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Abstract. The biogeochemical input-output fluxes of two forested catchments with contrasting levels of
atmospheric deposition were investigated in Germany. This paper focuses on the effects of recent
changes in atmospheric inputs on the chemical composition in the soil solution and stream. The catch-
ment ’Schluchsee’ (Black Forest; SW Germany) is characterized by relatively low atmospheric inputs
whereas ’Rotherdbach’ (Ore Mountains; E Germany) received significant amounts of acid deposition
(mainly originating from SO, emissions) until recent years. Both sites reveal decreases in H* and S
deposition during the 1990s. This pattern is typical when compared to trends in Europe. In response to
the reduced S deposition, soil solution and streamwater SO3~ concentrations decreased significantly. A
net release of SO~ (output > input) was observed at both sites due to the release of S previously stored
in the soil. The level of N deposition was more or less constant at both sites. At Schluchsee, NO3 con-
centration in streamwater remained more or less unchanged, whereas a decrease at Rotherdbach was
observed. A recovery from acidification was found in seepage water as indicated by increasing acid
neutralizing capacity (ANC). Streamwater ANC increased only in the permanently acidified Rotherd-
bach. No change of ANC was observed in the Schluchsee stream, which was characterized by episodic
acidification during high-flow conditions. Nevertheless, the key factor controlling the recovery from
surface water acidification was the type, amount and distribution of stored S pools in the ecosystem.
Thus, time series analysis of long-term data of input-output chemistry can be a valuable instrument in
order to improve the understanding of linked terrestrial-aquatic systems and give useful clues for mod-
eling efforts.

Introduction

The biogeochemical functioning of forest ecosystems has been in the focus of re-
search since the 1970s. In this context, experimental catchments have proven to be
ideal units for studying element fluxes both on the scales of landscapes and eco-
systems (Likens et al. 1977; Swank and Crossley 1988; Hornung et al. 1990). In-
put-output budgets for a catchment can provide valuable information on the re-
sponse of linked terrestrial-aquatic systems to changing environmental conditions
(climate, air pollution) or land-management practices.
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In recent years, anthropogenic emissions of SO, and mineral dust in Central Eu-
rope and subsequently deposition of protons (H*), SO2~ and ’base cations’ (Ca*",
Mg?*, Na*, K*) have substantially decreased (Tarrasén and Schaug 1999; Stoddard
et al. 1999; Alewell et al. 2000a, 2001). In contrast, the temporal trends in N depo-
sition tend to be more complex according to the regional emission pattern produced
by industry, traffic, and agriculture. On average, 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, primarily due to varying meteorological conditions,
thus complicating the detection of time trends (Wright et al. 2001).

The potential effects of such changes in the deposition pattern have been under
debate. The extent and rapidity of the recovery of forest soils and related water
chemistry and forest ecosystems from high rates of acidic deposition depends
mainly on internal transformations. Previously-deposited SO~ has accumulated in
the soils, both in inorganic and organic forms, and can be released within an un-
known time period. A regional analysis of data from the ICP-water program has
shown an increase in alkalinity (which was defined as recovery from acidification)
in streams and lakes allover Europe as a response to the significant reduction of
sulfate deposition (Stoddard et al. 1999). This is mainly true for Northern Europe
where soils normally are very shallow. However, numerous sites in Central Europe
(with deeply developed soils) show a significant delay or even no reaction with
respect to recovery from water acidification (Alewell et al. 2000b; Evans et al.
2001). Generally, it can be stated that ecosystems with a low storage capacity react
relatively quickly to reduced S deposition with an increase in alkalinity. In con-
trast, recovery from acidification is delayed in systems where large amounts of S
have been accumulated in the soil due to the continued release of SO~ from soil
sources (Alewell 1995).

During the last quarter of the 20" century many forested regions in Europe re-
ceived elevated rates of N deposition (Wright et al. 2001). Hence it has been hy-
pothesized that an excess of N deposition may lead to N saturation’ of the forest
ecosystems. However, it is difficult to forecast when an individual ecosystem would
reach ’saturation’. In many forests, a previous massive export of organic matter
(fuelwood coppicing, litter raking etc.) had lead to gross reduction in N availability
(cf. Tamm 1991). Unfortunately, different definitions of *N saturation’ are used (cf.
Agren and Bosatta 1988, Nilsson 1986, Stoddard 1994) leading to contrasting per-
ceptions of the actual N status of the same ecosystem (cf. Feger 1993, Moldan and
Wright 1998). A commonly used definition is that "the availability of ammonium
(NH3) 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
leads to increased leaching of inorganic N (generally NO3) below the rooting zone.
Since NOfJ is a strong acid anion, it significantly contributes to acidification of soils
and surface waters (cf. 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 ter-
restrial systems will become more important for surface water acidification in the
future. A release of the strong acid anions SOZ~ and NO3 is always accompanied
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by cation leaching (Reuss and Johnson 1986). Therefore, temporal changes in SO~
and NO73 concentrations will also influence the concentrations of cations in soil
leachates and surface waters. In addition, reduced ’base cation’ deposition may
counteract the mitigation effects of reductions in S and N deposition.

Besides the varying site conditions, the deposition history should also be a key
factor controlling the response to deposition changes. The effect of changed depo-
sition during a distinct time period was examined in various manipulation experi-
ments where deposition was experimentally altered (Cummins et al. 1995; Feger
1995; Wright and van Breemen 1995). The effect of ’deposition history’ could be
studied by comparing sites which ideally differ only in deposition climate. Corre-
spondingly, in our study, we are primarily interested in: (1) the comparison of the
biogeochemical flux characteristics of two forest ecosystems with analogous soil
and bedrock conditions but contrasting deposition climate; and (2) the evaluation
of the response of soil solution and streamwater chemistry to observed changes in
deposition.

Material and methods
Site descriptions

Long-term data sets from two experimental catchments in Germany were analyzed.
According to the objectives of our study catchments should have comparable bed-
rock, soils, and vegetation cover, but differ significantly in their element inputs from
the atmosphere (Table 1). The catchment Schluchsee (47°49" N; 8°06" E) is located
in the higher altitudes of the Black Forest (SW Germany, Figure 1) with elevation
range between 1150 and 1250 m a.s.l. and an average slope of 22%. The whole
catchment is covered with managed stands of Norway spruce (Picea abies) of an
average age of 55 yrs. The natural mixed forest, dominated by beech (Fagus syl-
vatica), was replaced by monocultural spruce stands about 200 yrs ago (Feger
1993). The climate is cool and humid (Table 1). Severe symptoms of forest de-
cline, which were observed during the early 1980s, were more a result of complex
nutritional disturbances (notably acute Mg deficiency) than the direct effect of air
pollution (Feger 1997).

The catchment Rotherdbach (50°47" N; 13°43’ E) is located in the eastern Ore
Mountains (E Germany) close to the border with Czech Republic with elevation
range from 675 to 750 m a.s.l. and an average slope of 17%. A 90 yr-old managed
Norway spruce 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 notably for
mining purposes (Nebe et al. 1998). The present spruce stands are mainly 2™ to
3t generation stands since regular forestry commenced in the 19" century. Since
the 1980s, severe forest dieback has been observed in a vast area of the eastern Ore
Mountains. The damages resulted from air pollution mainly characterized by ex-
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Figure 1. Location of the two catchments in Germany.

tremely high air concentrations of SO, from local combustion of S-rich brown coal.
As a consequence of the introduction of abatement technologies in power plants
and alternate use of gas and oil for heating, the emissions of SO, and related forest
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Table 1. Characteristics of the studied catchments.

Schluchsee Rotherdbach

Investigation period * 1988-1998 1994/95-1999 ©
Location 47°49' N; 8°06" E 50°47' N; 13°43' E
Drainage area [ha] 10.98 9.43
Altitude [m a.s.l] 1150-1253 675-750
Mean slope [%] 21.9 16.7
Aspect ENE SE
Mean annual precipitation [mm] 1867 989 ©
Mean annual runoff [mm] 1381 590 ©
Mean annual air temperature 4.5 5.5
[°Cl
Vegetation Norway spruce 55 yr (100%) Norway spruce 90 yr (83%);

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

* hydrological years
® deposition 1994-1999; stream output 1995-1999
¢ period 1995-1999

damage symptoms have been decreasing considerably since 1990 (Abraham et al.
2000). The climate at Rotherdbach is also cold and humid but receives annual pre-
cipitation equivalent to only 50% of that measured at Schluchsee (Table 1).

The study catchments have a similar size (9.4 ha/11 ha) and are drained by pe-
rennial first-order streams. Schluchsee is underlain by a base-poor granite. SiO, and
Al,0; comprise 90% of the bedrock weight (Table 2). Soils are commonly loamy
sands with high gravel content up to 60%. High hydraulic conductivity throughout
the entire soil profile results into a predominant vertical water flow. Between the
mineral soil and the solid granite bedrock there is a highly permeable layer of fine
gravel from granite weathering (variable thickness up to 3 m). Thus, the soils
(Haplic podzols) are well drained and highly acidic.

The bedrock of the Rotherbach catchment consists of rhyolite with a mineral
composition similar to Schluchsee. However, there is a minor difference in Ca and
Mg contents as they are somehow higher at Rotherdbach (Table 2). Soils at
Rotherdbach are sandy loams to loams with a stone fraction of up to 70% in the
subsoil (Abiy 1998). At sites protected from erosion soils are commonly underlain
by a fossil layer of tertiary weathering material. These layers are rich in kaolinite
and form the basement of the periglacial sediments from which the soils were
formed (Nebe et al. 1998). As a result, hydraulic conductivity is lower compared to
soils at Schluchsee and lateral flow paths prevail in soil drainage.

At Rotherdbach, de-icing salts are applied to a road crossing the ridge of the
catchment during winter season (Abiy 1998, cf. Figure 1). Salts used are commonly
a mixture of NaCl and CaCl,, but unfortunately no data for applied amounts are
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Table 2. Average element composition (mass%) of the bedrock at the two study catchments.

Schluchsee Rotherdbach
"Bérhalde” granite (Brahmer 1990) "Teplitz" rhyolithe (Nebe 1964)

Sio, 75.4 75.7

Al,O, 13.6 12.9

Fe,0, 1.21 -

MgO 0.17 0.46

CaO 0.31 0.70

Na,O 3.38 2.30

K,O 5.01 5.24

TiO, 0.07 -

P,O4 0.19 0.01

available. In contrast at Schluchsee, which is located far away from traffic roads,
there is no such an influence of de-icing salts.

Even though soil formation factors are quite similar (as reflected in comparable
podzol soil types), there are distinct differences in soil chemical properties that can
be attributed to recent air pollution impacts. Soils at Schluchsee are acidic and poor
in base cations (Table 3). Values for pH (H,O) range from 3.8 in the upper mineral
soil to 4.4 in the subsoil. Base saturation is below 5% throughout the entire soil
profile. In comparison, base saturation at Rotherdbach ranges from 3% minimum
in 25-50 cm soil depth to 17% in the topsoil. This contrasting pattern clearly re-
flects higher deposition rates of base cations originating from mineral dusts (alka-
line fly ash etc.). Effective cation exchange capacity (CEC,), ranging from 35 umol,
¢! in the subsoil to 260 pmol, g=! in 20-25 cm depth, is higher as compared to
Schluchsee (Table 4). As a result of higher SO, emissions in the Ore Mountains the
contents of S, in the soil is distinctly higher at Rotherdbach. A detailed descrip-
tion of site properties is given by Armbruster (1998) for Schluchsee and by Abiy
(1998) for Rotherdbach, respectively.

Methods
Sample collection and analyses

The catchments were monitored since 1987 (Schluchsee) and 1993 (Rotherdbach),
respectively. Bulk precipitation and throughfall were collected weekly and bulked
to monthly analyses at both catchments. From 1987 to 1990 precipitation samples
were analyzed weekly at Schluchsee. Bulk precipitation was collected from refer-
ence points close to the catchments with sampling containers replicated three times
at Rotherdbach and five times at Schluchsee. Throughfall was collected at sample
plots (aprox. 50 x 50 m) within the catchment with containers replicated eight times
at Rotherdbach and ten times at Schluchsee (cf. Figure 1). Stemflow was not col-
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Table 3. Selected chemical properties of a typical soil profile at Schluchsee (Soil type: Haplic Podsol;
texture: loamy sand/sandy loam).

Horizon Depth pH C N S otal CEC, ® BS®
(cm) (H,0) mg g~! umol, g~! %

Of 4-2 3.5 443 15.0 1.54

Oh 2-0 34 238 8.7 0.85

Ahe 0-30 3.8 24 1.7 0.14 71 3.7

Bsh 3040 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 44 5 0.4 0.03 20 4.1

2 effective cation exchange capacity (0.5 M NH,CI)
® base saturation

Table 4. Selected chemical properties of a typical soil profile at Rotherdbach (Soil type: Cambic Pod-
sol; texture: sandy loam/loam).

Horizon Depth pH C N S toral CEC, * BS®
(cm) (H,0) mg g~ umol, g~! %

Of 4.9 433 20.0 291

Oh 4.1 399 14.5 2.24

Ahe 0-5 39 45 nd ¢ 0.24 128 17.4
Ae 5-20 4.0 21 nd ¢ 0.11 79 11.5
Bh 20-25 3.8 66 nd ¢ 0.44 260 43
Bsl 25-50 4.3 56 nd ¢ 0.46 107 3.0
Bs2 50-80 4.4 30 nd ¢ 0.26 70 42
Cv 80-125 4.6 5 nd ¢ 0.33 35 7.9

# effective cation exchange capacity (0.5 M NH,CI)
® base saturation
¢ nd = not detected

lected because this hydrologic component in Norway spruce stands comprises nor-
mally only 1 to 2% of canopy throughfall (Mitscherlich 1981). Simultaneously, soil
leachates were collected on the same sample plots (weekly to fortnightly at Schluch-
see and monthly at Rotherdbach) Soil water was collected from three depths (be-
neath the forest floor and at 30 cm and 80 cm in the mineral soil) at Schluchsee,
and 6 depths (beneath the forest floor and at 10 cm, 20 cm, 40 cm, 60 cm and 80
cm in the mineral soil) at Rotherdbach using tension plate lysimeters and cups, re-
spectively. Discharge was recorded permanently at V-notch weirs. Streamwater
samples were taken weekly (Schluchsee) and monthly (Rotherdbach), respectively.

Specific electrical conductivity and pH-value were determined in the laboratory
directly after sample collection. Samples for chemical analysis were filtered through
0.45 um membrane filters. The anions C1~, NO3 and SO3~ were analyzed by ion
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chromatography at Schluchsee and flow injection analysis (FIA) and atomic adsorp-
tion with inductively coupled plasma (ICP) for S at Rotherdbach. Ammonium was
determined photometrically. Cation elements Na, K, Ca, Mg, Al, Mn and Fe were
measured by means of ICP (Rotherdbach) and AAS (Schluchsee), respectively. At
Schluchsee, Al was fractionated with the cation exchange column percolation
method developed by Discroll (1984). For Rotherdbach there were no Al specia-
tion data available. Therefore, Al** calculated from Al measured with ICP will
be an overestimation of real values. Acid neutralizing capacity (ANC) was calcu-
lated according to Reuss and Johnson (1986) and van Miegroet (1994) from the
charge balance:

ANC=[Na*]+[K*]+2[Ca®?*]+2[Mg*>*]+[NH,*]—[Cl~]—[NO;]
—2[SO3% ™~ J[umol’]

Analytical methods are described in detail by Feger (1993) for Schluchsee and
Langusch (1995) for Rotherdbach, respectively.

Calculation of total deposition

Estimating the total atmospheric deposition to forest ecosystems and its separation
from wet deposition is still a problem (Marques 1999). A common approach, which
was also used in our study, is the *canopy budget model’ proposed by Ulrich (1983,
1991). This model, which compares open-land bulk deposition and throughfall, is
mainly based on the assumption that Na does not interact with the canopy (no
leaching, no uptake) and thus can act as an ’tracer’ for *dry’ deposition. Dry depo-
sition of an individual element is calculated from the canopy throughfall flux by
means of the ratio Na, o, enfu/Napu- However, this implies that total deposition of
other elements behave similar to Na. The application of the ’canopy budget model’
and specific extensions for our sites are described and critically discussed by Brah-
mer (1990) and Armbruster (1998) for Schluchsee and Abiy (1998) for Rotherd-
bach, respectively.

Time series analyses

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 given data set. Typi-
cal systematic patterns in time series are seasonal fluctuations and overlaying
trends. In our study, a summation time series model was used to analyze and to
describe time series consisting both of deposition and solution chemistry data
(Equation 1). The trend component, which is the special emphasis in our study, was
calculated by using a seasonal, multiple regression model (Flieger and Toutenburg
1995), (Equation 2). Furthermore, dependence of deposition and solution chemistry
on water flux was included in the regression. Unfortunately, water flux data for
seepage water were not available for Rotherdbach. As a result, the model included
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only ’seasonal variation’ and ’long-term trend’ components for soil water at
Rotherdbach. Monthly element inputs (g ha=' month~") were taken for the analysis
of deposition trends (bulk precipitation, throughfall). For time series analysis of soil
leachates and streamwater, we took concentration data. The temporal resolution for
the analysis in streamwater and soil water was selected according to temporal reso-
lution of measurements (monthly at Rotherdbach; fortnightly for soil water at
Schluchsee; weekly for streamwater at Schluchsee). Normal distribution of regres-
sion residual was checked by comparing standardized residuals with normal distri-
bution and cumulative probabilities. Auto-correlation of residuals was checked
through computing the Dubin-Watson coefficient. Data points with residuals greater
than 3 standard derivations were replaced by smoothed data (linear interpolation)
to improve normal distribution of residuals and reliability of trend component (cf.
Flieger and Toutenburg 1995). The significance threshold for the trend component
was set to p < 0.05. All statistical analyses were performed with SPSS for Win-
dows 10.0. Details of the statistical analysis are given in Armbruster (1998).

x,=s,+tq,+1, M

X, = observed value of time series at time t
s, = seasonal component of time series

q, = component related to water flux

t, = trend component of time series

x(t) = s(t) + axq(t) + bxt 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

Results
Solute chemistry

Going through the various ecosystem strata, significant changes in hydrochemical
composition can be seen in both catchments (Figure 2). Bulk precipitation, through-
fall and streamwater concentrations are volume-weighted means, and seepage wa-
ters are arithmetic means. Organic anions (Org™) are calculated numbers represent-
ing ion deficits derived from the charge balance. In both catchments, throughfall
concentrations were higher than in bulk precipitation. At Schluchsee (Figure 2a)
the leachates beneath the O-layer revealed the highest total ion concentrations, with
Org~ being the dominating anion. In all mineral soil depths and the streamwater,
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SO3~ was the dominant anion. With increasing soil depth the percentage of protons
(H*) decreased while A1** increased. Comparing seepage water at 80 cm depth with
streamwater revealed an increase in Na* and Ca®** and a decrease in AlI’*. At
Rotherdbach (Figure 2b) SO3~ clearly predominated both in the O-layer and the
mineral soil with AI** (calculated from Al,,) being the major cation in the mineral
soil. An increase of Al** concentrations with soil depth can be seen. The highest
solute concentration at Rotherdbach occurred in 80 cm mineral soil depth. Notably,
SO3~ concentrations increased from 60 cm to 80 cm mineral soil depth. Similar to
Schluchsee, a marked increase in Na* and Ca>* also occurred from 80 cm soil depth
to streamwater at Rotherdbach. Nevertheless, Al** still dominated the cation com-
position (28% of cation sum; whereas at Schluchsee: only 6%).

Streamwater patterns

In both catchments, SO2~ was the dominant ion in streamwater (Figures 3 and 4).
The major base cation was Na* at Schiuchsee and Ca** at Rotherdbach. At Schluch-
see, streamwater pH varied between 4.6 and 7.1, and ANC between —55 and 109
umol 17! (Figure 3; Table 5). In contrast, pH-values in the Rotherdbach stream var-
ied between 4.2 and 4.7 and ANC between —524 and —79 pymol 17! (Figure 4; Table
5). As a consequence, streamwater in the Rotherdbach catchment was character-
ized by elevated concentrations of Al (1.3-4.2 mg 17").

Streamwater chemistry at both sites was characterized by distinct temporal vari-
ations (Figures 3 and 4). At Schluchsee, Na* and Al (total Al) concentrations and
ANC were strongly related to discharge (data not shown here, cf. Brahmer 1990,
Armbruster 1998). This relationship was less pronounced at Rotherdbach. Compar-
ing average concentrations of all samples with samples collected at high discharge
rates exhibits the fact that the acidification status in the Schluchsee stream depended
on water flow (Table 5). At high discharge rates the concentrations of Na* decreased
whereas H*, NO3 and Al concentrations showed distinct increases. This led to
negative ANC values at high discharge rates at Schluchsee whereas average ANC
was slightly positive. This episodic acidification during high-flow conditions was
primarily due to the mobilization of NO3 (Armbruster et al. 2000). In the Rotherd-
bach catchment the relationship between acidification status and discharge was less
pronounced. In contrast to the episodically acid Schluchsee stream, the stream in
the Rotherdbach catchment could therefore be characterized as ’permanently acid’.

Input-output fluxes

Evapotranspiration (bulk precipitation minus stream output) was 490 mm at
Schluchsee and 430 mm at Rotherdbach (Table 6). At Schluchsee, 66% of evapo-
transpiration was attributed to interception whereas 44% of evapotranspiration was
attributed to interception at Rotherdbach.

Open land bulk deposition (BD) of the two sites was comparable for most ele-
ments. The lower input rates in Na* and Cl~ at Rotherdbach are typical for the
more continental-type climate in the Ore Mountains. Total N and SO2~ in bulk
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Figure 3. Temporal patterns in streamwater concentrations (Schluchsee catchment; year numbers cor-
respond to hydrological years).

deposition were higher at Rotherdbach. Throughfall fluxes and total deposition
fluxes (TDP) at the two sites differed significantly for all elements. Dry deposition
(TDP - BD) is 10 to 20% of TDP at Schluchsee and thus played only a minor role.
In contrast, TDP was controlled by increased fluxes of H* and SO?{ at Rotherd-
bach. For other components, 50% of the total deposition resulted from dry depo-
sition. The fluxes of the conservative tracer Cl~ through the entire system were
nearly equal at Schluchsee indicating plausible water fluxes in this catchment. In
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the Rotherdbach catchment however, a negative C1~ budget can be seen which was
due to the use of de-icing salts.

Both sites demonstrated a net release of SO2Z™. Average output fluxes with
streamwater at both sites were approximately twice as high as input with total
deposition. Calculation of net release (stream output minus total deposition) led to
an average S net release of 8 kg ha=™' yr=' from Schiuchsee and 34 kg ha=' yr~!
from Rotherdbach.
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Table 5. Statistical analysis of streamwater chemistry in the two catchments studied (year numbers re-
present hydrological years).

Schluchsee (1988-1998) Rotherdbach (1995-1999)
min. max. mean ® mean hd ® min. max. mean ® mean hd ®
n=554 n=119 n=64 n=13

pH 4.59 7.09 5.27 5.09 4.19 4.70 431 4.30
H* pumol, 17" <0.1 25.7 54 8.1 20.0 64.6 49.2 49.6
NH} pmol 17! <1 4 <1 <1 <1 7 2 1
Na* pmol_ 17! 22 127 61 49 70 257 169 143
K* pmol_ 17! 7 58 14 14 22 92 58 58
Ca** pmol, 17! 21 81 50 49 248 419 344 337
Mg**  umol_ 17! 8 24 14 14 134 250 201 196
NO3 umol 17! 11 91 37 41 50 213 136 136
SO%- pmol 17! 52 125 75 77 434 989 749 763
Cl- pmol_ 17! 11 43 19 19 108 354 219 177
Al pg 17! 10 668 303 412 1319 4229 2709 2806
Mn,, pgl™! <1 52 21 29 144 323 247 252
Fe,, pg 17! <1 38 9 11 <1 210 38 30
DOC Mg 17! <0.1 5.8 14 1.6 3.6 5.7 4.6 4.8
ANC pumol 17! =55 109 8 -11 -524 =79 -331 =341
3 BC ¢ umol, 17! 90 209 138 126 498 960 771 735

* volume-weighted mean

® volume-weighted mean at high discharge (samples collected at upper 20% of discharge: Schluchsee
discharge rate > 7.1 1 s!; Rotherdbach discharge rate > 2.9 1 s7")

¢ sum of "base cations” ([Na*] + [K*] + [Ca>*] + [Mg>*])

Both sites were characterized by a net retention of N (Schluchsee: 4
kg ha=! yr=!' N; Rotherdbach: 15 kg ha™' yr=' N). According to the higher output
of the anions Cl~-, NO3 and SO3~ output rates of ’base cations’ (Na*, K*, Ca**,
Mg?*) and Al,,, were markedly higher at Rotherdbach as compared to Schluchsee.
At Schluchsee, approximately 50% of Al in streamwater consisted of inorganic
AI** as a result of Al speciation (Prietzel and Feger 1996; Armbruster 1998). How-
ever, according to the given solution chemistry it is plausible that the overwhelm-
ing portion of Al in the Rotherdbach stream consisted of Al** ions.

tot

Temporal development of element fluxes and concentrations

Deposition

Temporal trends in deposition revealed significant decreases in bulk deposition and
throughfall for SO~ at both sites during the 1990s (Table 7, Figure 5). In Figure 6,
the results from time series analysis are presented for SO2~. Calculated annual de-
creases in SO3~ were roughly 10 times higher at Rotherdbach as compared to
Schluchsee. Measured S depositon in throughfall (which can be assumed as TDP)
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Table 6. Average values of water and element fluxes with bulk deposition (BD) throughfall (TF), total
deposition (TDP) and stream output (SO). All fluxes in kg ha=' yr~!' (year numbers represent hydro-
logical years).

Schluchsee (1988-1998) Roterdbach (1995-1999)

BD TF TDP SO BD TF TDP SO
Water [mm] 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 4.7 212 23 4.6 4.6 26.6
K* 2.1 13.3 24 7.8 1.0 14.6 2.0 133
Ca®* 3.9 6.1 4.6 13.6 3.5 13.6 7.0 41.3
Mg>* 0.7 1.1 0.8 2.2 1.3 4.0 2.6 14.5
NHZ-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
N * 9.5 8.9 112 7.0 13.1 20.1 26.2 11.1
NOF 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
Al 0.16 0.25 0.20 33 0.26 0.98 0.52 14.9
Mn,, 0.06 0.41 0.07 0.23 0.05 0.35 0.10 1.40
Fe o, 0.10 0.14 0.12 0.11 0.14 0.47 0.28 0.41
DOC 214 57.0 18.9 26.8
* Nyt = NH;-N + NO3-N

® Rotherdbach measured as S, (SO3°-S + S

tot urg)

at Rotherdbach decreased from 46 kg ha™ yr~' in the hydrological year 1994 to 23
kg ha=! yr=' in 1999 (Figure 5). In contrast, summing-up the estimated annual de-
crease provided by application of the time series model (2.6 kg ha=" yr=!; Table 7)
over the total 6-yrs-period resulted in a decrease of 16 kg ha='. The absolute de-
cline in S deposition was much lower at Schluchsee due to the lower deposition
rates. Measured S throughfall deposition declined from 12 kg ha™' yr~" in 1988 to
5.6 kg ha™! yr~!' in 1998 (Figure 5). The yearly decrease in S deposition calculated
from the time series (0.28 kg ha™! yr™!; Table 7) model can be summed-up to 3.1
kg ha™! for the total 11 yr period 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 (cf. Table 6). A significant decrease in through-
fall was observed only at Schluchsee. Ca** and Mg>* deposition in bulk deposition
and throughfall also decreased significantly at Schluchsee. Magnesium deposition
decreased only slightly (0.02 kg ha=' yr~!; average throughfall deposition: 1.1
kg ha™!' yr~!; cf. Table 6). In contrast at Rotherdbach, Ca** decreased by 0.2
kg ha™! yr~! in bulk deposition and 0.46 kg ha™' yr~! in throughfall. Time series
analysis with the Rotherdbach data yielded no significant decrease in Mg>* depo-
sition.
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Figure 5. Annual throughfall deposition (kg ha=! yr~!) of both catchments. X-scale units represent hy-
drological years.

Soil solution and streamwater

In Table 8 the results from time series analysis using ion concentrations in seepage
water and streamwater in the Schluchsee catchment are presented. In Figure 7, the
predictions from the time series model are compared with actual measurements for
SO~ and sum of ’base cations’. The decreasing SO3~ deposition resulted in re-
duced concentrations in soil and streamwater. The calculated decrease in SO3~ was
lower in streamwater (1 pmol_ 17" yr™') compared to seepage water (2.4-2.7 umol
17! yr~"). However, the temporal trend for ’base cations’ was not uniform for all
individual elements. Only Ca** and Mg?* concentrations decreased significantly in
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Table 7. Trends in bulk deposition (BD) and throughfall (TF) of study sites. All numbers are annual
trends in g ha™' yr~!' (year numbers represent hydrological years).

H* Ca?* Mg?* S02--8 Ny @

tot

trend p r? tend p r trend p T trend p T trend p r

Schluchsee (1988-1998)
BD ns ®° 053 82 ** 029 -16 #** (053 -88 * 046 -103 * 0.61
TF =5 % 049 -132 ** 037 -18 ** 040 =281 *** 0.50 -166 ** 0.46
Rotherdbach (1994-1999)
BD =37 ** 019 -181 ** 0.29 ns® 019 983 *  0.65 54 ** 054
TF -116 *** 044 -455 * 0.32 ns ® 038 -2621 ** 0.50 ns ® 030

*p <0.05; ¥ p < 0.01; **¥* p < 0.001
4N, = NH:-N + NO3-N
® ns = not significant

all compartments. In contrast, Na* showed a significant increase in 30 cm seepage
water whereas no trend was detected in other compartments. Potassium decreased
in 30 cm seepage water whereas an increase in streamwater was noted. The sum of
"base cations’ (3BC) decreased in all compartments. Similarly, concentrations of
Al ,, Mn,, and sum of strong acid anions (%A) declined in all compartments. As a
result of larger decreases of 3 A than ZBC in soil leachates, ANC increased signifi-
cantly. In contrast to soil solution, streamwater ANC was not significantly altered.
The application of the time series model to subsoil leachates (80 cm) does not fit
with the measured concentrations of some solutes (Na*, K*, NO3). In these cases
model r? (indicating the part of data variability explained by model) is very low
and, as a consequence, probability of the time series model is lower than 0.05. In
most cases model r? is higher in streamwater than in soil leachates.

The decreases in SO~ concentrations were more pronounced at Rotherdbach as
compared to Schluchsee (Table 9, Figure 8). Decreases in seepage water (55-68
pumol . 17" yr~!) were somewhat higher than in streamwater (41 umol, 17" yr™").
The temporal trend for ’base cations’ at Rotherdbach is significant only for Ca?*
concentrations in all compartments. Correspondingly, the sum of ’base cations’
(2BC) is reduced. Only the seepage in 80 cm soil depth (characterized by the low-
est Ca* decrease) failed to show a significant trend in BC concentrations. Nitrate
and Al,, concentrations also declined significantly in all monitored compartments
in the Rotherdbach catchment. ANC increased significantly 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 streamwater
clearly differed at the two study sites (Figure 9). At Schluchsee, which is charac-
terized by a decreasing N deposition (Table 7), a slight increase in streamwater NO3
occurred (Figure 9a). At Rotherdbach, N deposition decreased only slightly in bulk
deposition (Table 7) whereas a strong decrease in streamwater NO3 concentration
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Figure 7. Comparison between measured and predicted (time series model) values of SO3~ and "base
cations’ ([Na*] + [K*] + [Ca®*] + [Mg>*]) concentrations in soil leachates and streamwater (Schluchsee
catchment).

was observed (Figure 9b). At Rotherdbach the seasonal variability of streamwater
NO3 was less pronounced as compared to Schluchsee.

Discussion

In our study, we used a seasonal, multiple regression model (SMRM) for the de-
termination of temporal trends. Compared with other statistical methods for time
trend analysis of seasonally fluctuating water quality data (Seasonal Kendall test
(SKT): Hirsch et al. 1982, Hirsch and Slack 1984) the SMRM requires attention
with regard to normality, data quality and serial correlation. As an advantage, model
predictions and measured data can be compared, and the statistical significance of
the trend component and the percentage of variability explained by the model are
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Table 8. Annual concentration trends in streamwater and in leachates from selected soil depths in the
Schluchsee catchment.

seepage water ¢ streamwater
11/1987-10/1998 30 cm depth 80 cm depth

trend P r? Trend p 2 trend P r?
H* (umol, 171 +2.9 Ak 0.23 +0.7 ok 0.16 -0.04 o 0.80
NH; (umol, 171 Ns 0.14 ns 0.14 @
Na* (umol 171 +0.5 o 0.36 @ ns 0.70
K* (umol_ 17 -0.6 Ak 0.10 B +0.1 ok 0.25
Ca’* (umol_ 171) -1.0 Ak 0.50 -0.5 * 0.16 -1.0 ok 0.25
Mg?* (umol, 171 -0.4 Ak 0.29 -0.9 ok 0.48 0.1 ok 0.36
NO3 (umol, 171 -1.4 Ak 0.33 @ +0.3 ok 0.60
SO3- (umol_ 171 2.4 A 0.18 =2.7 o 0.29 -1.0 o 0.54
Cl- (umol_ 171) +0.6 * 0.14 ns 0.25 +0.2 Ak 0.22
Al (ug 1Y -25.1 oAk 030 -16.0 * 0.19 -3.6 ok 0.81
Mn,, (ug 17H -1.6 Ak 0.45 -1.6 ok 0.29 -0.5 ok 0.76
Fe,, (ug 17H ns 0.32 -0.3 * 0.13 +0.2 ok 0.24
DOC (mg 17" +0.8 A 0.59 +0.3 o 0.39 +0.1 o 0.37
ANC (umol 171) +1.7 wE 0.22 +2.4 ok 0.33 ns 0.68
3BC ® (umol_ 171) -1.6 Ak 0.27 -1.2 * 0.12 -0.7 Ak 0.51
SA ¢ (umol_ 171) 22 Ak 0.19 —4.6 o 024 -03 * 0.65

% p < 0.001; ** p < 0.01; * p < 0.05; ns not significant
* model not significant

® sum of ’base’ cations ([Na*] + [K*] + [Ca*>*] + [Mg>*])
¢ sum of strong acid anions ([C17] + [NO3] + [SO37])

4 s0il water only measured until October 1997

calculated. Furthermore, a flow adjustment of concentrations (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. How-
ever, SMRM like SKT is only able to detect monotonic trends within time series.
Comparison of temporal trends determined with differing methods is not completely
possible. As a consequence, trends for the Schluchsee site which were presented
earlier 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 clear evidence for a significant decrease in recent S deposi-
tion at both sites. A net release of SO3~ is observed at both sites when comparing
SO3~ input with output on average or yearly basis. This net release can be caused
by four major processes (i) desorption of inorganic SO3~, (ii) oxidation of reduced
S species, (iii) excess mineralization of organically bound S (mineralization > im-
mobilization and uptake) and (iv) weathering of S-containing minerals (Prechtel et
al. 2001). However, the influence of the weathering of S-containing minerals and
the oxidation of reduced S species is minimal at our two sites. It is quite clear that
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Figure 8. Comparison between measured and predicted (time series model) values of SO3~ and ’base
cations’ ([Na*] + [K*] + [Ca**] + [Mg>*]) concentrations in soil leachates and streamwater (Rotherd-
bach catchment).

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. Excess mineralization of organic S must be consid-
ered at Schluchsee. At this site, the major part of the S pool in the soil is organi-
cally bound (90% of S pool, cf. Prietzel (1998)). In addition, stable isotope inves-
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Table 9. Annual concentration trends in streamwater and in leachates from selected soil depths in the
Rotherdbach catchment.

seepage water streamwater

11/1994-10/1999 30 cm depth 60 cm depth 80 c¢cm depth

2

trend p r trend p T trend p r trend p r?

H* (pmolc 1—1) a a a a
NH  (umol, 17") 2 2 a 2
Na* (umol_ 17 455 #*k 040 @ @ =51 * 0.56
K+ (pmolc 1—1) a a a a
Ca?*  (umol, 17") -24.6 *** 047 -11.6 *** (.72 -8.0 ¥+ 046 -24.7 *FF (038
Mg?*  (umol, 17") @ —6.3 *** 046 @ 49 * 0.12

NO3;  (umol 17") —6.3 ** 043 -39 * 0.27 9.0 % 049 -174 *% 0.73
SO%~  (umol 17") =59.6 *#* 030 -68.0 *** (058 —55.1 ** 028 -41.2 #*** 041

Cl- (umol 171 ns 024 @ a =92 *® 0.77
Al (ug 1Y b =559  *¥* 0.64 —-667  *F* 034 -290 (.58
Mn,, (ugl™) 4.1 * 0.23 B ns 042 -142 **F 0.46
Fe,, (ugl™ ns 0.22 a a ns  0.19
DOC (mgl™) @ ns 0.38 -0.9 #FF 0.52 ns 027
ANC  (umol 17")  +45.8 #** (033 +457.0 **= (.52 +59.9 *#% (035 4445 #**x (.61
SBC® (umol, 17') -26.1 ** 031 -18.4 #*** 045 ns 0.19 -232 ** 029

A (umol, 17') -67.6 ** 0.38 =764 #*x 060 -62.5 ** 034 —67.8 *** (.50

% p < 0.001; ** p <0.01; * p < 0.05; ns not significant
* model not significant

® sum of ’base’ cations ([Na*] + [K*] + [Ca*>*] + [Mg>*])
¢ sum of strong acid anions ([C17] + [NO3] + [SO37])

tigations at this site yielded clear evidence for the key role of organic S mineral-
ization as an important source for streamwater SO2~ (Mayer et al. 1995). In con-
trast, at Rotherdbach about 60% of the S pool is inorganically bound (Prietzel pers.
comm.). As a consequence, observed net releases of SO~ at Rotherdbach should
mainly be the result of a remobilization from previously stored inorganic S. At the
moment however, it is not clear what process (e.g., desorption, dissolution of min-
eral phases (AI(OH)SO, type)) is behind that phenomenon. Furthermore, at both
sites the decease in S deposition has resulted in distinct decreases of SO~ concen-
trations in soil leachates and streamwater. Comparing the decrease in SO~ con-
centrations in the deeper seepage (80 cm soil depth) with the decrease in stream-
water a higher trend is observed in the soil seepage at both sites. In addition to the
mineral soil, the weathered substrata appear also to contain considerable amounts
of adsorbed SO?Z in both catchments. The importance of SO2~ stored in the weath-
ering zone below the rooted soils with respect to the release of S to the streamwa-
ter and groundwater was outlined recently by Manderscheid et al. (2000). Besides
the influence of decreased S input at Schluchsee an influence of the large organic S
pool should be considered, too. It is quite possible that organic mineralization rates
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Figure 9. Temporal patterns of NO3 concentrations in streamwater. Comparison between measured and
predicted (time series model) values (a) Schluchsee catchment; (b) Rotherdbach catchment.

are not constant during the whole investigation period. A temporal trend in factors
supposed to control mineralization (e.g., temperature, moisture) would also influ-
ence time trends, but the factors controlling S-mineralization are not yet clear.

N deposition at Schluchsee and Rotherdbach displayed a slightly decreasing
trend with regional-scale trends in Europe (cf. Wright et al. 2001). Surprisingly, the
Schluchsee site, where N deposition diminishes 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). Ac-
cording to time series data (Figure 9a), NO3 concentrations started to increase with
the hydrological year 1997. This pattern may represent the complex result of a sig-
nificant snow break event, which damaged a large number of trees during the win-
ter season 1996/97 (cf. Fink et al. 1999). In contrast, at Rotherdbach, N deposition
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remained more or less constant. Nevertheless, a large decrease of streamwater NO3
concentrations was observed. This temporal pattern is not explained by changes in
climate or management practices. An explanation could be that the effective reduc-
tion of acidic deposition and notably SO, concentrations in the ambient air at this
formerly highly impacted site have resulted in an increased vitality of the forest
ecosystem. This could have resulted in an improved capability for N retention. A
long-term change in NO73 streamwater concentrations is also observed at the Lange
Bramke catchment in the Harz Mountains (N Germany). After an increase up to the
1980s NOj3 concentrations decreased again in the 1990s (Wright et al. 2001). On a
regional scale an unexplained extensive decrease of NOjJ in streamwater during the
1990s is reported for the Czech Republic (Vesely et al. 2002). Until now a clear
explanation for such trends (which appear to be contradictory to the hypothesis of
a gradual loss of N retention capacity) is lacking.

Compared to the relatively low N deposition (11 kg ha™' yr™'), the N output
with streamwater at Schluchsee was surprisingly high (7 kg ha™! yr=!). This site
should therefore be characterized as N saturated’ or ’partly N saturated’ depending
on definition. According to the definition of Stoddard (1994), which uses changes
in the seasonal and long-term pattern of surface water concentrations, Schluchsee
would be in ’stage 2’ (annual N cycle dominated by N loss). However, Feger (1993)
ascribed the elevated NOj3 losses with streamwater at Schluchsee mainly to micro-
bial turnover of relic subsoil humus pools originating from the former deep-rooting
beech-fir stand. In contrast to the present stand consisting of planted shallow-root-
ing Norway spruce, the natural beech-fir forests in the Black Forest are character-
ized by an abundance of fine roots in the mineral soil. As a consequence, N leach-
ing from forests where mixed stands have formerly been converted into monocul-
tural spruce is elevated due to an imbalance’ between mineralization and uptake of
N in the mineral soil (cf. Kreutzer 1994). This underlines that land-use history is an
important issue in understanding the spatial patterns and time trends related to N
cycling in forested ecosystems (cf. Tamm 1991). At Rotherdbach, NO3 concentra-
tions in streamwater exceeded 50 pmol 17" during the entire study period (cf. Table
5). Also a coherent 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 vegeta-
tion and microbes) are much reduced in this stage. With respect to the formerly
high impact of SO, and the effective recovery of forest stands one may postulate
that in future years this site may come back to ’stage 2’.

Temporal changes in the leaching of anions NO3 and SO2~ have strong effects
on cation losses. As a consequence, concentrations of XBC and Al,, in streamwa-
ter also decreased in our study. In addition, deposition of ’base cations’ (mainly
Ca) has decreased in parallel to SO~ at both sites. This may counteract the revers-
ibility of water acidification (cf. Meesenburg et al. 1995, Evans et al. 2001). How-
ever, concentrations of strong acid anions in seepage water decreased more than
that of base cations. As a consequence, seepage water ANC increased significantly.
Therefore, ’base cation’ deposition decrease did not offset the decreases in S (N)
deposition. In the stream in the Schluchsee catchment, there was no significant

1
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change in ANC. One reason for this could be the remobilization of SO3~ stored 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 in streamwater. This is in contrast to Rotherdbach
where streamwater ANC clearly increased. Also at this site a remobilization of SO3~
in the deeper weathering zone (potentially counteracting the recovery from acidi-
fication) can be postulated. Streamwater NO7 concentration distinctly decreased at
Rotherdbach leading to the observed ANC increase.

Conclusions

Both sites demonstrated typical decreases in proton and S deposition which is con-
sistent with European-scale trends. Differences in the absolute extent of such
changes appear to reflect deposition history. At both sites, the observed reduction
in deposition inputs resulted in a recovery of water from acidification. The key fac-
tor for the extent and temporal dimension of recovery is the type, amount and dis-
tribution of stored S pools in the ecosystem. Furthermore, our results indicate that
site-specific conditions such as land-use history and hydrologic pathways are im-
portant contributing factors. This is especially true with regard to the N cycling
pattern. Thus, the identification and prognosis of "N saturation” is still highly un-
certain. Coupling with other approaches, time series analysis of long-term ecosys-
tem 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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