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ABSTRACT: Concentrations and fluxes of sulphur and nitrogen compounds in bulk precipitation and in throughfall 
were evaluated and compared for two experimental sites in the Czech Republic: one situated at Rájec (Drahanská up-
land, 610 m a.s.l.) and the second one at Bílý Kříž (Moravian-Silesian Beskids, 908 m a.s.l.) both with similar stands of 
young Norway spruce. The three-year study performed during 2006–2008, revealed statistically significant differences 
in nitrate nitrogen concentrations in bulk precipitations and in ammonium nitrogen concentrations both in bulk pre-
cipitation and in throughfall between the two sites. Higher nitrogen compounds concentrations in bulk precipitation 
were found at Rájec. Differences between the two sites in sulphur concentrations were not found out neither in bulk 
precipitation nor in throughfall waters. Total sulphur deposition amounted to 8.1, 8.3 and 6.7 kg S·ha–1 at Rájec and to 
14.8, 16.9 and 15.4 kg S·ha–1 at Beskids for the three years studied, respectively. Total inorganic nitrogen throughfall 
flux amounted to 12.1, 11.6 and 11.6 at Rájec and 13.8, 18.9 and 15.0 kg·ha–1 at Bílý Kříž for the years 2006, 2007 and 
2008, respectively.

Keywords: Bílý Kříž (Moravian-Silesian Beskids Mts.); Czech Republic; nitrogen deposition; rainfall; Rájec (Drahanská 
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From the second half of the 20th century large-
scale forest decay has been observed in many plac-
es of central Europe. Acid atmospheric precipita-
tion destabilized the ecological site valence mainly 
of allochthonous spruce monocultures. Th e acidi-
fi cation shows a number of negative consequences 
for forest ecosystems – qualitative and quantitative 
changes in water (Schulze et al. 1989; Johnson 
et al. 1991; Kreutzer 1994) and in soils (Brown 
1985; Postel 1986; Evers, Hüttl 1990; Franz-
luebbers et al. 1995; Uchmanski et al. 1995) and 
decline of forest stands (Andersson, Persson 
1988; Gorham 1989; Ulrich 1991; Bussotti, 
Ferretti 1998; Percy, Ferretti 2004).

Sulphur and nitrogen deposition in forest ecosys-
tems have been intensively studied mainly due to 
its infl uence on nutrient imbalances and leaching 
of nitrogen compounds from soils and because sul-

phates and nitrates are the dominant anions in bulk 
deposition (Nilsson, Wiklund 1995; Calanni et 
al. 1999; Ladanai et al. 2007). Nitrogen is an im-
portant component of vital organic compounds, 
amino-acids, proteins and nucleic acids, and its de-
fi ciency limits plant growth. Plants are able to uti-
lize nitrogen in the form of ammonium and nitrate 
ions. Sulphur is an essential macronutrient required 
for plant growth. It is, like nitrogen, a component of 
amino acids, proteins and enzymes. Th e natural bal-
ance of nitrogen and sulphur cycling in forest eco-
systems has been disturbed by increased inputs of 
those elements from atmosphere polluted by indus-
trial and other anthropogenic activities (agriculture, 
transportation). Forest soils receive these elements 
also through wet and dry deposition. Wet deposi-
tion is the fl ux of dissolved components from the 
atmosphere with rain, snow and hail, dry deposition 
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is fl ux of gases and particles from the atmosphere 
during dry periods, due to gravity (sedimentation), 
impaction, diff usion and other processes. Dry depo-
sition fl uxes are strongly infl uenced by the type of 
surfaces (leaves, needles, rocks, and water), humid-
ity of surfaces, macro- and micrometeorology (sto-
mata closure) (UN-ECE 2006). 

Sulphur and nitrogen are markedly captured by 
the canopy and coniferous forests are particularly 
important in this respect because they have a high 
aerodynamic roughness and a dense canopy surface 
over the whole year resulting in high rates of pre-
cipitation interception and the turbulent exchange 
of aerosols, particles and gases from the atmo-
sphere (Augusto et al. 2002; Matson et al. 2002; 
Cristiansen et al. 2006; Gunderson et al. 2006). 
In forest ecosystems dry deposition may contribute 
to the input of these elements to the soil consid-
erably because the precipitation is being enriched 
with dry deposition (Draaijers et al. 1997; Sol-
berg, Tørseth 1997; Dise et al. 1998; Whelan
et al. 1998; Neal 2002; Bélanger et al. 2004; Chi-
wa et al. 2004; Solberg et al. 2004; Barbier et 
al. 2008; Berger et al. 2008; Shachnovich et al. 
2008). Th roughfall waters collected under canopy 
thus contain larger amounts of ions than rainfall 
water collected in the nearby open areas (Yoshida, 
Ichikuni 1989; Saxena, Lin 1990; Beier, Han-
sen 1993; Balestrini, Tagliafferi 2001). 

Although Europe has been successful in reducing 
the emissions of nitrogen (Erisman et al. 2003) and 
sulphur compounds (Kvaalen et al. 2002; Ukon-
maanaho, Starr 2002) over the past two decades 
the problem of forest soil acidifi cation still persists, 
especially at localities with high emission load. One 
of the most polluted areas in the Czech Republic is 
situated at the borders with Poland and Slovakia is 
known as “Black Triangle II” (Markert et al. 1996). 
Th e Drahanská Upland, on the other hand, belongs 
among the cleaner areas (Boháová et al. 2009).

Various methods can be used to measure or esti-
mate deposition to forests. One group of methods 
is based on micrometeorology (Seinfeld, Pandis 
1998; Wesely, Hicks 2000) the other group is based 
on forest stand throughfall and open plot precipita-
tion sampling (de Vries et al. 2001; Staelens et al. 
2008). Th e second approach is used for the depo-
sition monitoring within the framework of Inter-
national Co-operative Programme on Assessment 
and Monitoring of Air Pollution Eff ects on Forests 
(UN-ECE 2006) and is used also in this study. Th e 
main drawback of the throughfall method is the in-
teraction between the canopy and the throughfall 
water for nitrogen, protons and base cations. How-

ever, throughfall deposition can give information 
on the lower limit of the true deposition of nitro-
gen and the upper limit of true deposition of base 
cations other than sodium. For sodium and sulphur 
the canopy uptake and leaching is considered to be 
negligible and consequently the throughfall fl ux 
is used to estimate the total deposition (UN-ECE 
2006).
Th e aims of this study were:
– to compare concentrations of sulphur and nitrogen 

compounds in bulk precipitation and throughfall 
samples at two experimental sites with young 
spruce stands in the Czech Republic, one situated 
in Moravian-Silesian Beskids at an altitude of 908 
m and the second one in Drahanská Upland at an 
altitude of 632 m;

– to assess the total sulphur deposition within young 
spruce stands for these two localities with various 
levels of atmospheric pollution and compare it 
with the sulphur deposition fl uxes at other sites 
in the Czech Republic. 

MATERIAL AND METHODS

Description of the study sites and characteristics 
of the two spruce stands studied is given in Table 1. 

Bulk precipitation and throughfall sampling 
were carried out at both sites during 2006–2008. 
For sampling throughfall in the spruce stand and 
atmospheric precipitation on the open area per-
manently open polyethylene sampling vessels of 
an area of 335.33 cm2 were used (Block, Bartels 
1985; Niehus, Bruggemann 1995). Th e vessels 
were inserted into the thick-walled plastic pipes 
in order to shield the samples from solar radiation 
and to hold the funnels approximately 1 m above 
the ground. Th ere were 7 collectors randomly dis-
tributed at the mountain spruce stand and 5 at the 
highland spruce stand. During the winter the num-
ber of collectors at the mountain spruce stand was 
reduced to 5. Bulk atmospheric precipitation was 
sampled at both sites with one collector installed 
in the nearby open area. Samples were taken once 
a month in the winter season and in 14-day inter-
vals in other seasons. Th e samples were transferred 
to the laboratory and prepared for the analyses 
usually the next day after sampling. One propor-
tional sample was prepared from water collected in 
all samplers at a particular plot. In winter it was 
sometimes necessary to wait one day because the 
samples were frozen. Determination of ammonia 
was done immediately in freshly prepared samples; 
the aliquots for sulphate and nitrate determination 
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Table 1. Description of study sites and spruce stands

Mountain spruce stand Highland spruce stand
St

ud
y 

sit
e

locality
Bílý Kříž – Moravian-Silesian 

Beskids Mts. Rájec – Drahanská Highland

geographic coordinates 49°30'N, 18°32'E 49°29'N, 16°43'E
altitude 908 m a.s.l. 610 m a.s.l.

geological subsoil fl ysh layer
with dominant sandstone acid granodiorite

soil characteristics
(soil type)

Typical humo-ferric 
Podzol (PZhz')1 
Podzols (PZ)2 

with mor-moder form 
of surface humus

Modal oligotrophic 
Cambisol (KAmd')1

Cambisols (CM)2 
with moder form 
of surface humus3

C
lim

at
ic

 c
ha

ra
ct

er
ist

ic
s

summer days 10 to 304 30 to 404

days with mean temperature 10°C and more 120 to 1404 140 to 1604

days with frost 140 to 1604 110 to 1304

ice days 50 to 604 40 to 504

mean temperature in January –4 to –5°C4 –2 to –3°C4

mean temperature in April 2 to 4°C4 6 to 7°C4

mean temperature in July 14 to 15°C4 16 to 17°C4

mean temperature in October 5 to 6°C4 7 to 8°C4

mean number of days with
precipitation equal 1 mm and more 120 to 1304 100 to 1204

sum of precipitation during the vegetation 
period 600 to 700 mm4 400 to 450 mm4

sum of precipitation during the winter 
period 400 to 500 mm4 250 to 300 mm4

days with snow cover 120 to1404 60–1004

cloudy days 150 to1604 120 to 1504

cloudless days 40 to 504 40 to 504

mean annual precipitation total 1,115.3 (1961–1990)7 643.4 (1957–2000)7

mean annual temperature 4.91 (1961–1990)7 6.95 (1961–2000)7

Sp
ru

ce
 st

an
d

tree species Picea abies [L.] Karst. Picea abies [L.] Karst.
stand age (years) 2008 31 34

mean stand
height (m)

2006 11.6 NA
2007 12.2 NA
2008 12.5 15.5

stand density
(trees·ha–1)

2006 1,456 NA
2007 1,456 NA
2008 1,428 1,360

forest typology 5S1–Abieto-Fagetum 
mesotrophicum7

5S1–Abieto-Fagetum 
mesotrophicum with 

Oxalis acetosella7

1Nmeek et al. (2001); 2IUSS Working Group WRB (2006); 3Menšík et al. (2009); 4Quitt (1971); 5Hadaš (personal com-
munication); 6Hadaš (2002); 7Plíva (1987); NA – not available

were frozen and kept in freezer until analyzed (usu-
ally within a month after the sample preparation). Th e 
methods used for determination of SO4

2,–, NO3
–  and 

NH4
+  are listed in Table 2. 

Mean amount of throughfall water was calculated 
for the individual sampling term as the arithmetic 
average of the water captured in the parallel col-
lectors at the given plot. Mean annual concentra-
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Table 2. List of methods and instruments used for the analysis of rainfall and throughfall waters

Analyte Analytical method Instrumentation

NH4

spectrophotometric at the wave-length
of 650 nm or fl ow injection analysis
with diff usion chamber

UV/VIS spectrophotometer or fl ow injection 
analyzer FIAlab 2500

NO3, SO4
high performance ion exchange liquid
chromatography with gradient elution

chromatograph DX-600 DIONEX with gradient 
pump GP50

tions for individual ions and plots were calculated 
as weighted means (weights were precipitation 
amounts) of ions concentrations measured during 
the year at the particular plot. Th e fl uxes of SO4

2,–, 
NO3

–  and NH4
+  (mg·m–2) in bulk precipitation and 

in throughfall for each sampling event were calcu-
lated as a product of the amount of water (l·m–2) 
and the relevant element concentration (mg·l–1) 
and summed for every single year and plot to give 
annual fl ux for the particular plot.

Statistical software STATISTICA 9.0 (StatSoft 
2008) was used for results evaluation.

RESULTS

Water fl uxes

Bulk precipitation totals on the open area and 
amounts of throughfall within spruce stands at both 
study sites in 2006–2008 are shown in Fig. 1. An-
nual precipitation totals were 1,171 mm, 1,282 mm, 
1,033 mm and 661, 551, 458 mm for the three years, 
2006–2008, at Bílý Kříž and Rájec, respectively. Th e 
driest year was 2008 when precipitation total at Bílý 
Kříž was only 1,033 mm and at Rájec 458 mm. Th e 
values measured at Bílý Kříž were above the long 
term average (which was 1,115 mm for the period 
of 1961–1990 according to Hadaš – personal com-
munication) in 2006 and 2007 and lower than the 
long term average in 2008. In Rájec the precipitation 
total in the fi rst year studied was above the long term 
average (i.e. 643 mm for the period of 1957–2000, 
Hadaš 2002), the next two years were under the long 
term average from the point of view of precipitation 

totals. At Bílý Kříž the amounts of throughfall were 
higher by 1–4% than precipitation totals. Negative 
interception was recorded also in the spruce stand 
at Rájec in 2006 and 2007 (increase of throughfall 
amounts by 3% and 13%, respectively), whereas in 
2008 the throughfall amount was by 3% lower than 
the bulk precipitation total on the open area.

Ion concentrations in bulk precipitation 
and throughfall

Mean annual concentrations of sulphate, nitrate 
and ammonium ions are summarized in Table 3. 
Mean annual sulphate concentrations in bulk open 
area (BOA) precipitation were 1.81–2.01 mg·l–1 and 
1.68–2.30 mg·l–1, for througfall (THR) waters the 
values were 3.77–4.30 mg·l–1 and 4.53–4.50  mg·l–1, 
at Bílý Kříž and Rájec, respectively, and as can be 
seen, the values for throughfall precipitation were 
not substantially diff erent for both sites in indi-
vidual years. Mean annual nitrate concentrations 
in BOA precipitation were 1.59–1.72 mg·l–1, and 
2.08– 3.49 mg·l–1 at Bílý Kříž and Rájec, respectively. 
In throughfall the values were within 2.66–3.29 mg·l–1

at Bílý Kříž and within 3.43–5.45 mg·l–1 at Rájec 
(Table 3). Mean annual ammonium concentra-
tions in BOA precipitation were 0.63–0.71 mg·l–1 
and 0.90–1.63 mg·l–1, for througfall the values were 
0.73–0.93 mg·l–1 and 1.23–1.84 mg·l–1, at Bílý Kříž 
and Rájec, respectively. A substantial diff erence be-
tween the two sites in concentrations of nitrogen 
compounds both in bulk precipitation and through-
fall is apparent with higher concentrations found al-
ways for waters from Rájec.
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Fig. 1. Bulk open area precipitation (BOA) totals and 
throughfall (THR) amounts within spruce stands at 
Bílý Kříž (BK) and Rájec (RAJ) experimental sites in 
2006–2008
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Table 3. Mean annual concentrations of sulphate, nitrate and ammonium ions in bulk open area (BOA) precipitation 
and in throughfall (THR) within the spruce stands at the study sites in Bílý Kříž and Rájec

Sampler/ 
plot

SO4
2 – (mg·l–1) NO3

–  (mg·l–1) NH4
+  (mg·l–1)

2006 2007 2008 2006 2007 2008 2006 2007 2008

Bílý Kříž
BOA 2.01 1.97 1.81 1.72 1.59 1.61 0.63 0.71 0.65

THR 3.77 3.87 4.30 2.66 3.20 3.29 0.73 0.93 0.85

Rájec
BOA 1.68 2.30 2.14 2.08 3.49 3.09 1.31 0.90 1.64

THR 3.53 3.97 4.50 3.43 3.99 5.45 1.28 1.23 1.84

Th e relative increase of annual element fl uxes in throughfall when compared with bulk precipitation in (%)

Bílý Kříž 88 97 138 55 101 105 16 31 31

Rájec 110 73 110 65 14 76 –2 36 12

A 2-way ANOVA was performed to test the sig-
nifi cance of plot (Bílý Kříž open area, Bílý Kříž 
throughfall, Rájec open area and Rájec throughfall) 
and year (2006, 2007, 2008) infl uence on sulphate, 
nitrate and ammonium concentrations in precipi-
tation. Th e results obtained are shown in the Fig. 2. 
Th e concentrations of sulphates and nitrates did 
not diff er signifi cantly between 2006 and 2007. Sig-
nifi cantly higher concentrations of sulphate and 
nitrate were found in 2008 than in 2006 and 2007 
what is probably related to the lowest amount of 
precipitation in 2008 (Fig. 2). Ammonium concen-
trations were also higher in 2008 than in the two 
previous years but the diff erence was not statisti-
caly signifi cant. It is also evident that there was no 
signifi cant diff erence in sulphate concentrations 
between the two study sites, neither between S-SO4 
concentrations in bulk open area precipitation, nor 
in S-SO4 concentrations in throughfall (Fig. 2a). For 
nitrogen compounds (nitrate and ammonium), on 
the other hand, the results indicate signifi cant dif-
ferences between the two sites in bulk open fi eld 
concentrations and in case of ammonium also in 
througfall concentrations, with higher values hav-
ing been found at Rájec (Figs. 2c, e). Signifi cantly 
higher (P < 10–4) at both sites were sulphate con-
centrations in throughfall within spruce stands 
than in bulk open area precipitation (Figs. 2a, c).

Th e relative diff erences between the element 
concentrations in bulk precipitation and through-
fall are shown in the lower part of the Table 3. For 
sulphate ions the relative increase of concentration 
in throughfall (calculated as) was about 100% at 
both study sites during the three years studied. Th e 
relative increases of mean annual nitrate concen-
trations in throughfall in individual years were a bit 
lower at the both sites when compared with sul-
phate, namely: 55, 101, 105% and 65, 14 and 76% for 

Bílý Kříž and Rájec, respectively during the three 
consecutive years (Table 3). Th e lowest concen-
tration increase was observed for ammonium. In 
2006 in Rájec the mean ammonium concentration 
in throughfall was even lower than the ammonium 
concentration in BOA precipitation.

Element fl uxes in precipitation and throughfall

Annual bulk and throughfall fl uxes of sulphur and 
nitrogen are depicted in the Fig. 3 with numerical val-
ues given in Table 4. Sulphur fl uxes were markedly 
higher at Bílý Kříž than at Rájec both in the open area 
and in the throughfall in all years studied. Th e same 
holds for the fl uxes of nitrate nitrogen in throughfall 
and in BOA precipitation (Fig. 3b). As concerns am-
monium nitrogen, the fl uxes were also higher at Bílý 
Kříž with some exceptions which occurred in 2006 
(both BOA and throughfall fl ux was higher at Rájec) 
and in 2008 (BOA fl ux was higher at Rájec).

Th e throughfall fl uxes of sulphur were, when 
considering the three years average, 2.1 times high-
er than open area fl uxes at both study sites (see 
lower part of Table 4). Th e throughfall fl uxes of ni-
trate were 1.9 times higher than open fi eld fl uxes 
at Bílý Kříž but only 1.6 times higher at Rájec (the 
values are three years averages). Th e throughfall 
fl uxes of ammonium at Bílý Kříž were 1.3 times 
higher than open fi eld fl uxes. At Rájec the through-
fall fl uxes of ammonium were almost the same as 
the fl uxes with BOA precipitation in all years but 
2007 when the throughfall fl ux was about 1.2 times 
higher than open fi eld fl ux. From the three years 
comparison of the two localities is evident that the 
soils under the spruce stand at Bílý Kříž received 
annually about 15.7 kg S·ha–1 while soils at Rájec 
only 11.9 kg S·ha–1 what makes diff erence of about 
4 kg sulphur per ha and year. In case of sulphur the 
throughfall fl uxes can serve as a good estimate of 
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Fig 2. Results of two-way ANOVA analysis of sulphate, nitrate and ammonium concentrations measured in precipita-
tion and throughfall at Bílý Kříž and Rájec study sites during 2006–2008

(b)

(c)

(a)

(d)

(e) (f )

BK BOA BK THR RAJ BOA RAJ THR
S-SO4 N-NO3 N-NH4 S-SO4 N-NO3 N-NH4 S-SO4 N-NO3 N-NH4 S-SO4 N-NO3 N-NH4

BK BOA – – – ** ** NS NS ** ** ** ** **
BK THR ** ** NS – – – ** NS * NS NS *
RAJ BOA NS ** ** ** NS * – – – ** * NS
RAJ THR ** ** ** NS NS * ** * NS – – –

2006 2007 2008
S-SO4 N-NO3 N-NH4 S-SO4 N-NO3 N-NH4 S-SO4 N-NO3 N-NH4

2006 – – – NS NS NS * ** NS
2007 NS NS NS – – – * * NS
2008 * ** NS * * NS – – –

BOA – bulk open area precipitation, THR – throughfall, NS – not signifi cant, *P < 0.05, **P < 0.01 (Scheff é’s post-hoc tests)
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Table 4. Annual element fl uxes at Rájec and Bílý Kříž experimental study sites during 2006–2008 with open area 
(BOA) precipitation and with throughfall (THR)

Sampler/ plot
S-SO4

2 – (kg·ha–1) N-NO3
–  (kg·ha–1) N-NH4

+  (kg·ha–1) Ninorg (kg·ha–1)

2006 2007 2008 2006 2007 2008 2006 2007 2008 2006 2007 2008
BOA – Bílý Kříž 7.8 8.4 6.2 4.5 4.6 3.7 5.7 7.0 5.2 10.3 11.6 8.9
THR – Bílý Kříž 14.8 16.9 15.4 7.1 9.5 7.9 6.7 9.5 7.0 13.8 18.9 15.0
BOA –Rájec 3.7 4.2 3.3 3.1 4.3 3.2 6.7 3.9 5.8 9.8 8.2 9.0
THR – Rájec 8.1 8.3 6.7 5.3 5.6 5.5 6.8 6.0 6.4 12.1 11.6 11.9

Th e relative increase of annual element fl uxes in throughfall when compared with bulk precipitation in%: 
(100% × THR/BOA) – 100

Bílý Kříž 89 101 146 56 106 112 17 34 36 34 63 68
Rájec 117 96 105 70 29 72 1 55 9 23 41 31

total sulphur deposition (UN-ECE 2006). Th e an-
nual input of inorganic nitrogen into the soil was 
also higher at Bílý Kříž with the average annual val-
ue of 15.9 kg·ha–1. In Rájec the average annual value 
was about 11.9 kg·ha–1. 

DISCUSSION

Water fl uxes

Th e negative values of interception could be ex-
plained by higher contribution of occult precipita-
tion (fog and dew) to the throughfall at localities 
with more fog days. According to the Tolasz (2007) 
the average annual number of days with fog exceeds 
150 at the locality of Bílý Kříž. Th e contribution of 
fog as a water source to the water budget of forest 
ecosystems is documented by Zimmermann et al. 
(1999). Tesa et al. (2002) have shown that the con-
tribution of condensed fog water to the amount of 
bulk precipitation was about 9% in a catchment in 
the Šumava Mts. in the course of 1994–2000. Sky-

bova (2006) found that 22% of throughfall amounts 
came from occult precipitation in 2003–2004 in a 
spruce stand at Lysá hora mountain (1,324 m a.s.l.) 
in Beskids only 9 km from our experimental site. 

Ion concentrations in bulk precipitation
and throughfall

Th e concentrations of nitrogen and sulphur in 
bulk precipitation evaluated in this study (Table 3) 
were compared with values measured at the same 
sites in the past. Klimo et al. (1996) evaluated the 
mean annual concentrations of sulphate and ni-
trate in bulk precipitation in Rájec for the period of 
1976–1990. Average sulphate and nitrate concentra-
tions in bulk precipitation were then 16.8 mg·l–1 and 
7.1 mg·l–1, respectively. Th e distinct drop of average 
sulphate and nitrate concentrations to 2.0 mg·l–1 and 
2.9 mg·l–1, respectively, found for 2006–2008 in our 
study corresponds well with the reduction of total 
emission of SO2 and NOx in the Czech Republic 
within the course of 1980–2000. In 2000 the sulphur 
dioxide and NOx emissions, were 8 times and 2.4 

Fig 3. Annual deposition of sulphur (a) and nitrogen (b) at Bílý Kříž and Rájec study sites calculated for the years 
2006–2008. Upper empty parts of bars in the second chart denote ammonium nitrogen; lower full parts of the bars 
denote nitrate nitrogen

(a) (b)
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times respectively, lower than those in 1980 accord-
ing to Hruška and Cienciala (2002), Kopáek 
and Veselý (2005) and Majer et al. (2005). Kul-
havý et al. (2001) evaluated element concentrations 
in bulk precipitation at the Bílý Kříž site for the year 
1999: the sulphate and nitrate concentrations were 
2.9 mg·l–1 and 2.2 mg·l–1, respectively. Th e corre-
sponding values found in our study were 1.9 mg·l–1 

and 1.6 mg·l–1, respectively, which again agree with 
a 20–30% decrease of SO2 concentrations in the air 
in the Czech Republic between 1999 and 2007 (MŽP 
2008). Th e decrease in nitrate concentration at Bílý 
Kříž between 1999 and years of this study can only 
partly be explained from the overall decrease (12% 
between 199 and 2007 according to MŽP 2008) of 
NOx concentrations in the air in the Czech Republic. 
Nitrogen oxides in general have a shorter lifespan in 
the lower atmosphere and their concentrations are 
more likely to be infl uenced by local sources of pol-
lution in shorter time horizons.

Annual mean concentrations of sulphates, nitrates 
and ammonium in bulk open area precipitation 
measured at Rájec and Bílý Kříž fi t in the range of 
values measured on higher elevated sites throughout 
the Europe as is apparent from the Table 5.

Th e 100% relative increase of sulphate con-
centration in throughfall vs BOA precipitation 
found for our study sites (Table 3) can be com-
pared with the data published by Kopáek et al. 
(2009) for the four mature (150 years old) spruce 
stands in the Bohemian Forest. At the altitudes of 
1,000–1,330 m a.s.l. for the period 1998–2007 the 
relative increase of sulphur concentrations under 
the crowns was 50–100%. Berger et al. (2008) 
study of a 65 years old spruce stand near Kreisbach 
(Austria) found a 129% relative increase of sulphur 
concentration under the crowns. Sulphate is a con-
servative anion which means it is neither taken up 
by canopy nor leached from the foliage (de Vries et 
al. 2001; Balestrini et al. 2007) or, more precisely 
said, the minor stomatal uptake of SO2 is balanced 
by minute leaching of SO4

2  – from needles (Cape et 
al. 1992; Draaijers et al. 1996). Th e increase of 
sulphate concentration in throughfall can be fully 
assigned to the washing of dry deposites accumu-
lated on the canopy between precipitation events. 
At both study sites the conditions infl uencing dry 
deposition (stand age, structure and composition, 
content of sulphur compounds in the air, humidity 
conditions) are similar and thus we found a similar 
increase of sulphate concentrations in throughfall. 

While in case of sulphate, the concentrations in 
BOA precipitation were not signifi cantly diff erent 
at the two study sites, signifi cantly higher concen-

trations of nitrate and ammonium were found in 
BOA precipitation at Rájec than at Bílý Kříž. Th is 
can be explained by the diff erent character of the 
two study sites. Th e spruce stand in Rájec is embe-
ded into agricultural landscape with three villages 
within the distance of 1.5 km from the stand and 
two local minor roads within 0.5 km. Th e spruce 
stand in Bílý Kříž is quite detached in a mountain-
ous region. Agriculture, especially livestock pro-
duction, is the dominant source of atmospheric 
NH4 (Aneja et al. 2001; EKL 2005; Erisman 2007; 
MŽP 2008 and also contributes signifi cantly to 
nitrogen oxides emissions. Th e combustion of fos-
sil fuels (i.e. transport and industry) produces the 
main part of atmospheric nitrogen oxides. From 
this point of view, the lower concentrations of am-
monia nitrogen at Bílý Kříž are understandable. 

Th e biogeochemical behavior of inorganic N in 
canopy diff ers both between the sites and between 
the reduced and oxidized form of nitrogen. While 
nitrate concentrations were signifi cantly higher in 
throughfall vs BOA precipitations at both sites, 
only insignifi cant increases in throughfall concen-
trations were observed for ammonium. It suggests 
assimilation of NH4

+  by canopy foliage. NH4–N re-
tention in coniferous forest canopy was described 
e.g. by Piirainen et al. (1998) and Houle et al. 
(1999). Spruce canopies have been shown to be ac-
tive sinks for inorganic N, and to have the highest 
biomass of epiphytic lichens (capable to assimilate 
nitrogen compounds) compared to pine and decid-
uous canopies (Lovett 1992; Houle et al. 1999). 
Th e higher effi  ciency of the spruce forest in Rájec 
in retaining nitrogen which (see ANOVA results 
Figs. 2c, e) could be explained by more favorable 
climatic conditions in Rájec which support meta-
bolic activities of the microorganisms assimilating 
nitrogen compounds.

Element fl uxes in precipitation and throughfall

In case of sulphur the throughfall fl uxes can serve 
as a good estimate of total sulphur deposition (de 
Vries et al. 2001). Th e total sulphur deposition 
was greater at Bílý Kříž (due to higher throughfall 
amounts (Table 4), because throughfall concentra-
tions were similar at the both plots. Also, the BOA 
and throughfall fl uxes of N-NO3 were higher at Bílý 
Kříž in all years studied despite the fact that cor-
responding concentrations were higher at Rájec 
during the whole period. Th e throughfall fl uxes of 
sulphur were 2.0 to 2.4 times higher than open area 
fl uxes at both study sites (see lower part of Table 4). 
Th ese values are in accordance with values pub-
lished by other authors. Augusto et al. (2002) re-
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viewed several papers bringing data from European 
forest sites and found that atmospheric deposition 
of sulphur had been 2 to 3 times higher in stands of 
Picea abies or Pinus sylvestris than in open areas.

Th e element fl uxes at Bílý Kříž and Rájec were 
compared with bulk open area and throughfall fl ux-
es measured in other parts of the Czech Republic at 
experimental plots with deposition measurement 
included in the ICP-Forests monitoring programme. 
Th e data from 12 localities, where deposition 
monitoring had been performed during for 2006–
2007 were recently published in the annual report 
(Boháová et al. 2009). Th e ICP intensive monitor-
ing plots (level II plots) were installed in 1994–2004 
to cover main tree species in their typical regions of 
the Czech Republic. It can be seen that the locality 
of Bílý Kříž belongs to the sites with higher sulphur 
fl ux with both bulk precipitation and throughfall. 

Higher sulphur fl uxes in the open fi eld were mea-
sured in 2006 and 2007 at Jizerka in Jizerské Mts. 
(9.70 and 14.28 kg S·ha–1·a–1), Mísečky in Krkonoše 
Mts. (10.11 and 12.62 kg S·ha–1·a–1), and in 2006 also 
at Klepačka in Beskids (10.21 kg S·ha–1·a–1). Higher 
sulphur fl uxes with throughfall were registered in 
2006 and 2007 at Jizerka (21.32 and 27.13 kg S·ha–

1·a–1), at Luisino údolí in Orlické Mts (34.49 and 
34.13 kg S·ha–1·a–1) and at Klepačka only in 2006 
(20.97 kg S·ha–1·a–1) (all data from Boháová et 
al. 2009). Norway spruce is the main species in all 
stands with these high sulphur throughfall fl uxes 
what affi  rms the higher fi ltering capacity of spruce 
canopy (Hojjati et al. 2009). Nitrogen fl uxes at Bílý 
Kříž are neither low nor high when compared with 
the ICP plots. Rájec belongs in the Czech Repub-
lic to the localities with lower load of sulphur and 
nitrogen. 

Table 5. Annual element concentrations in bulk open fi eld precipitation measured at various mountainous regions 
in Europe in comparison with values measured at Bílý Kříž and Rájec

Concentration Country (locality)

SO
42  – 

(m
g·

l–1
)

1.81–2.01 Bílý Kříž (Czech Republic)1

1.68–2.30 Rájec (Czech Republic)2

0.81–1.21 Czech Republic3

0.98–1.44 Czech Republic4

1.59–3.99 Germany5

1.69–4.57 Germany6

3.50–4.52 Switzerland7

3.82 (fi ve-year average) Poland8

N
O

3–   (
m

g·
l–1

)

1.59–1.72 Bílý Kříž (Czech Republic)1

2.08–3.49 Rájec (Czech Republic)2

1.42–1.59 Czech Republic3

1.54–1.95 Czech Republic4

1.12–2.63 Germany5

1.56–2.64 Germany6

2.39–3.06 Switzerland7

3.72 (fi ve-year average) Poland8

N
H

4+   (
m

g·
l–1

)

0.63–0.71 Bílý Kříž (Czech Republic)1

0.90–1.64 Rájec (Czech Republic)2

0.39–0.51 Czech Republic3

0.44–0.58 Czech Republic4

0.41–1.00 Germany5

0.63–1.23 Germany6

0.72–1.06 Switzerland7

1.47 (fi ve-year average) Poland8

1Bílý Kříž (Moravian-Silesian Beskids Mts.), 908 m a.s.l., 2006–2008; 2Rájec (Drahanská upland), 610 m a.s.l., 2006–2008; 
3Bohemian Forest, 1,080 m a.s.l., 1998–2007 (Kopáek et al. 2009); 4Bohemian Forest, 1,180 m a.s.l., 1998–2007 (Kopáek 
et al. 2009); 5Erzgebirge – Oberbärenburg, 735 m a.s.l., 1993–2002 (Zimmermann et al. 2006); 6Erzgebirge – Zinnwald, 
877 m a.s.l., 1993–2002 (Zimmermann et al. 2006); 7Southern Alps - Novaggio, 950 m a.s.l., 1997–2001 (Thimonier et al. 
2005); 88Dupniański Stream Catchment – Silesian Beskid Mts., 725 m a.s.l., 1999–2003 (Dupniański Stream Catchment – Silesian Beskid Mts., 725 m a.s.l., 1999–2003 (MalekMalek, , AstelAstel 2005) 2005)
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CONCLUSION

Th e comparative study of sulphur and nitrogen 
compounds concentrations in atmospheric pre-
cipitation and throughfall at two forest sites with 
young spruce monoculture in the Czech Republic 
has revealed some diff erences between the two 
sampling areas. While the diff erences between the 
sites in sulphate concentrations were not signifi -
cant neither in bulk open area precipitation nor in 
throughfall, signifi cant diff erences were observed 
in ammonium nitrogen and nitrate nitrogen con-
centrations. Th e concentrations of ammonium ni-
trogen were signifi cantly higher at Rájec than at 
Bílý Kříž both in open area bulk precipitation and 
in throughfall. Concentrations of nitrate nitrogen 
were signifi cantly higher in bulk open area precipi-
tation at Rájec than at Bílý Kříž. Th e througfall ni-
trate concentrations were also higher at Rájec but 
the diff erence was evaluated as non signifi cant on 
the signifi cance level of 0.05. Higher concentra-
tions of nitrogen compounds in precipitations at 
Rájec can be explained by the infl uence of local ag-
riculture and traffi  c on atmospheric pollution. Th e 
spruce canopy at the Rájec stand retained nitrogen 
more effi  ciently than that at Beskids.

Sulphur fl uxes in the years 2006–2008 were 
markedly higher at Bílý Kříž than at Rájec both 
in the open area (6.2–8.4 kg S·ha–1·a–1 at Bílý 
Kříž vs 3.3–4.2 kg S·ha–1·a–1 at Rájec) and in the 
throughfall (14.8–16.9 kg S·ha–1·a–1 at Bílý Kříž vs 
6.7–8.3  kg S·ha–1·a–1 at Rájec). Th e locality of Bílý 
Kříž belongs to the sites in the Czech Republic with 
higher sulphur deposition load with both bulk pre-
cipitation and throughfall. It could be caused by the 
fact that the NW wind fl owing mainly in January 
and February brings to this site air polluting sub-
stances from the Ostrava industrial agglomeration. 
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