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Abstract: The paper deals with the results of sulphate sulphur-content and its concen-
tration in soil water from beech forests situated in Štiavnické vrchy Mts. The S-SO4

2- content 
was measured in bulk precipitation, throughfall and soil water for the 1994 – 2007 period. The 
average sulphate-sulphur content in soil water increased with the soil depth (22.7 kg.ha-1.yr-1 
in the surface horizon, 27.5 kg.ha-1.yr-1 in the 0.25 m soil depth). The mean S-SO4

2- concentra-
tion in surface humus was 19.60 and in the 0.25 m soil depth 30.33 mg.l-1. To the soil during 
the study period input 356.7 kg S-SO4.ha-1. The regression analysis found out a statistically 
significant influence of sulphur content in the atmospheric deposition on sulphur content in 
soil water. A significant correlation between the precipitation amount and the content of sul-
phur in precipitation and in soil water was observed. Student’s t-test for dependent variables 
confirmed statistically strong significant differences of the sulphur content in soil water in the 
0.10 m and 0.25 m depth between the study plots. No significance of differences between the 
years at the same plot was found.

Key words:  Sulphate concentration, soil water, throughfall, bulk precipitation, Љtiavnické   
vrchy Mts.

INTRODUCTION

The burning of fossil fuels with sulphur content, high consumer demand 
and energy intensity have affected the increasing quantity of the pollutants 
released to the atmosphere.

As the most toxic pollutants were identified oxides of sulphur and 
nitrogen and particulate matter. These pollutants have impact on the 
changes in soil sorption complex and soil stability. The most important 
functions perform nitrogen and sulphur and theirs compounds. Sulphur is 
an important biogenous macroelement. It occurs in proteins, amino acids 
(cysteine, methionine), vitamins, enzymes and coenzymes. It supports 
atmospheric nitrogen fixation (Fecenko et al., 2010). In the atmosphere 
sulphur is mostly in the form of sulphur dioxide (SO2) and it is the most 
studied emission indicator. Sulphur dioxide inputs to soil via atmospheric 
precipitation (Stachurski-Zimka, 2000). In soil it causes displacement of base 
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ions and consequent acidification. Acidification is a long-term cumulative 
and dynamic process (Hruљka et al. 2001). Its effect is expressed after long 
period and has mainly a negative sense.

The alarmed situation of environmental and forest soil degradation led 
to introducing of deposition limits for forest ecosystems. The determination 
of deposition limits has become an important tool in the development of 
national strategies for decreasing emissions of sulphur and nitrogen in Europe 
and North America (Matzner-Meiwes, 1994).

These efforts, industrial slowdown (predominant the mining in Poland, 
Northern Bohemia and former GDR) and conversion of economy in 
the whole of Eastern Europe had a considerable impact on decreasing 
of emission amount of sulphur and nitrogen. The region of Slovakia is 
moderately environmentally sensitive according to the assessment of selected 
sustainable development indicators. The critical sulphur deposition value for 
Slovakia is 10-30 kg.ha-1.yr-1.

In Slovakia during 1989-1999 period was observed diminution of 
emitted primary pollutants by 57.9%, it presented average annual decreasing 
by about 6%. In 1998 to Slovakia were imported approximately 75 000 t of 
sulphur (151 400 t of SO2) and exported 74 600 t of sulphur (149 200 t of 
SO2), it means less by 2200 t.

Sulphur dioxide emissions in west Europe (the Netherlands, Germany 
and Sweden) have decreased since the beginning of 1980 (Fricke-Beilke, 
1992; Prechtel et al., 2001).

In spite of these optimistic results the danger or even according 
to Alewell et al. (2000) ecological threat of acidification is still an actual 
problem. It follows from two facts: acidification is a long-term process and 
the cumulative ability of sulphur in bottom soil layers. The aim of this paper 
was to show the trends in deposition of sulphate sulphur in the area of 
Љtiavnické vrchy Mts. which was strong affected by pollutants. 

MATERIAL AND METHODS

The research plots of study area are formed by beech stands (Fagus 
sylvatica L.) of the age 110 years with the stocking 0.9. This area is situated 
in the south part of Љtiavnické vrchy Mts. (48°35´ N; 18°51´ E), with the 
elevation of 470 m a.s.l. and climatologically belongs to the warm district. 
The mean annual precipitation is in the range 700 – 750 mm, with the 
maximum 1005-1020 mm and the minimum 431-450 mm. The average air 
temperature ranges from 8.0 to 8.5 °C and in the growing period the average 
air temperature range is 14.5-15.5 °C (Kellerová, 2005).

Љtiavnické vrchy Mts. was strongly affected by pollutants from regional 
sources (production of aluminium, power industry, transport, waste dump). 
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The main contaminants were oxides of fluorine, sulphur and nitrogen, heavy 
metals as arsenic and cadmium, ozone and particulate matter. The long-time 
increased input of these pollutants from air to the ecosystems of Љtiavnické 
vrchy Mts. caused the changes in ecological conditions. This situation led 
to negative quality of beech stands in the study region. The worst effect for 
beech forests had sulphur dioxide (SO2) and fluorine. Many years the region 
of Љtiavnické vrchy Mts. around the aluminium plant was regarded as an 
area with the most polluted environment in Slovakia. For this reason in the 
1990’s this area was classified to II – III degree of exhalation. Since the 
end of 1990’s the amount of pollutants has been decreasing rapidly because 
of the modernisation production processes and more strict legislation. The 
concentration of fluorine was cutting down on the tolerable level 1 μg. m-3 
(Urminská  et al., 2000).

Soil solution was sampled by plate plastic lysimeters (1000 cm2 each). 
The first set of lysimeters were instaled in the organic layer (F0). The second 
and third ones were located at 0.10 m (upper mineral layer)  and 0.25 m  
dephts  (lower mineral layer)  at  both  study  areas 

(Kukla, 2002). The samples had been collected monthly since 1989. 
After sampling they were chemically treated and evaluated.

The samplers for bulk precipitation and throughfall consisted of a bottle 
equipped with a funnel (660 cm2 each) inserted into the cap of the bottle. 
Ten sampling devices were installed on each site (both open field and stand). 
The samples were collected monthly,  eventually after a strong precipitation 
events. Samples of the open field and stand were individually pooled after 
each sampling period. These representative samples were analysed.

Sulphate ions were determined by direct titration with lead nitrate with 
dithizone as indicator. The results were converted to the sulphate sulphur 
content. 

The data were processed using the statistical program Statistica 7. 
Normal distribution was tested by Shapiro-wilk test. Student’s t-test for 
dependent variables was used to assess the statistical significance of differences 
between the study areas. Two-sample test by using the program Statgraphics 
was used for confirming these results. The impact of precipitation amount to 
sulphate-sulphur amount in precipitation and in soil water was estimated by 
simple regression analysis.

RESULTS

The yearly mean S-SO4
2- deposition to surface humus was 22.7 kg.ha-1.yr-1 

(Table 1). The highest values of sulphate-sulphur were measured in 2001 
with the yearly deposition 35.1 kg.ha-1.yr-1. In this year the maximum sulphur 
contents were observed also in precipitation (45.3 kg.ha-1.yr-1), it corresponded 
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to SO4
2- concentration 21.84 mg.l-1 (Table 2). The lowest annual flux of 

S-SO4
2- to the soil (16.1 kg.ha-1.yr-1) was obtained in 2000. The variability of 

results is more than 26.10%.
In the stand in the 0.10 m soil depth was observed 22.2 kg.ha-1.yr-1. 

The variability of the results is approximately 43.40%. The highest sulphur 
content was measured in 0.25 m soil depth. The mean content in this soil 
horizon was 27.4 kg.ha-1.yr-1, it was higher in about 18.0 % than in F00 soil 
layer. The highest values of S-SO4

2- were observed at the beginning of the 
research in 1994 with average values 47.4 kg.ha-1.yr-1(F25 ) for S-SO4

2- (Table 
2) content and 29.43 mg.l-1 for SO4

2- concentration. The lowest values of 
sulphate-sulphur content (11.8 kg.ha-1.yr-1) in this soil depth were measured 
in 2005. During the research period the content of sulphate-sulphur in each 
soil depth declined, though the highest contents were observed in 2001 and 
2002. The cause can be still in active lignite incineration plant in Nováky 
(Slovakia).

At the experimental plots in Kremnické vrchy Mts. the sulphur content 
declined with the soil depth (Dubová, Bublinec, 2006), however at the study 
plots in Љtiavnické vrchy Mts. was observed an inverse trend.

During the research the highest fluxes of sulphur in the soil were 
measured in the autumn months. The values of throughfall deposition and 
open field deposition during the study period decreased, the exception 
was year 2001. In this year were found the highest SO4

2- contents and 
concentrations in both depositions. At the open field the S-SO4

2- flux to the 
humus layer was 45.3 kg.ha-1.yr-1.

The SO4
2-

 concentration in soil water with the depth increased from 
19.60 mg.l-1 (surface humus) to 30.33 mg.l-1 (the 0.25 m depth). This same 
phenomenon was also observed at the plots in Kremnické vrchy Mts. The 
mean SO4

2-
 concentration at the open field was lower (16.71 mg.l-1) than 

in beech throughfall (18.53 mg.l-1). It can be explained by the washing-off 
effect. The forest canopy enriched the passing precipitation by captured 
sulphur compounds. The maximum values of SO4

2- concentration in soil 
water was measured in 2001 in each soil depth and ranged from 25.62 mg.l-1 
(surface humus) to 41.46 mg.l-1 (0.25 m soil layer). The lowest values of SO4

2- 
concentration in soil water were monitored in 2005 and varied from 14.53 
mg.l-1 to 15.16 mg.l-1 (humus layer and 0.25 m soil depth, respectively).

The results of testing of differences did not confirm the differences 
among the soil horizons. Evidently was observed the effect of sulphur content 
in precipitation on sulphur content in soil water. Insignificant differences 
were observed between sulphur content in throughfall and bulk precipitation 
between the plots in Kremnické vrchy Mts. and the plots in Љtiavnické vrchy 
Mts. However were proved very significant differences (p<0.001) in the 
sulphur content in 0.10 and 0.25 m soil depth between both localities.
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Table 1 
Descriptive statistics of SO4

2-concentration and amount of sulphate  
in Љtiavnické vrchy Mts. in 1994-2007

Lysimeter
year F00 F10 F25

Open 
plot 
wet 

deposi-
tion

Forest 
throug-
fall

F00 F10 F25

Open 
plot 
wet 

deposi-
tion

Forest 
throug-
fall

SO4
2- concentration  in mg.l-1 Amount of S- SO4

2- in kg.ha-1

Valid 13 13 13 13 13 13 13 13 13 13
Mean 19.68 24.36 30.33 16.71 18.53 22.64 22.14 27.42 26.40 17.63
Sum 255.8 316.7 394.2 217.2 240.9 294.3 287.8 356.5 343.2 229.2
Minimum 14.53 15.69 15.16 10.48 14.28 16.1 9.7 11.8 12.4 7.2
Maximum 25.62 38.15 41.46 25.33 24.68 35.1 37.9 47.4 15.3 25.1
Variance 16.8 53.6 52.4 16.9 8.9 35.9 93.4 129.0 86.6 23.9
Standard
Deviation 4.1 7.3 7.2 4.1    2.9 5.9 9.6 11.4 9.3 4.9

Standard 
Error 1.1 2.0 2.0 1.1 0.9 1.7 2.7 3.1 2.6 1.4

Coefficient 
of variation 20.8 29.9 23.8 24.6 15.7 26.1 43.4 41.6 35.2 27,8

F00-F25 - Lysimeter in the Forest
Table 2

The SO4
2- concentration and amount of sulphate in Љtiavnické vrchy Mts. in 1994-2007

Lysimeter
year F00 F10 F25

Open 
plot wet 
deposition

Forest 
throug-
fall

F00 F10 F25

Open 
plot wet 
deposition

Forest 
throug-
fall

SO4
2- concentration  in mg.l-1 Amount of S- SO4

2- in kg.ha-1

1994 21.66 21.92 29.43 17.88 16.68 21.9 32.2 47.4 12.4  7.2
1995 25.17 26.76 30.51 15.20 18.89 21.4 24.4 33.8 25.0 23.9
1996 17.75 28.72 32.97 18.32 17.24 26.8 34.5 37.2 32.3 19.8
1997 23.95 21.93 30.30 19.59 21.09 21.8 15.0 22.0 28.4 19.5
1998 18.72 29.24 38.62 15.85 20.04 17.3 26.6 29.4 23.6 15.8
1999 15.28 15.70 27.20 12.66 15.67 21.8 15.9 26.1 26.6 18.4
2000 16.65 25.06 31.01 14.44 17.08 16.1 16.8 18.2 20.8 12.9
2001 25.62 38.15 41.46 21.84 22.46 35.1 38.0 37.6 45.3 25.1
2002 25.19 36.51 39.23 15.38 19.85 33.8 32.3 41.1 27.8 19.5
2003 17.72 21.25 30.03 25.33 24.68 18.8 17.5 22.7 39.0 22.3
2005 14.53 15.99 15.16 10.48 14.28 20.4 14.2 11.8 18.1 16.2
2006 16.62 16.60 20.09 18.20 15.68 22.8 10.8 12.2  30.4 14.9
2007 15.96 18.92 28.23 12.03 17.23 16.5  9.7 17.2  13.6 13.7
Mean 19.68 24.37 30.33 16.71 18.53 22.7 22.2 27.4 24.2 17.6
Total 254.72 316.75 394.24 217.20 240,87 294.5 287.9 356.7 314.2 229.3

F00-F25 - Lysimeter in the Forest 
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It implies that the present emissions in atmospheric deposition do not 
have effect on the sulphur content in soil. On the contrary, the accumulation 
ability of sulphur in the bottom soil horizons occurred and there sulphur 
persistently impacts on pedochemical processes.

DISCUSSION

At the research plots in Љtiavnické vrchy Mts. (Slovakia) in a 180-190 
years old oak stand (altitude 680 m a. s. l.) the soil received via throughfall 
23 kg S. ha–1 (Kunca, 2007).

 Dubová, Bublinec (2006) measured at the same stands in Kremnické 
vrchy Mts. 25 kg S. ha-1.yr-1 in bulk atmospheric deposition and 24.9 kg 
S.ha-1.yr-1 in throughfall deposition. They confirmed the highest sulphur 
content in precipitation during 1994-1995 period. They presented that the 
maximum sulphur concentrations in this period were observed in atmospheric 
deposition and soil water in the whole Europe. According to the results from 
the emission monitoring in Europe in this period was observed the increasing 
of the emissions amount (> 20.0 kg S.ha-1.yr-1) in the southeast of UK and 
in the industral areas of Central Europe.

In the low polluted area Kremnické vrchy Mts. the highest values of 
sulphate-sulphur were measured in H00 horizon. Similar data presented Káňa-
Kopáček (2005) whose research was done in forest soils of Czech Republic. 
Interesting fact is the high sulphur content in soil water than in throughfall 
after some years (4, 5, 6 years) after the cutting intervention aimed at reduction 
of stocking. To this explanation inclined Tesař et al. (2004). They observed 
the SO4

2- concentration in horizontal precipitation (mist, cloud water) in the 
forests in Љumava Mts. (Czech Republic) in the range 0.31–77.6 mg.l-1 and in 
beech throughfall from 0.25 to 27.73 mg.l-1. The annual deposition of sulphur 
through horizontal precipitation can reach the value 1436.88 kg. km-2 yr-1 
and it can present 79.6% of total sulphur deposition. Thus, the total sulphur 
deposition in spruce stands can be 49-80 kg. ha-1. yr-1 (Novák et al., 2007). 
Novotný et al. (2008) measured S-SO4 throughfall flux in beech stands 14.73 
kg.ha-1.yr-1 and the bulk deposition 12.86 kg.ha-1.yr-1. This research was carried 
in Sliezske Beskydy Mts. (Czech Republic). In atmospheric precipitation they 
presented the value 20.52 kg S-SO4

2-. ha-1.yr-11. 
In the transect Sweden – Italy, the sulphur content in spruce throughfall 

deposition was between 6-42 kg S.ha-1 (Novák et al., 2003). The lowest values 
were observed in Sweden (6 kg) and the highest values (42 kg) in Czech 
Republic. These published data corresponds with the throughfall deposition 
in spruce stands in Southern Poland (Małek et al. 2005). In western Poland 
Vogt et al. (2001) observed in soil water in 1992-1996 period 2-3 g S. m-2.yr-1, 
this amount correspondent with the value 20-30 kg S.ha-1.
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CONCLUSIONS

The situation in the polluted area Љtiavnické vrchy Mts is sulphur 
content and its accumulation in the soil horizons. The lowest mean content 
of S-SO4

2-
 (22.2 kg.ha-1.yr-1) was observed in F10 horizon and the highest 

mean content (27.4 kg.ha-1.yr-1) in 0.25 m depth. During the research the 
total S-SO4

2-
  flux to this soil depth was 356.7 kg.ha-1. Interesting data were 

observed in throughfall deposition, the sulphur content in it was lower than 
in soil water. It can be caused by the filtration effect of forest canopy or the 
accumulated sulphur content in soil. 

The testing of differences showed no significant difference between the 
sulphur content in precipitation between the experimental sites. In contrast, 
the differences between the sulphur content in 0.10 m and 0.25 m soil depth 
between the study areas were statistically significant. It can be explained 
by accumulation of sulphur in soil in these areas till 1990. we proved that 
the precipitation amount and the sulphur content in atmospheric deposition 
significantly influenced the sulphur content and concentration in each soil 
horizon.

Temporal variability in sulphur content pointed out the occurrence of 
the maximum S-SO4

2-  values in autumn months. The lowest S-SO4
2- values 

were observed in summer and in spring. To this fact are also linked SO4
2-

concentrations.
 The critical limit was substantially exceeded at the study area Љtiavnické 

vrchy Mts. in soil water (0.10 and 0.25 m soil depth) in years 1994, 1995, 
2001 and 2002.
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Статията представя резултати за съдържанието на сулфатна 
сяра и нейната концентрация в почвени води от букови гори, 
разположени в планината Щиавницки връхи. Съдържанието на S-SO42- 
е измерено във валежите, оттока и почвената вода за периода 
1994 – 2007. Средното съдържание в почвената вода се увеличава в 
дълбочина (22,7 kg.ha-1.yr-1 в повърхностния хоризонт, 27,5 kg.ha-1.
yr-1 на дълбочина 0,25 m). Средната концентрация на S-SO42- в 
повърхностния хумус е 19,60 и на дълбочина 0,25 m - 30,33 mg.l-1. По 
време на изследвания период в почвата са внесени 356,7 kg S-SO4.
ha-1. Регресионният анализ показа статистически значимо влияние на 
съдържанието на сяра в атмосферата върху съдържанието на сяра 
в почвената вода. Намерена беше корелация между количеството на 
валежите и съдържанието на сяра в тях и в почвената вода. Т-Тестът 
на Student за зависимите променливи потвърди статистически 
значимите различия в съдържанието на сяра на дълбочина 0,10 m и 0,25 
m между изследваните площи. Няма значими разлики през годините 
при една и съща площ.

ключови думи: конценрация на сяра, почвена вода, отток, 
валежи, планина Щиавницки връхи


