refrigerator for further analyses. All analyses were performed on the
size fraction smaller than 2 mm. Soil chemical analyses were performed
in accordance with internationally recommended and accepted analysis
procedures and/or Italian official methods (MiPAAF, 1999).
Particles sizes distribution was determined using the pipette method

(Gee and Bauder, 1986), after dispersion of soil samples with sodium
hexametaphosphate and sodium carbonate solutions. Textural classes
were determined in accordance with USDA classification. Soil pH was
measured by a glass electrode (Crison Basic 20®) in distilled water using
a suspension 1:2.5 soil to liquid phase ratio. Organic carbon was deter-
mined by Walkley and Black method modified by Jackson (1958). Total
carbonate was determined using a volumetric method based on its disso-
lution by hydrochloric acid (HCl) followed by measurement in Dietrich-

Fruehling calcimeter. 
Total sulphur concentrations were determined in 2005, 2006, and 2007

on digested soil samples filtrates with an optical emission spectrometer
(Thermo Electron ICAP 3000) using a wavelength equal to 182.03 nm.
Soil samples digestion was carried out as follows: 0.5 g of fine soil were
put in 50 mL Teflon vessels with 3.0 mL of nitric acid (HNO3), 75%, 1.0
mL of hydrochloric acid (HCl) 37% and 1.0 mL of oxygen peroxide (H2O2)
30% then the whole was digested in a microwave oven (CEM, MarsX
Press): 3 min at 140°C; 3 min at 165°C, and 20 min at 190°C. Soil
extracts were filtered with Whatman 42. All chemicals used were of
analysis grade and purchased from Aldrich (Sigma-Aldrich, Milan, Italy).
Sulphur concentrations were analysed by one-way analysis of variance

(ANOVA) and Student’s t-test. Duncan test was used for multiple range
comparisons/separation of means. Significant differences were deter-
mined at a significance level equal to or lower than 5%. Linear regres-
sions were used to test relationships between various soil properties
(organic matter, clay, pH, and carbonate) and total sulphur concentra-
tions. Correlation analyses were performed using the Least Squares
method. An SPSS (Statistical Package for the Social Sciences) software
version (SPSS 12.0 for Windows) was used to carry out all above-men-
tioned statistical tests.

Results and Discussion

Soils physico-chemical properties 
Chemical and physical properties of soil samples considered in this

work are illustrated in Table 1. All vineyards soils had loamy textures
according to USDA classification. pH values were all around 8 thus con-
firming that Apulian soils are mainly alkaline. Total carbonate showed a
high variability from a farm to another. 

Sulphur use and total sulphur concentrations in the
organic vineyards
Total quantities of S applied to each organic vineyard during the grow-

ing seasons 2004-2006 are presented in Table 2. Over the years 2004-
2006 the highest sulphur quantity was used in Papparicotta organic vine-
yard (221 kg ha–1) while the lowest was applied to La Pizzica vineyard
(31 kg ha–1). 
In 2005, a high variability of total sulphur concentrations was evident

in the organic farms. The highest variability (expressed as standard
error) was observed in La Pizzica farm, that was also characterised by the
highest variability of organic matter contents. The lowest variability was
found in IAM-B experimental fields characterized by a more homoge-
neous soil especially as far as organic matter content is concerned.
Concerning the 0-0.2 m layer, average total sulphur concentrations were
500 mg kg–1 in La Pizzica vineyard - where the smallest quantities of sul-
phur were used in 2004 - 366 mg kg–1 in Papparicotta, 380.9 mg kg–1 in
Pietrarossa, and 409 mg kg–1 in the IAM-B vineyard. Regarding the 0.2-
0.4 m layer, they resulted 376.5 mg kg–1 in the IAM-B experimental fields
and 331.1 mg kg–1 in Papparicotta vineyard (Figure 1). 
In 2006, in the 0-0.2 m layer, total S concentrations were 496.2 mg kg–1

in La Pizzica vineyard; 417.7 mg kg–1 in Pietrarossa, 399.3 mg kg–1 IAM-
B; and 360.5 mg kg–1 in Papparicotta. Regarding the 0.2-0.4 m layer, con-
centrations were 326.1 mg kg–1 in Papparicotta and 414.0 mg–1 in
Pietrarossa vineyard (Figure 2). 
Results obtained in 2007 confirmed data observed in the previous

years. In fact, in the 0-0.2 m layer, total S concentrations were 485.8 mg
kg–1 in La Pizzica and, only, 376.5 mg kg–1 in Papparicotta vineyard.
Whereas in the 0.2-0.4 sampling layer, S concentrations resulted 337.8 mg
kg–1 in Pietrarossa and 412.7 mg kg–1 in La Pizzica vineyard (Figure 3). 
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Vertical distribution of sulphur in IAM-B experimental
field
Total S concentrations increased along the soil profile. However, no

significant difference was highlighted between total sulphur concentra-
tions in the three sampling depths according to Duncan post-hoc test
(P=0.761) (Figure 4).

Comparison between quantities of sulphur applied and
its accumulation in each sampled farm
In Figure 5 a comparison between the quantities of sulphur used dur-

ing the growing seasons 2005 and 2006 and its accumulation in the sam-
pled organic vineyards in the 0-0.2 m layer is illustrated. Sulphur accu-
mulation in each vineyard was calculated as the mean of differences in
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Table 1. Soil physico-chemical properties. Averages were calculated considering all the samples collected at the same depth in each field
(i.e. vineyard, olive grove, pasture). Values were expressed as means±standard errors. 

Farm Crop Depth Clay Texture class pHH2O Organic matter Total carbonate
(m) (g kg–1) (USDA) (1:2.5) (g kg–1) (g kg–1)

IAM-B
Vine 0-0.2 215 Loam 8.0±0.0 25.8±0.5 197±22.1

0.2-0.4 233 Loam 8.0±0.0 20.7±0.7 228±22.2
Olive 0-0.2 244 Silt loam 7.9±0.0 30.5±0.6 38±3.4

0.2-0.4 276 Silt loam 8.2±0.2 23.7±0.3 39±6.6
Papparicotta

Vine 0-0.2 174 Loam 8.2±0.0 17.4±0.4 262±37.0
0.2-0.4 183 Loam 8.1±0.0 21.2±0.6 261±37.6

Olive 0-0.2 129 Silt loam 8.0±0.0 26.1±1.1 142±12.0
0.2-0.4 141 Silt loam 8.0±0.1 26.6±0.5 131±9.7

La Pizzica
Vine 0-0.2 204 Loam 8.2±0.0 33.6±2.5 291±32.0

0.2-0.4 222 Loam 8.3±0.0 12.5±1.4 464±29.3
Olive 0-0.2 151 Loam 8.3±0.0 21.1±2.9 472±52.7

0.2-0.4 214 Loam 8.3±0.1 16.2±3.0 538±85.1
Pasture 0-0.2 203 Silt loam 7.9±0.1 47.8±0.5 28±2.8

0.2-0.4 282 Clay loam 8.3±0.1 39.1±0.5 99±8.7
Pietrarossa

Vine 0-0.2 181 Loam 7.9±0.0 29.6±1.2 188±34.4
0.2-0.4 260 Loam 8.0±0.0 19.2±0.8 157±29.9

Olive 0-0.2 166 Silt loam 7.8±0.0 34.8±2.3 12±2.8
0.2-0.4 344 Silty clay loam 7.9±0.0 24.7±0.7 7±1.1

Table 2. Sulphur quantities used in the sampled organic vineyards during the period 2004-2006.  

Vineyard Establishment Conversion First use of sulphur      Annual sulphur use (Kg ha–1 yr–1) Total sulphur (Kg ha–1)
2004 2005 2006 2004-2006

IAM-B 2003 2003 2004 30.0 80.4 41.6 152.0
Papparicotta 1983 1998 1996 15.0 17.15 188.8 221.0
Pietrarossa 1999 1999 2000 18.0 25.0 22.5 65.5
La Pizzica 1982 1995 1996 10.0 17.2 4.0 31.0

Figure 1. Total sulphur concentrations in the four sampled
Apulian organic farms, 2005. Averages were calculated consider-
ing all the samples collected at the same depth in each farm. No
soil samples were collected from La Pizzica and Pietrarossa farms
at 0.2-0.4 m depth. Histograms with different letters are signifi-
cantly different according to Duncan post-hoc test considering
first risk value a<=5%. Error bars represent standard errors of the
means. 

Figure 2. Total sulphur concentrations in the four sampled Apulian
organic farms, 2006. Averages were calculated considering all the sam-
ples collected at the same depth in each farm. Histograms with differ-
ent letters are significantly different according to Duncan multiple
range test considering first risk value a<=5%. Statistical analysis
regards total sulphur concentrations in the sampled farms in each sam-
pling depth. No soil samples were collected from La Pizzica farm at
0.2-0.4 depth. Error bars represent standard errors of the means.
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terms of total S concentrations in each sampling site between 2007 and
2005. No relationship was found between sulphur applications and its
effective accumulations. A decrease of concentrations was observed in
Papparicotta vineyard where the highest quantity of sulphur was used in
2005 and 2006 growing seasons whereas the increase in La Pizzica vine-
yard cannot be explained only considering the quantities of S applied.
Climatic and geological conditions could have a direct influence on sul-
phur concentrations. Wang et al. (2006) found that soil sulphur concen-
trations significantly decreased with an increase in mean annual tem-
perature in bulk soils of the native grassland and cultivated sites indicat-
ing that temperature is the most important site attribute governing soil
organic sulphur pool turnover in the Great Plains of North America.
Similar results were previously highlighted by Nichols (1984), and
Amelung et al. (1998a;1999). Sulphur biogeochemical cycle is quite com-
plex and sulphur turnover may be influenced by many other factors such
as soil management and climate. In addition sulphur cycle in strongly
related to that of soil organic matter. The warm and moist conditions
characterizing irrigated Apulian vineyards could cause rapid decomposi-
tion of soil organic matter and subsequent sulphur uptake (as sulphate)
by the crop and/or depletion via volatilization and leaching phenomena.
In fact, a positive correlation was found between total S concentrations,
calculated considering all the soil samples collected from the four sam-
pled organic vineyards at the 0-0.4 m depth, and organic matter contents
(Figure 6). 

Comparison of total sulphur accumulation between
vineyard and untreated field in each sampled farm
In order to evaluate the effects of S treatments, comparisons of total S

concentrations in vineyards and untreated fields (olive groves and pas-
ture in the La Pizzica farm) were made (Figure 7). Total S accumulation
was higher in organic olive groves than in vineyards except in IAM-B
farm. This result is quite unexpected since there was no external S input
via treatments in olive groves. Nevertheless, no statistically significant
differences were highlighted between total sulphur accumulation in
olive groves and vineyards neither in IAM-B farm (P=0.926 for 0-0.2 and
0.520 for 0.2-0.4 layer), nor in Papparicotta farm (P=0.599), and La
Pizzica farm (P=0.721). This result could be explained considering that
crop growth as well as agronomic and cultural practices could influence
organic matter content (Amelung et al., 1998a,b;1997; Burke et al., 1989)
and that olive groves are less intensively cultivated than vineyards. Wang
et al. (2006) indicated that, on the average, 30% of the original soil
organic sulphur was depleted following the conversion of the native
grassland to cultivated fields in Great Plains of North America. The loss
of organic sulphur in the cultivated soils could be mainly attributed to
physical disruption of soil aggregates and accelerated mineralization
rate of soil organic matter as a result of increased aeration and exposure
of originally inaccessible organic sulphur to soil micro-organisms
(Amelung et al., 1998b). 

Conclusions

In this research total sulphur concentrations were determined in
some Apulian organic vineyards over a three-year period. The highest
values were found in the organic vineyard where the smallest quantities
of sulphur were used. Considering the distribution of S evaluated in the
0-0.05, 0-0.2 and 0.2-0.4 m depths in the experimental field of the
Mediterranean Agronomic Institute of Bari, concentrations were found
to increase along the soil profile. When comparing total S accumulation,
results showed that no relationship was found between sulphur applica-
tions and its effective accumulations. A decrease of concentrations was
observed in the vineyard where the highest quantity of sulphur was used

Article

Figure 3. Total sulphur concentrations in the four sampled
Apulian organic farms, 2007. Averages were calculated consider-
ing all the samples collected at the same depth in each farm.
Histograms with different letters are significantly different
according to Duncan multiple range test considering first risk
value a<=5%. Error bars represent standard errors of the means.

Figure 4. Sulphur vertical distribution in IAM-B organic vineyard
at three depths: 0-0.05, 0-0.2, and 0.2-0.4 m. Histograms with
different letters are significantly different according to Duncan
multiple range test considering first risk value a<=5%. Error bars
represent standard errors of the means.

Figure 5.  Comparison between sulphur use and its accumulation
in the sampled organic vineyards in 0-0.2 m layer. 

Figure 6. Correlation between total sulphur concentrations and
organic matter contents. Correlations were calculated considering all
the samples collected from the four sampled organic vineyards in the
0-0.4 m depth in 2007. TS, total sulphur concentrations (mg kg–1);
OM, organic matter contents (g kg–1); R, correlation coefficient.
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in 2005 and 2006 growing seasons whereas an increase was observed in
the field where relatively low quantities had been applied. Furthermore,
total S concentrations were higher in the control fields where no sulphur-
based treatments had been performed. Results obtained indicated that,
considering that sulphur biogeochemical cycle is quite complex, many
factors must be taken into account, the most important of which are soil
management and climate. In fact, a positive correlation was found
between total S concentrations and organic matter contents.
Consequently, since the warm and moist conditions characterizing irri-
gated Apulian vineyards could cause rapid decomposition of soil organic
matter, sulphur uptake (as sulphate) by the crop and/or depletion for
volatilization and leaching phenomena must be considered. Our results,
although confined into a relatively short period of time, underline the
urgent need for further investigations to follow sulphur long-term
dynamics in the Mediterranean soils taking into consideration soil man-
agement practices, (micro)-climatic conditions as well as vine growth
and development patterns.
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Figure 7. Comparison of total sulphur accumulation between
vineyard and control field in each sampled farm in 2005-2007
period in the 0-0.2 m sampling depth. No statistical analysis was
carried out on samples collected from Pietrarossa farm since the
number of samples collected from the olive grove was low. Bars
with different letters are significantly different according to
Student’s t-test considering first risk value a<=5%. Bars represent
standard errors of the means.
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