
129

1. Introduction

In recent years, anthropogenic emissions of 
SO2 and mineral dust in Central Europe and sub-
sequently deposition of cojoined (potential) acid-
ity (H+), SO4

2- and ’base cations’ (Ca2+, Mg2+, Na+, 
K+) have substantially decreased (Tarrasón and 
Schaug, 1999; Stoddard et al., 1999; Alewell et al., 

2000a; 2001). In contrast, the temporal trends in N 
deposition tend to be more complex according to 
the regional emission pattern and the heterogene-
ity in the source functions of industry, traffic, and 
agriculture. Generally, atmospheric N-deposition 
during the last two decades has been more or less 
constant. However, N deposition is characterized 
by a distinct year-to-year variation, mostly due to 
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varying meteorological conditions, thus compli-
cating the detection of time trends (Wright et al., 
2001).

The potential effects of such changes in the 
deposition pattern have been under debate with 
respect to e.g. possible recovery of resilience in 
forest-ecosystem functions. However, the extent 
and rapidity of developments in forest-soil prop-
erties, related water chemistry ecosystems after 
the successful abatement of high rates of acidic 
deposition depends mainly on ecosystem inter-
nal and adequately complex element transforma-
tions. Sulphate (SO4

2-) deposited in former times 
has been accumulated in the soils, both in inorgan-
ic and organic forms, and can be released within an 
unknown time period after successful abatement of 
S emissions. A regional analysis of data from the 
ICP-water programhas shown an increase in alka-
linity (which was defined as recovery of alkalinity) 
in streams and lakes allover Europe (Stoddard et 
al., 1999). This is mainly true for Northern Europe 
where soils normally are very shallow. However, 
numerous sites in Central Europe (with more deep-
ly developed soils) show a significant delay or even 
no reaction with respect to recovery of alkalin-
ity and relaxation after the effects of water acidi-
fication (Alewell et al., 2000b; Evans et al., 2001). 
Generally, it can be stated that ecosystems with 
a low pool capacities react quickly on decreased S 
deposition by an increase in alkalinity. In contrast, 
relaxation from acidification is delayed in systems 
where large amounts of S have been accumulated 
in the soil due to the continued release of SO4

2- 
from soil sources (Alewell, 1995).

During the last quarter of the 20th century many 
forested regions in Europe received increased rates 
of N deposition (Wright et al., 2001). Hence it has 
been hypothesized that an excess of N deposition 
may lead to ‘N saturation’ of the forest ecosystems. 
However, it is difficult to forecast when an indi-
vidual ecosystem attain ‘saturation’. In many for-
ests, considerable exports of organic matter (fuel 
wood coppicing, litter raking etc.) had induced at 
large a reduction in N availability (Tamm, 1991). 
Unfortunately, different definitions of ‘N satura-
tion’ are used (Agren and Bosatta, 1989; Nilsson, 
1986; Stoddard, 1994) leading to contrasting per-
ceptions of the actual N status of the same eco-
system (Feger, 1993; Moldan and Wright, 1998). 
A commonly used definition is that “the availabil-

ity of ammonium (NH4
+) and nitrate (NO3

-) is in 
excess of the total combined plant and microbial 
nutritional demand” (Aber et al., 1989). According 
to this definition, N saturation induces an increased 
leaching of inorganic N (generally NO3

-) below the 
rooting zone. Since NO3

- is a strong acid anion, it 
significantly contributes to acidification of soils 
and surface waters (Reuss and Johnson, 1986; van 
Miegroet, 1994). Notably, against the background 
of relatively high and more or less constant rates 
of N deposition and the observed reduction in S 
deposition, N transformations in the terrestrial sys-
tems will play a more important role in surface-
water acidification of the future. A release of the 
strong acid anions SO4

2- and NO3
- is inevitably ac-

companied by cation leaching (Reuss and Johnson, 
1986). Therefore, temporal changes in SO4

2- and 
NO3

- concentrations will also influence the con-
centrations of cations in soil leachates and surface 
waters. In addition, reduced ‘base cation’ deposi-
tionmay counteract the mitigation effects of reduc-
tions in S and N deposition.

Besides varying site conditions, the history of 
atmospheric deposition and related acid load are 
suggested as keys for a deeper understanding of 
forest ecosystems and their response.. The effect 
of changed deposition during a distinct time peri-
od was recently examined in various manipulation 
experiments where deposition was experimen-
tally altered (Cummins et al., 1995; Feger, 1995; 
Wright and van Breemen, 1995). Effects of the 
changes with time are studied by comparing sites 
which ideally differ only in deposition climate. The 
present study emphasis the response in soil solu-
tion and streamwater chemistry to changes in dep-
osition by example of long-term data attained from 
two catchments

2. Material and Methods
1.1 Site descriptions
Long-term data sets from two experimental 

catchments in Germany were analyzed. According 
to the objective of our study catchments are quite 
similar in bedrocks, soils, and vegetation covers, 
but differ significantly by atmospheric element-
deposition rates (Table 1, Table 4). The catchment 
Schluchsee (47°49’ N; 8°06’ E) is located in the 
greater altitudes of the Black Forest (SW Germany, 
Fig. 1, Table 1). The whole catchment is covered 
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with managed stands of Norway spruce (Picea 
abies) of 55 years in average. The pristine mixed 
forest, dominated by beech (Fagus sylvatica), 
was replaced by monoculture spruce stands about 
200 yrs ago (Feger, 1993). The climate is cool and 

humid (Table 1). Severe symptoms of forest de-
cline, observed during the early 1980s, were more 
a result of complex nutritional disturbances (nota-
bly acute Mg deficiency) than the direct effect of air 
pollution (Feger, 1997).

Figure 1. Location of the two catchments in Germany
Ryc.1. Lokalizacja dwu badanych zlewni w Niemczech
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The catchment Rotherdbach (50°47’ N; 
13°43’ E) is located in the eastern Ore Mountains 
(E Germany) close to the frontier of the Czech 
Republic. A 90 yr-old managed Norway spruce 
stand covers 83% of the area while a small part of 
the catchment is stocked with a 15 yr-old Norway 
spruce plantation (Table 1). Generally, forests in 
the Ore Mountains had been intensively utilized 
since the middle age especially by harvesting 
wood for mining purposes (Nebe et al., 1998). The 
present spruce stands are mainly 2nd to 3rd genera-
tion stands since regular forestry commenced in 
the 19th century. Since the 1980s, severe forest die-
back has been observed in a vast area of the east-
ern Ore Mountains. The damages resulted from air 
pollution mainly characterized by extremely high 
air concentrations of SO2 from local combustion of 
S-rich brown coal which lasted until a few years 
ago. As a consequence of the introduction of abate-
ment technologies in power plants and alternate 
use of gas and oil for heating, the emissions of SO2 
and related forest damage symptoms have been de-
creasing considerably since 1990 (Abraham et al., 
2000). The climate at Rotherdbach is also cold and 
humid but receives an annual precipitation of only 
50% measured at Schluchsee (Table 1).

The both study catchments have similar extents 
(9.4 ha and 11 ha) and are drained by perennial 

first-order streams. The Schluchsee area is under-
lain by base-poor granite. SiO2 and Al2O3 domi-
nate by 90% in the bedrock composition. The soils 
(Haplic podzols) are habitually developed from 
loamy sands owing gravel contents up to 60% and 
are well drained and intensely acidic.

The bedrock of the Rotherbach catchment con-
sists of rhyolite with a mineral composition similar 
to Schluchsee. However, there are minor differ-
ences in Ca and Mg contents as they are some-
how greater at Rotherdbach. Soils at Rotherdbach 
developed from sandy loams and loams owing 
a stone fraction of up to 70% in the subsoil (Abiy, 
1998). Hydraulic conductivity is lower compared to 
soils at Schluchsee and lateral flow paths prevail in 
soil drainage.

Even though soil formation factors are quite 
similar (as reflected by the podzol soil type), there 
are distinct differences in soil chemical proper-
ties attributed to recent air pollution impacts. Soils 
at Schluchsee are acidic and poor in base cations 
(Table 2). Base saturation is below 5% all over the 
entire soil profile. In comparison, base saturation 
at Rotherdbach ranges from a minimum of 3% in 
25-50 cm soil depth to a maximum of 17% in the 
topsoil (Table 3). This contrasting pattern clearly 
reflects the influence of greater atmospheric depo-
sition rates of base cations originating from min-

Table 1. Characteristics of the studied catchments
Tab.1. Charakterystyka badanych zlewni

Schluchsee Rotherdbach
Investigation period a 1988-1998 1994/95-1999 b

Location 47° 49‘ N; 8° 06‘ E 50° 47’ N; 13° 43’ E
Drainage basin [ha] 10.98 9.43
Altitude [m asl] 1150 - 1253 675-750
Mean slope [%] 21.9 16.7
Exposition ENE SE
Mean annual precipitation [mm] 1867 989 c

Mean annual runoff [mm] 1381 590 c

Mean annual air temperature [°C] 4.5 5.5
Vegetation (main tree species) Norway spruce 55 yr (100%) Norway spruce 90 yr (83%); Norway 

spruce 15 yr (17%)
Major soil type (FAO) Haplic Podsol Cambic Podsol
Bedrock Granite Rhyolithe

a Hydrological years; rok hydrologiczny
b Deposition 1994-1999; stream output 1995-1999; depozycja 1994-1999, odpływ ze strumieniem 1995-1999
c Period 1995-1999; okres 1995-1999
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eral dusts (alkaline fly ash etc.). Effective cation 
exchange capacity (CECe) is greater as compared 
to Schluchsee. As a result of greater SO2 emis-
sions in the Ore Mountains, the contents of Stot in 

the soil are distinctly increased at Rotherdbach. 
A detailed description of site properties is given 
by Armbruster (1998) for Schluchsee and by Abiy 
(1998) for Rotherdbach, respectively.

Table 2. Selected chemical soil properties of the Haplic Podsol (texture: loamy sand/sandy loam) in the Schluchsee 
catchment

Tab.2. Wybrane chemiczne właściwości gleby bielicowej właściwej (uziarnienie: piasek gliniasty / glina piaszczy-
sta) w zlewni Schluchsee

Horizon Depth pH C N Stotal CECe a BS b

Poziom Gębokość (cm) (H20)  mg g-1  µmolc g-1 %
Of 4-2 3.5 443 15.0 1.54
Oh 2-0 3.4 238 8.7 0.85
Ahe 0-30 3.8 24 1.7 0.14 71 3.7
Bsh 30-40 4.2 32 1.7 0.17 70 2.4
Bhs 40-60 4.9 30 1.1 0.15 43 2.1
Bhvs 60-80 4.9 30 1.3 0.11 42 1.9
Cv 80-100 4.4 5 0.4 0.03 20 4.1

a Effective cation exchange capacity (0.5 M NH4Cl); efektywna pojemość wodna kationowa (0.5 M NH4Cl)
b Base saturation; wysycenie zasadami

Table 3. Selected chemical properties of the Cambic Podsol (texture: sandy loam/loam) in the Rotherdbach catch-
ment

Tab.3. Wybrane chamiczne właściwości gleby rdzawej bielicowej (uziarnienie: glina piaszczysta/glina) w zlewni 
Rotherdbach 

Horizon 
Poziom

Depth
Głebokość pH C N Stotal CECe 

a BS b

(cm) (H20)  mg g-1  µmolc g-1 %
Of 4.9 433 20.0 2.91
Oh 4.1 399 14.5 2.24
Ahe 0-5 3.9 45 nd c 0.24 128 17.4
Ae 5-20 4.0 21 nd c 0.11 79 11.5
Bh 20-25 3.8 66 nd c 0.44 260 4.3
Bs1 25-50 4.3 56 nd c 0.46 107 3.0
Bs2 50-80 4.4 30 nd c 0.26 70 4.2
Cv 80-125 4.6 5 nd c 0.33 35 7.9

a Effective cation exchange capacity (0.5 M NH4Cl); efektywna pojemość wodna kationowa (0.5 M NH4Cl)
b Base saturation; wysycenie zasadami
c nd = not detected; = nie oznaczano
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2.2. Methods
2.2.1. Sample collection and analyses
The catchments were monitored for atmos-

pheric deposition and water chemistry since 1987 
(Schluchsee) and 1993 (Rotherdbach). At both 
catchments, bulk precipitation and throughfall 
were sampled weekly and bulked for analyses of 
the monthly flux rates. From 1987 to 1990 precipita-
tion samples were analyzed weekly for Schluchsee. 
Bulk precipitation was sampled from reference 
points in the open close to the catchments by open-
top samplers replicated three times at Rotherdbach 
and five times at Schluchsee. Throughfall was col-
lected at sample plots (aprox. 50 x 50 m) within 
the catchment by the same typ of samplers repli-
cated eight times at Rotherdbach and ten times at 
Schluchsee (Fig. 1). Stemflow was not sampled be-
cause this hydrologic component in Norway spruce 
stands typically comprises only 1 to 2% of canopy 
throughfall (Mitscherlich, 1981). Simultaneously, 
soil leachates were collected on the same sam-
ple plots (weekly to fortnightly at Schluchsee and 
monthly at Rotherdbach). Soil water was sampled 
from three depths (beneath the forest floor, at 30, 
and 80 cm in the mineral soil) at Schluchsee, and 
6 depths (beneath the forest floor, at 10, 20, 40, 
60, and 80 cm in the mineral soil) at Rotherdbach 
using tension plate lysimeters and cups, respec-
tively. Discharge of the catchments was recorded 
permanently at V-notch weirs. Stream-water sam-
ples were taken weekly (Schluchsee) and monthly 
(Rotherdbach).

Electrical conductivity and pH-value were de-
termined in the laboratory directly after sample 
collection. Samples for chemical analysis were fil-
trated through 0.45 µm membrane filters. Mayor 
anions (Cl-, NO3

- and SO4
2-) and cations (NH4 Na, 

K, Ca, Mg, Al, Mn and Fe) of all water samples 
were analyzed. Analytical methods are described 
in detail by Feger (1993) for Schluchsee and by 
Langusch (1995) for Rotherdbach.

Acid neutralizing capacity (ANC) was calculat-
ed according to Reuss and Johnson (1986) and van 
Miegroet (1994) from the ionic charge balance:

ANC [µmol l-1] = [Na+] + [K+] + 2[Ca2+] + 2[Mg2+] 
+ [NH4

+] – [Cl-] – [NO3
-] – 2[SO4

2-]

2.2.2. Time series analyses
Typical systematic patterns in time series 

are seasonal fluctuations and blanketing trends. 
A major aim of time series analysis is to detect 
patterns in temporal variation in order to develop 
a model, which describes such variations in a giv-
en data time-series. In our study, a summation time 
series model was used to describe and analyse time 
series consisting of both deposition and aqueous 
chemistry data (equation 1). The trend component, 
which is the special emphasis in our study, was cal-
culated by using a seasonal, multiple regression 
model (Flieger and Toutenburg, 1995, equation 
2). Furthermore, interdependences between depo-
sition rates, related waterfluxes and the chemical 
speciation of water composition were included into 
the regression. Unfortunately, water flux data for 
seepage water were not available for Rotherdbach. 
Consequently, the model included only ‘seasonal 
variation’ and ‘long-term trend’ components for soil 
water at Rotherdbach but not for atmospheric depo-
sition Monthly element inputs (g ha-1 month-1) were 
taken for the analysis of deposition trends (bulk 
precipitation, throughfall). Time series analysis 
for soil leachates and streamwater were carried out 
for concentration data. The temporal resolution for 
the analysis in stream water and soil water was se-
lected according to temporal resolution of meas-
urements (monthly at Rotherdbach; fortnightly for 
soil water at Schluchsee; weekly for streamwater 
at Schluchsee). Normal distribution of regression 
residual was checked by comparing standardized 
residuals with normal distribution and cumulative 
probabilities. Auto-correlation of residuals was 
checked through computing the Dubin-Watson co-
efficient. Data points with residuals greater than 3 
standard derivations were replaced by smoothed 
data (linear interpolation) to improve normal dis-
tribution of residuals and reliability of trend com-
ponent (cf. Flieger and Toutenburg, 1995). The 
significance threshold for the trend component was 
set to p< 0.05. All statistical analyses were per-
formed with SPSS for Windows 10.0. Details of the 
statistical analysis are given in Armbruster (1998).

xt = st + qt + tt (1)
xt: observed value of time series at time t
st: seasonal component of time series
qt: component related to water flux
tt: trend component of time series
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x(t) = s(t) + a ⋅ q(t) + b ⋅ t (2)
x(t): observed value of time series at time t
s(t): seasonal component of time series
q(t): water flux at time t
a: regression variable related to water flux
b: regression variable related to time (= temporal 

trend)
t: time

3. Results

3.1. Temporal development of element fluxes 
and concentrations

1.1.1. Deposition
Temporal trends in deposition indicate signifi-

cant decreases in bulk deposition and throughfall 
for SO4

2- at both sites during the 1990s (Table 5, 
Fig. 2). In Fig. 3, the results from time series anal-
ysis are presented for SO4

2-. Calculated annual de-

Figure 2. Annual throughfall deposition (kg ha-1 yr-1) of both catchments. X-axis units represent hydrological years
Ryc. 2. Roczny opad podkoronowy (kg ha-1 rok-1) w obu badanych zlewniach; osie x jednostek reprezentują lata hy-

drologiczne
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Figure 3. Comparison between measured and predicted (time series model) values of monthly S-deposition in the 
Schluchsee (a) and Rotherdbach (b) catchment

Ryc.3. Porównanie pomierzonych i przewidywanych (model serii czasowych) wartości miesięcznego depozytu S 
w zlewniach Schluchsee (a) i Rotherdbach (b)
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creases in SO4
2- were approximately 10 times higher 

at Rotherdbach than at Schluchsee. Measured S de-
positon in throughfall at Rotherdbach decreased 
from 46 kg ha-1 yr-1 in the hydrological year 1994 
to 23 kg ha-1 yr-1 in 1999 (Fig. 2). In contrast, sum-
ming-up the estimated annual decrease provided 
by application of the time series model (2.6 kg ha-

1 yr-1; Table 5) in the total 6-years-period resulted 
in a decrease of 16 kg ha-1. The absolute decline 
in S deposition was much lower at Schluchsee 
due to the also lower deposition rates. Measured 
S throughfall deposition declined from 12 kg ha-1 
yr-1 in 1988 to 5.6 kg ha-1 yr-1 in 1998 (Fig. 2). The 
yearly decrease in S deposition calculated from the 
time series (0.28 kg ha-1 yr-1; Table 5) model can be 

summed-up to 3.1 kg ha-1 for the total 11 yr peri-
od at Schluchsee. Nitrogen in bulk deposition de-
creased significantly at both sites. The reduction 
rate was higher at Schluchsee, which has the lower 
N deposition (Table 4). A significant decrease 
in throughfall was observed only at Schluchsee. 
Ca2+ and Mg2+ deposition in bulk deposition 
and throughfall also decreased significantly at 
Schluchsee. Magnesium deposition decreased only 
slightly (0.02 kg ha-1 yr-1; average throughfall dep-
osition: 1.1 kg ha-1 yr-1; cf. Table 5). In contrast at 
Rotherdbach, Ca2+ decreased by 0.2 kg ha-1 yr-1 in 
bulk deposition and 0.46 kg ha-1 yr-1 in throughfall. 
Time series analysis with the Rotherdbach data 
yielded no significant decrease in Mg2+ deposition.

Table 4. Mean values of water and element fluxes with bulk deposition (BD) throughfall (TF), total deposition 
(TDP, calculated by the canopy interaction models after Ulrich 1983 and 1991) and stream output (SO). 
All fluxes in L m-2 and kg ha-1 yr-1 respectively (investigation periods consist of hydrological years)

Tab.4. Średnie wartości przepływów wody i elementów w depozycji bezpośredniej (BD), opadzie podkoronowym 
(TF), depozycji całkowitej (TDP), obliczonej przy pomocy modelu interakcji koronowej wg Ulricha 1983 
i 1989) oraz wymycia przez rzekę (SO); wszystkie przepływy w l m-2 i kg ha-1 yr-1 (okresy badań składają się 
z lat hydrologicznych)

Component Schluchsee (1988-1998) Roterdbach (1995-1999)
Składnik BD TF TDP SO BD TF TDP SO
Water 1867 1543 1381 989 803 563
H+ 0.34 0.26 0.43 0.05 0.32 0.91 1.43 0.42
Na+ 4.1 4.7 4.7 21.2 2.3 4.6 4.6 26.6
K+ 2.1 13.3 2.4 7.8 1.0 14.6 2.0 13.3
Ca2+ 3.9 6.1 4.6 13.6 3.5 13.6 7.0 41.3
Mg2+ 0.7 1.1 0.8 2.2 1.3 4.0 2.6 14.5
NH4

+-N 5.0 3.6 5.7 0.1 6.7 8.7 13.4 0.2
NO3

--N 4.5 5.4 5.5 6.9 6.4 11.4 12.8 10.9
Ntot 

a 9.5 8.9 11.2 7.0 13.1 20.1 26.2 11.1
SO4

2--S b 6.8 8.4 8.3 16.3 10.7 34.0 34.0 68.1
Cl- 8.4 9.1 9.0 9.4 6.1 11.7 12.2 55.9
Altot 0.16 0.25 0.20 3.3 0.26 0.98 0.52 14.9
Mntot 0.06 0.41 0.07 0.23 0.05 0.35 0.10 1.40
Fetot 0.10 0.14 0.12 0.11 0.14 0.47 0.28 0.41
DOC 21.4 57.0 18.9 26.8

a Ntot = NH4
+-N + NO3

--N
b Rotherdbach measured as Stot (SO4

2--S + Sorg); w Rotherdbach pomierzono w Scałk (SO4
2--S + Sorg)
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Table 6 presents the results from time series 
analysis using ion concentrations in seepage water 
and stream water in the Schluchsee catchment. In 
Fig. 4, results from the time series model are com-
pared with actual measurements for SO4

2- and sum 
of ’base cations’. The decreasing SO4

2- deposition re-
sulted in reduced concentrations in soil and stream 
water. The calculated decrease in SO4

2- was lower in 
stream water (1 µmolc L

-1 yr-1) compared to seepage 
water (2.4-2.7 µmolc L

-1 yr-1). However, the temporal 
trend for ’base cations’ was not uniform for all indi-
vidual elements. Only the concentrations of Ca2+ and 
Mg2+ decreased significantly in all compartments. 
Opposite to these elements, Na+ showed a signifi-
cant increase in 30 cm seepage water whilst no trend 
was detected in other compartments. Potassium de-
creased in 30 cm seepage water whereas an increase 
in streamwater was noted. The sum of ’base cations’ 
(ΣBC) decreased in all compartments. Similarly, 
concentrations of Altot, Mntot and sum of strong acid 
anions (ΣA) declined in all compartments. As a re-
sult of larger decreases of ΣA compared to ΣBC in 
soil leachates, ANC increased significantly. In con-
trast to soil solution, stream water ANC was not sig-
nificantly altered. The application of the time series 
model to subsoil leachates (80 cm) does not fit with 
the measured concentrations of Na+, K+, NO3

-. For 
these, r2 (indicating the part of data variability ex-
plained by model) calculated by the model is very 
low and, as a consequence probability of the time se-
ries model, is lower than 0.05. In most cases model r2 
is higher in streamwater than in soil leachates.

The decreases in SO4
2- concentrations were 

more pronounced at Rotherdbach as compared to 
Schluchsee (Table 7, Fig. 5). Decreases in seepage 
water (55-68 µmolc L

-1 yr-1) were somewhat higher 
than in streamwater (41 µmolc L-1 yr-1). The tem-
poral trend for ’base cations’ at Rotherdbach is 
significant only for Ca2+ concentrations in all com-
partments. Correspondingly, the sum of ‘base cati-
ons’ (ΣBC) is reduced. Only the seepage in 80 cm 
soil depth (characterized by the lowest Ca2+ de-
crease) failed to show a significant trend in ΣBC 
concentrations. Nitrate (NO3

-) and Altot concentra-
tions also declined significantly in all monitored 
compartments in the Rotherdbach catchment. 
Acid neutralization capacity (ANC) increases sig-
nificantly in all compartments. Cases in which the 
prediction model does not yield a good fit with the 
measured values are more abundant at Rotherdbach 
than at Schluchsee. 

Seasonal patterns and long-term trends in NO3
- 

concentrations in stream water clearly differed at 
the two study sites (Fig. 6). At Schluchsee, which is 
characterized by a decreasing N deposition (Table 
5), a slight increase in stream-water NO3

- concen-
trations occurred (Fig. 6 a). At Rotherdbach, N 
fluxes decreased only slightly in bulk deposition 
(Table 5) whereas a strong decrease in streamwa-
ter NO3

- concentration was observed (Fig. 6 b). 
At Rotherdbach the seasonal variability of stream 
water NO3

- concentration was less pronounced as 
compared to Schluchsee.

Table 5. Trends in bulk deposition (BD) and throughfall (TF) of study sites. All numbers are annual trends 
in g ha-1 yr-1 (investigation periods consist of hydrological years)

Tab.5. Trendy depozycji bezpośredniej (BD) i opadu podkoronowego (TF) w badanych siedliskach; wszystkie licz-
by są trendami rocznymi w g ha-1 rok-1 (okresy badań odpowiadają latom hydrologicznym)

H+ Ca2+ Mg2+ SO4
2--S Ntot

 a

Trend  p r2 Trend  P r2 Trend  p r2 Trend  p r2 Trend  p r2

SCHLUCHSEE 
(1988-1998)

BD ns b 0.53 -82 ** 0.29 -16 *** 0.53 -88 * 0.46 -103 * 0.61
TF -5 * 0.49 -132 ** 0.37 -18 ** 0.40 -281 *** 0.50 -166 ** 0.46

ROTHERDBACH 
(1994-1999)

BD -37 ** 0.19 -181 ** 0.29 ns b 0.19 -983 ** 0.65 -54 ** 0.54
TF -116 *** 0.44 -455 * 0.32 ns b 0.38 -2621 ** 0.50 ns b 0.30

* p < 0.05, ** p < 0.01, *** p < 0.001
a Ntot = NH4

+-N + NO3
--N

b ns = not significant; nie istotne
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Figure 4. Comparison between measured and predicted (time series model) values of SO4
2- and sum of ‘base cati-

ons’ ([Na+] + [K+] + [Ca2+] + [Mg2+]) concentrations in soil leachates and streamwater (Schluchsee 
catchment)

Ryc.4. Porównanie pomierzonych i przewidywanych (model serii czasowych) wartości stężeń SO4
2- i sumy katio-

nów zasadowych ([Na+] + [K+] + [Ca2+] + [Mg2+]) w roztworach glebowych i wodach strumienia (zlewnia 
Schluchsee)



140 141

Table 6. Annual concentration trends in streamwater and in leachates from two selected soil depths in the 
Schluchsee catchment during hydrological years of the 1987-1998 period

Tab.6. Trendy roczne stężeń w wodach strumienia i w roztworach glebowych na dwu wybranych głebokościach 
w zlewni Schluchsee w latach hydrologicznych 1987-1998

Component Seepage water d

Wody glebowe
Stream water

Wody strumienia
Składnik 30 cm depth 80 cm depth

Trend P r2 Trend p r2 Trend p r2

H+ (µmolc L-1) +2.9 *** 0.23 +0.7 *** 0.16 -0.04 ** 0.80
NH4

+ (µmolc L-1) Ns 0.14 ns 0.14 a

Na+ (µmolc L-1) +0.5 ** 0.36 a ns 0.70
K+ (µmolc L-1) -0.6 *** 0.10 a +0.1 *** 0.25
Ca2+ (µmolc L-1) -1.0 *** 0.50 -0.5 * 0.16 -1.0 *** 0.25
Mg2+ (µmolc L-1) -0.4 *** 0.29 -0.9 *** 0.48 -0.1 *** 0.36
NO3

- (µmolc L-1) -1.4 *** 0.33 a +0.3 *** 0.60
SO4

2- (µmolc L-1) -2.4 *** 0.18 -2.7 *** 0.29 -1.0 *** 0.54
Cl- (µmolc L-1) +0.6 * 0.14 ns 0.25 +0.2 *** 0.22
Altot (µg L-1) -25.1 *** 0.30 -16.0 * 0.19 -3.6 *** 0.81
Mntot (µg L-1) -1.6 *** 0.45 -1.6 *** 0.29 -0.5 *** 0.76
Fetot (µg L-1) Ns 0.32 -0.3 * 0.13 +0.2 *** 0.24
DOC (mg L-1) +0.8 *** 0.59 +0.3 *** 0.39 +0.1 *** 0.37
ANC (µmol L-1) +1.7 ** 0.22 +2.4 *** 0.33 ns 0.68
ΣBC 

b (µmolc L-1) -1.6 *** 0.27 -1.2 * 0.12 -0.7 *** 0.51
ΣA c (µmolc L-1) -2.2 *** 0.19 -4.6 ** 0.24 -0.3 * 0.65

***  p < 0.001, ** p < 0.01, * p < 0.05, ns not significant; ns nie istotne
a Model not significant; model nie istotny
b Sum of ‘base’ cations ([Na+ ] + [K+ ] + [Ca2+ ] + [Mg2+ ]); suma kationów zasadowych
c Sum of strong acid anions ([Cl- ] + [NO3

- ] + [SO4
2- ]); suma anionów silnych kwasów

d Concentrations in soil water only measured until October 1997; koncentracje w wodach glebowych mierzono tylko 
do października 1997
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Figure 5. Comparison between measured and predicted (time series model) values of SO4
2- and sum of ‘base cati-

ons’ ([Na+] + [K+] + [Ca2+] + [Mg2+]) concentrations in soil leachates and streamwater (Rotherdbach 
catchment)

Ryc.5. Porównanie pomierzonych i przewidywanych (model serii czasowych) wartości stężeń SO4
2- i sumy katio-

nów zasadowych ([Na+] + [K+] + [Ca2+] + [Mg2+]) w roztworach glebowych i wodach strumienia (zlewnia 
Rotherdbach)
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Table 7. Annual concentration trends in streamwater and in leachates from three selected soil depths in the 
Rotherdbach catchment during hydrological years of the 1987-1999 period 

Tab.7. Trendy rocznych stężeń w wodach strumienia i w roztworach glebowych na wybranych trzech głębokościach 
w zlewni Rotherdbach podczas lat hydrologicznych 1987-1999

Seepage water
Wody glebowe

Stream water
Wody strumienia

30 cm depth 60 cm depth 80 cm depth
Trend P r2 Trend P r2 Trend p r2 Trend p r2

H+ (µmolc L-1) a a a a

NH4
+ (µmolc L-1) a a a a

Na+ (µmolc L-1) +5.5 *** 0.40 a a -5.1 * 0.56
K+ (µmolc L-1) a a a a

Ca2+ (µmolc L-1) -24.6 *** 0.47 -11.6 *** 0.72 -8.0 *** 0.46 -24.7 *** 0.38
Mg2+ (µmolc L-1) a -6.3 *** 0.46 a -4.9 * 0.12
NO3

- (µmolc L-1) -6.3 ** 0.43 -3.9 * 0.27 -9.0 *** 0.49 -17.4 *** 0.73
SO4

2- (µmolc L-1) -59.6 *** 0.30 -68.0 *** 0.58 -55.1 ** 0.28 -41.2 *** 0.41
Cl- (µmolc L-1) Ns 0.24 a a -9.2 ** 0.77
Altot (µg L-1) a -559 *** 0.64 -667 *** 0.34 -290 *** 0.58
Mntot (µg L-1) -4.1 * 0.23 a ns 0.42 -14.2 *** 0.46
Fetot (µg L-1) Ns 0.22 a a ns 0.19
DOC (mg L-1) a ns 0.38 -0.9 *** 0.52 ns 0.27
ANC (µmol L-1) +45.8 ** 0.33 +57.0 *** 0.52 +59.9 *** 0.35 +44.5 *** 0.61
ΣBC 

b (µmolc L-1) -26.1 ** 0.31 -18.4 *** 0.45 ns 0.19 -23.2 ** 0.29
ΣA c (µmolc L-1) -67.6 ** 0.38 -76.4 *** 0.60 -62.5 ** 0.34 -67.8 *** 0.50

*** p < 0.001, ** p < 0.01, * p < 0.05, ns not significant; ns nie istotny
a Model not significant; model nie istotny
b sum of ‘base’ cations ([Na+ ] + [K+ ] + [Ca2+ ] + [Mg2+ ]); suma kationów zasadowych
c sum of strong acid anions ([Cl- ] + [NO3

- ] + [SO4
2- ]); suma anionów silnych kwasów 
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Figure 6. Temporal pattern of NO3
- concentrations in stream water. Comparison between measured and predicted 

(time series model) values (a) Schluchsee catchment; (b) Rotherdbach catchment
Ryc.6. Czasowe przebiegi stężeń NO3

- w wodach strumieni ; porównanie pomierzonych i przewidywanych wartości 
(model serii czasowych) w zlewni (a) Schluchsee i (b) Rotherdbach 
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4. Discussion

In our study, we useda seasonal, multiple re-
gression model (SMRM) for determination of 
temporal trends. In comparison with other statis-
tical methods for analyses of time-trends analysis 
and seasonality in water quality data (Seasonal 
Kendall test (SKT): Hirsch et al., 1982; Hirsch and 
Slack, 1984) the SMRM requires special attention 
of normality, data quality and serial correlation. 
Especially supported by the specific properties of 
the model, the predictions can be compared and 
thus partly validated with measured data, The 
model calculates the statistical significance of the 
trend component and the degree of explained vari-
ability. Furthermore, a flow adjustment of concen-
trations (fluxes), which might be necessary for 
SKT (Hirsch et al., 1982), is already included in the 
SMRM. As a consequence, SMRM should enable 
to detect trends related to water fluxes. However, 
SMRM like SKT is only able to detect monotonic 
trends within time series. Comparison of tempo-
ral trends determined with differing methods is not 
possible to completion. As a consequence, trends 
for the Schluchsee site, which were presented ear-
lier by Alewell et al. (2001), differ somewhat from 
results presented in our study. In general, SMRM 
calculates significance for more elements than 
SKT.

Our results provide clearly evidence for a sig-
nificant decrease in recent S deposition at both 
sites. In addition, a net release of SO4

2- is ob-
served at both sites when comparing SO4

2- input 
with output on average or yearly basis (Table 4). 
This net release may be due to four major proc-
esses (i) desorption of inorganic SO4

2-, (ii) oxida-
tion of reduced S species, (iii) net-mineralization 
of organically bound S (mineralization > immobi-
lization and uptake) and (iv) weathering of S-con-
taining minerals (Prechtel et al., 2001). However, 
options of S-weathering from minerals and the ox-
idation of reduced S species are negligible for the 
two sites. It is obvious that in waterlogged boggy 
soils, considerable amounts of reduced S species 
can be stored and potentially be released after the 
water table decreases and oxidation products are 
flushed during subsequent rainfalls. However, the 
percentage of such plots is very low at both sites. 
Net-mineralization of organic S are to be consid-

ered at Schluchsee, where the major portion of the 
soil-S pool is organically bound (78% of S pool, 
cf. Prietzel, 1998). In addition, stable isotope in-
vestigations at this site yielded clear evidence for 
the key role of organic S mineralization as an im-
portant source for SO4

2- in stream-water (Mayer et 
al., 1995). In contrast, at Rotherdbach about 50% 
of the S pool consist of inorganic species (Prietzel 
pers. comm.). As a consequence, observed net re-
leases of SO4

2- at Rotherdbach are mainly the result 
of a remobilization from atmospherically deposited 
and accumulated inorganic S. However actually it 
is not clear which process (e.g. desorption, dissolu-
tion of mineral phases (Al(OH)SO4 type)) are emer-
gent in the phenomenon. Furthermore, at both sites 
the decease in S deposition has resulted in distinct 
decreases of SO4

2- concentrations in soil leachates 
and stream water. Comparing the decrease in SO4

2- 
concentrations in the deeper seepage (80 cm soil 
depth) with the decrease in streamwater a higher 
trend is observed in the soil seepage at both sites. 
In addition to the mineral soil, the weathered sub-
strata appear also to contain considerable amounts 
of adsorbed SO4

2 in both catchments. The impor-
tance of SO4

2- stored in the weathering zone below 
the rooted soils with respect to the release of S to 
stream-waters and groundwater was outlined re-
cently by Manderscheid et al. (2000). Thus, an 
influence of the large organic S pool has to be con-
sidered when assessing the influence of decreased 
S input at Schluchsee. It is most probable that or-
ganic mineralization rates are not constant during 
the whole investigation period and therefore time 
trends in the control of mineralization by e.g. tem-
perature and soil moisture attain uncertain emer-
gence in S-dynamics. which is yet not quite clear.

N atmospheric deposition at Schluchsee and 
Rotherdbach ensued a slightly decreasing trend 
which complied with regional-scale developments 
in Europe (Wright et al., 2001). Surprisingly, the 
Schluchsee site, where N deposition declines much 
stronger as compared to Rotherdbach, shows 
even a slight increase of NO3

- concentrations in 
streamwater. However, this trend is not uniform 
because time series analysis of a shorter period 
(1988-1995) has resulted in a slightly decrease of 
NO3

- (Armbruster, 1998). According to time series 
data, NO3

- concentrations begun only to increase 
in the hydrological year 1997 (Fig. 6a). These fea-
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tures may be due to a significant snow break event, 
which damaged a large number of trees during the 
winter season 1996/97 (Fink et al., 1999). In con-
trast, at Rotherdbach, N deposition remained more 
or less constant. Nevertheless, a large decrease of 
streamwater NO3

- concentrations was observed. 
This is not explained by changes in climate or 
management practices but effective reduction of 
acidic deposition and notably SO2 concentrations 
in the ambient air at this formerly highly impacted 
site which have resulted in an increased vitality of 
the forest ecosystem. Thus, an improved capabil-
ity for N retention is most probable. A long-term 
change in NO3

- streamwater concentrations is also 
observed at the Lange Bramke catchment in the 
Harz Mountains (North Germany). After an in-
crease up to the 1980s level, NO3

- concentrations 
decreased again in the 1990s (Wright et al., 2001). 
On the regional scale an unexplained extensive de-
crease of NO3

- in streamwater during the 1990s 
is reported for the Czech Republic (Vesleý et al., 
2002). Until now substantial explanations for such 
trends (which appear to be in contradiction with re-
cent hypotheses on a gradual loss of N retention ca-
pacity) are still missing.

Compared to relatively low mean N deposition 
rates (11 kg ha-1 yr-1), the N output with streamwa-
ter at Schluchsee was unexpectedly high (7 kg ha-

1 yr-1; cf. Table 4). This site should therefore be 
characterized as ‘N saturated’ or ‘partly N satu-
rated’ depending on definition. According to the 
definition of Stoddard (1994), which uses chang-
es in the seasonal and long-term pattern of sur-
face water concentrations, Schluchsee would be 
in the ‘stage 2’ (annual N cycle dominated by N 
loss). However, Feger (1993) ascribes the elevated 
NO3

- losses with streamwater at Schluchsee mainly 
to microbial turnover of relic subsoil humus pools 
originating from the former deep-rooting beech-fir 
stand. In contrast to the present stand which con-
sists of planted shallow-rooting Norway spruce, 
the pristine beech-fir forests in the Black Forest are 
characterized by an abundance of fine roots in the 
mineral soil. As a consequence, N leaching from 
forests is elevated due to an ‘imbalance’ between 
mineralization and uptake of N in the mineral soil, 
where mixed stands have formerly been converted 
into monocultural spruce (Kreutzer, 1994). This 
emphasizes that land-use history is an important 

issue in understanding the spatial patterns and time 
trends related to N cycling in forested ecosystems 
(Tamm, 1991). At Rotherdbach, NO3

- concentra-
tions in streamwater exceeded 50 µmolc l-1 during 
the entire study period (cf. Figure 6b). Also a co-
herent seasonal pattern in NO3

- concentrations was 
not evident. This situation corresponds to ‘stage 3’ 
of N saturation according to Stoddard (1994; see 
also Stoddad and Traaen, 1995). Nitrogen retention 
mechanisms (uptake by vegetation and microbes) 
are considerably reduced in this stage. With respect 
to the formerly high impact of SO2 in ecosystem 
functions and the effective recovery observed in of 
forest-stands vitality, for the coming years a return 
to the ‘stage 2’ is imageable. Temporal changes in 
leaching of anions NO3

- and SO4
2- are inevitably as-

sociated with adequate effects in the cation compo-
sition of seepage. As a consequence of the obsereved 
trends in the dynamics of anions, concentrations of 
the sum of basic cation equivalents and and Altot in 
streamwater also decreased in our study. However, 
also depositions of ’base cations’ (mainly Ca) have 
decreased simultaneously with the rates of SO4

2- at 
both sites and probably counteract the reversibility 
of water acidification by missing alkalinity in the 
flux budget of the ecosystem (Meesenburg et al., 
1995; Evans et al., 2001). It can be summarized, 
the concentrations of strong acid anions in seepage 
water decreased more than that of base cations; as 
a consequence, seepage water ANC increased sig-
nificantly and therefore, ‘base cation’ deposition 
decrease did not offset the decreases in S (N) dep-
osition. Opposite, in the stream in the Schluchsee 
catchment, there was no significant change in ANC 
due to remobilization of SO4

2- from the pools ac-
cumulated in the deeper weathered substrata. On 
the other hand, episodic acidification during high-
flow conditions is primarily due to the mobilization 
of NO3

- (Armbruster et al., 2000) showing a slight 
increase of mean concentrations in streamwater. 
This is in contrast to Rotherdbach where stream-
water ANC significantly increased. Also at this site 
a remobilization of SO4

2- in the deeper weathering 
zone (potentially counteracting the recovery from 
acidification) can be postulated. Streamwater NO3

- 
concentration distinctly decreased at this site lead-
ing to the observed ANC increase.
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5. Conclusions

Both sites demonstrated typical decreases in 
S deposition and conjoined acidity which is gen-
erally consistent with the European-scale trend. 
Differences in the absolute extent of such changes 
at different sites appear to reflect specific features 
of atmospheric deposition history. At both sites, the 
observed reduction of the atmospheric deposition 
rates resulted in recovery of alkalinity in seepage 
and stream-waters which in the past declined due 
to atmospheric deposition load. Essential keys for 
understanding the changes and trends observed are 
the accumulation of soil-S by former atmospheric 
deposition, the amounts and speciation of the pools 
and its distribution in the ecosystem. Furthermore, 
our results indicate that site-specific conditions 
such as land-use history and hydrologic pathways 
are important contributing factors. This is espe-
cially true with regard to S cycling and the impor-
tance of interactions with N-transfers in production 
of acidity in the soil environment of forest ecosys-
tems. Thus, the identification and prognosis of “N 
saturation” is still highly uncertain. Coupling with 
other approaches, time series analysis of long-term 
ecosystem data can be a valuable instrument in 
order to improve the understanding of ecosystems 
and give useful hints for modeling efforts.
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CZASOWE  TRENDY  SKŁADU 
CHEMICZNEGO  OPADÓW, 

ROZTWORÓW  GLEBOWYCH 
I  WÓD  STRUMIENI  W  DWU 
ZALESIONYCH  ZLEWNIACH 

W  CZARNYM  LESIE  
I  WE  WSCHODNICH  RUDAWACH 

NIEMCY

Podsumowanie
Praca dotyczy czasowych trendów składu opa-

dów i wód opadu podkoronowego zmienionych 
ładunkami depozycji atmosferycznej i związa-
nych modyfikacji roztworów glebowych oraz che-
mii wód strumieni w dwu zalesionych zlewniach 
w Niemczech. Zlewnia Schluchsee (Czarny Las, 
SW - Niemcy) była wystawiona na relatywnie 
niskie atmosferyczne wejścia trwające od kilku 
lat, gdy zlewnia Rotherdbach (Góry Rudawy, E 
- Niemcy) otrzymywała znaczące ilości kwaśnej 
depozycji (głównie powodowanej przez emisje 
SO2). W obu siedliskach nastąpiło zmniejszenie 
depozycji S i związanej kwasowości w ciągu lat 
90-ych, co odpowiada ogólnemu trendowi w Eu-
ropie. W następstwie malejącej depozycji atmos-
ferycznej zmalały stężenia SO4

2- w roztworach 
glebowych i w wodach strumieni w okresie badań 
1988-1998. W tym okresie poziom depozycji N 
był bardziej lub mniej stały w obu siedliskach. 
W Schluchsee stężenia NO3

- w wodach strumie-
nia pozostawały mniej lub więcej niezmienione, 
gdy w zlewni Rotherdbach zaobserwowano ich 
zmniejszenie. Zauważalna odbudowa alkaliczno-
ści została stwierdzona w roztworach glebowych, 
co wykazał wskaźnik pojemności zobojętniania 
kwasów (ANC). ANC w wodach strumieni wzra-
stał tylko w trwale zakwaszonym Rotherdbach. 
Zmianę ANC zaobserwowano w strumieniu 
Schluchsee, który charakteryzował się epizodycz-
nym zakwaszeniem podczas sytuacji wysokich 
przepływów. Analiza serii czasowej długookre-
sowych danych chemizmu wejścia i wyjścia może 
być przydatnym instrumentem w porządkowaniu 
i doskonaleniu zrozumienia powiązanych syste-
mów terestryczno-wodnych i dostarczyć pożytecz-
ne klucze dla prób modelowania.


