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Abstract

The forest ecosystem in the Forellenbach area of the Bavarian Forest National Park has been monitored with-
in the framework of the UN/ECE Integrated Monitoring Programme since 1990. Hydrological and hydro-
chemical characteristics of the area are quantified by water and element budgets for 1992 to 1995. Element
budgets for the ecosystems of beech and spruce stands (B1 and F1 plots, respectively) showed high net loss-
es of SO,-S from soils of 11-12 kg ha'a. This reduction in the amount of stored sulphate will retard improve-
ment of the quality of the soil water. Acid input into the soil is buffered by the release of Al (10 kg ha'a®),
which occupies most of the ion exchange sites in mineral soils, and is neutralized by the products of silicate
weathering in the regolith. On a catchment scale, net export of acidity in the form of Al complexes is low,
while sulphur input and output are balanced. Ninety percent of the total acid load from atmospheric deposi-
tion and internal sources is buffered by the release of basic cations (2.2 kmol, ha'a"'). Nitrogen budgets
showed a net retention of about 10 kg ha'a’. Net N accumulation in beech (12 kg ha'a") and spruce ecosys-
tems (9.2 kg ha'a?) equals the annual net accumulation of standing biomass. Organic matter in the soil is
considered to be the probable nitrogen sink. In contrast to beech plot B1, N losses in spruce plot F1 and the
Forellenbach area as a whole accounts for about 40 % of the calculated total N deposition, indicating N sat-
uration of the ecosystem.
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Introduction

Work began in the Forellenbach area in 1990 within the scope of the UN/ECE Integrated
Monitoring Programme on Long-Range Transboundary Air Pollution Effects on Ecosystems.
The purpose of this international programme is to document the present state of ecosystems
and the changes caused by anthropogenic impacts, such as atmospheric contaminants, climate
change, and changes in insolation (EDC 1993). These objectives require long-term observa-
tion of physico-chemical parameters and of biotic components of ecosystems that point to
environmental changes. The Bayerische Landesanstalt fiir Wald und Forstwirtschaft (Bavari-
an State Institute of Forestry) was commissioned by the Umweltbundesamt (Federal Environ-
mental Agency) with conducting the scientific programme in the Forellenbach area between
1990 and 1996. Since 1997, the Institut fiir Bioklimatologie (Bioclimatology Institute) of the
University of Géttingen has been responsible for the programme.



The hydrological and hydrochemical characteristics of the Forellenbach area and estimates
of water and solute budgets are presented in this paper. These budgets are for the hydrologi-
cal years 1992 to 1995. The increasing death of spruce stands (NUsLEIN & Faist 1998) due to
infestation by the bark beetle (Ips typographus L.) since 1996 has caused drastic changes in
the vegetation cover that significantly influence input, cycling and output of dissolved sub-
stances (BEUDERT, in prep.).

Site description

The Forellenbach experimental area (0.69 km?), located on a hillside in the Bavarian Forest
National Park (gauging station: 48°5°38”N, 13°25'26"'E), is a representative transect through
the main forest types of this part of the Bavarian Forest. This transect is 2.9 km long with
elevations between 787 and 1292 m. Mean elevation and inclination are 888 m and 12 %;
69 % of the area has a moderate slope (3-8 %).

The bedrock consists of coarse granite (Alterer Finsterauer Kristallgranit) of Carboniferous
age. The lower elevations of the study area (58 %) are covered by sandy-loamy Dystric and
Podzolic Cambisols 60-100 cm deep on periglacial deposits. At higher elevations, in the more
eroded parts of the study area, these soils are associated with Rankers and Lithosols. Hydro-
morphic soils (30 % of the area) are found around springs and on solifluction sediments
whose bottom layers are compacted. Mineral soils are acidified, they have a pHy, of 3.1 in
the topsoil layers and pHy(, 4.0 at 45 cm depth and show low percent of base saturation and
high degree of Al saturation (< 10 % and 80-95 %, respectively).

In 1990, forest covered 95 % of the Forellenbach area. The stand is dominated by 100-year
old Picea abies (Norway spruce, 69 %) and about 70-year old Fagus sylvatica (European
beech) with small amounts of Acer pseudoplatanus (sycamore maple). By 1997 the areal ex-
tent of the spruce stands had fallen to about 55 % (Faist 1998).

High annual precipitation rates (mean: 1319 mm), abundant snow cover, and comparative-
ly low mean annual temperatures (5.6 °C) are characteristic of the climatic conditions (1972-
1991, LaNG & STrUNZ 1993) recorded at the official weather station in Waldhéuser (945 m
elevation), about 3.5 km east of the Forellenbach area. The ambient air concentrations of SO,
and NO, are relatively low. From 1991 to 1997 the annual means varied between 0.9 and
2.6 pg m? (SO,) and between 3.7 and 5.2 ug m? (NO,). The mean volume-weighted pH was
4.5 in the precipitation and 4.6 and 4.3 in the stand deposition on the B1 beech plot and the
F1 spruce plot, respectively. The soil solutions at the lower boundary of the forest ecosystems
(defined for the purposes of this programme to be at a depth of 100 cm) have pH values low-
er than 4.8. The most important jons in the soil water are Al complexes and SO,>. The runoff
water (Forellenbach), however, is dominated by basic cations (e.g., Na* and Ca®) and HCOy,
the median pH is 6.5.

Water and element fluxes are monitored on subplots (each 0.24 ha) in the spruce stand F1
(0.5 ha) and the beech stand B1 (0.5 ha), both growing on Dystric Cambisols, tending in some
places to Podsolic Cambisols, in the lower parts of the study area (slopes < 5 %). In 1995, the
spruce stand (about 110 years old, at 815 m elevation) had a timber volume over bark of
920 m* ha'. The periodical volume growth increment of spruce of 7.3% (= 12.6 m?® ha'a™)
between 1990 and 1995 was consistent with standard yield tables. The beech stand (about
87 years old, at 820 m elevation) showed a periodical volume increment of 18.9 %
(= 8.4 m’ ha'a™) that was much higher than could be expected from yield tables (13.1 to
16.6 %). A group of spruce contributed 120 m?® ha' (= 31 %) to the total timber volume over
bark of 383 m? ha'. For more detailed site data, see BEUDERT et al. (1994, 1997).



Methods

The locations of the field stations and monitored forest stands are shown on the map
(Fig. 1). The scientific subprogrammes conducted at each location are also indicated. Field
and laboratory methods recommended in the official programme manual (EDC 1993) were
used in order to obtain results that are comparable with results obtained in the other
countries participating in this programme.

Sampling and measuring inputs

Monthly precipitation data was obtained from the Bayerische Landesanstalt fiir Wald und
Forstwirtschaft and the Bayerisches Landesamt fiir Wasserwirtschaft (Bavarian Water Mana-
gement Office). The data from the Forestry Office was obtained using rain gauges that pre-
vent loss of collected precipitation, the data from the Water Management Office was obtai-
ned using LOLF-type collectors. The amount of precipitation in the entire area was calculated
using a linear interpolation approach (~100 mm per 100 m in elevation, see BEUDERT & al.
1997 and IBK, in prep.).

Runoff from the Forellenbach catchment was measured in a channel behind a V-notch weir.
The water level was measured by detection of the air/water boundary using an electric con-
ductivity instrument. One measurement per minute was made. The stage-discharge relation
was confirmed by volumetric and current meter measurements.

The annual water balance of the soils was estimated from (a) the measured precipitation,
(b) the canopy interception loss (calculated from precipitation minus throughfall), (c) the dai-
ly transpiration calculated according to Penmann/Monteith (BAUMGARTNER & LIEBSCHER 1990,
HanTtscHEL 1987) and (d) the soil water storage determined at the end of each hydrological
year. The annual soil-water flux is taken as the difference between the precipitation and evapo-
transpiration minus the changes in soil water amounts.

Wet and dry deposition was collected in polyethylene bottles with a collector opening of
321 cm®. They were installed 125 cm above the ground and emptied weekly. For throughfall
measurements in the beech and spruce stands (B1 and F1 plots, respectively), 15 samples per
stand were combined to three mixed samples; for the measurements of the deposition in the
precipitation collected at open sites, the contents of three collectors were mixed to form one
sample. Soil water at 100 cm depth was sampled with four suction cup lysimeters in each
stand by applying a continuous underpressure of about 400 hPa. Samples were taken every
two weeks and combined to one mixed sample per stand.

Runoff water was sampled automatically (20 mL per 0.5 h). The combined samples for
each day were stored at 2 °C for a maximum of one week. The sample of each Monday was
analyzed.

Analytical methods

All water samples were treated identically before they were analyzed: The pH was measured
with a glass electrode before filtration (0.45 pm); the samples were then stored at about 2 °C
until analysis (about four weeks).

The deposition samples were analysed by the Umweltbundesamt (Federal Environmental
Agency): pH with a glass electrode; Ca, K, Mg, and Na by atomic absorption spectroscopy;
CI, SO,*, and NO, by ion-exchange chromatography; and NH,* colorimetrically using a flow
injection analyzer.

Runoff and soil water were analyzed by the Bundesamt fiir Geowissenschaften und Roh-



stoffe (Federal Institute for Geosciences and Natural Resources): pH with a glass electrode;
Ca, K, Mg, Na, Al, Mn, and SiO, from acidified samples (10 N HNO,) by ICP-OES using the
method in DIN 38406-22; Cl, SO,* and NO, by ion-exchange chromatography using the
method in EN-ISO 10304-1; NH,* by spectral photometry using the method in DIN 38406-5;
alkalinity (HCOy) by potentiometric titration to pH 4.3; DOC by IR spectroscopy after diges-
tion with persulfuric acid under UV irradation using the method in DIN 38409.

The average charge of Al complexes in the soil water was calculated according to KorACEK
& HeszLar (1998) assuming that fluoride (not analyzed) and organic ligands are negligible at
DOC concentrations of 1 to 2 mg L (BEUDERT & al. 1997). Organic acid anions in mineral
soil waters and runoff were estimated by the model of OLIVER & al. (1983) using a carboxyl
content of 10 pmol, per mg DOC and a mass action quotient calculated from sample pH. The
average contribution of the organic anions to the negative charge of soil waters was about 2 %
on spruce plot F1 and 10 % on beech plot B1 (IBK, in prep.). DOC in runoff was analyzed
infrequently at high discharge, because DOC concentrations at base flow are less than 1 mg
L'. Assuming 4 pmol, per mg DOC (Haac 1997) organic anions contribute less than 5 % to
the negative charge of runoff water. Additionally, titration of alkalinity includes some organic
anions.

Calculation of element fluxes

Element fluxes in the deposition were calculated by multiplying sample concentration
(mg L") by sample volume per unit area (L m?). Total deposition within each stand was esti-
mated using Ulrich’s model (ULricH 1988), with sodium as a tracer to take particulate depo-
sition and interception of gases into account. Total deposition of basic cations in the Forel-
lenbach area, which showed little variation with elevation, was calculated by extrapolating
from the total deposition in the beech and spruce stands. For N, S, and H* the steep gradients
of the amount of deposition with respect to elevation in the spruce stands can be described
by polynomial functions (BEUDERT & al. 1997). Estimates of the sum of organic anions and
HCO; fluxes were derived from anion deficits of the calculated total deposition of each stand
and of the Forellenbach area.

Annual output of the elements studied was calculated by multiplying annual water flux
estimates by the median element concentrations in soil water, which showed only little tem-
poral variation at that depth.

Element output in the Forellenbach area was estimated by multiplying volume-weighted,
monthly mean element concentrations according to EDC (1993) by the sum of the monthly
discharge values.

Results

Water balance

From 1992 to 1997, precipitation hy in the Forellenbach area averaged 1563 + 230 mm a”,
varying between 1317 mm a' in 1996 and 1993 mm a" in 1995 (Fig. 2). Runoff h, averaged
942 + 169 mm a™. The ratio of runoff to precipitation, a = h, hy", remained nearly constant
(0.60 = 0.02) over this period, indicating undisturbed site conditions. The difference,
hy = hy - h,, which can be used as an estimate of evapotranspiration in the Forellenbach area,
was 621 = 68 mm a". BEUDERT & al. (1997), however, included estimates of changes in the
storage values for the soil and groundwater in the water balances for the hydrological years
1992-95. The evapotranspiration values (530-665 mm a', mean: 614 mm a") resulting from



inclusion of storage values in the water balance varied in the same way as the mean summer
temperatures (11.6—12.5 °C), whereas the differences did not.

Moritz & BITTERSOHL (in prep.) found similar differences (1989-98: h; = 595 mm a?) for
the adjacent Markungsgraben catchment, which is at a higher elevation (890-1355 m) than the
Forellenbach area and thus has lower mean air temperatures (ELLING & al. 1987). Both the
Forellenbach and Markungsgraben areas are part of the catchment of the Grosse Ohe, for
which THuMs (1993) calculated a mean difference of 595 mm a* for the years 1980 to 1989.

Element budgets for the Forellenbach area

Calculated annual element fluxes in total deposition of cations (Na, K, Ca, Mg), inorganic
nitrogen (NH,-N, NO,-N, ¥N), CI, SO,-S and H* are shown in Table 1 for the Forellenbach
area. Nitrogen input (interception of gaseous N compounds by the canopy was not accounted
for) averaged 17.2 kg ha'a’, almost equally divided between NH,-N and NO,-N. Sulphate-
sulphur and proton loads amounted to about 14.5 kg ha'a? and 0.9 kg ha'a’, respectively,
with relatively small variations in this 4-year period. Calculated total deposition in the Forel-
lenbach area is about 15 % higher than in the F1 spruce plot, since 69 % of this area is below
900 m elevation. Therefore, the 2 to 3 times higher deposition loads in high-elevation spruce
stands (BITTERSOHL & al. 1997) are of minor influence. Low input fluxes of Na (3.8 kg ha'a?),
K (2.6 kg ha'a'), Ca (5.4 kg ha'a?) and Mg (0.8 kg ha'a') indicate the small contribution of
particulate deposition in the Forellenbach area, which is far from industrial and agricultural
emission sources. Relatively high variability for K and Ca indicates additional sources, espe-
cially in 1992 and 1995, and may be related to deposition and partial dissolution of pollen
from flowering spruce.

Element input varies little, independent of precipitation, whereas element output, especial-
ly of SO,-S and Al, depends highly on stream discharge (Table 1). BEUDERT & al. (1994, 1997),
analyzing runoff water chemistry in the Forellenbach area, found highly significant positive
correlations between discharge and SO,* and Al concentrations at the gauging station. High
amounts of precipitation increases the proportion of soil water in the stream discharge, which
results in higher concentrations of acidic components (but not NO,) and decreasing concen-
trations of basic cations. Decreasing acid-neutralizing capacity during high flood events is
related more to decreasing concentrations of basic cations than to increasing SO,> concentra-
tions. Using these relationships, HAAG (1997) separated the various components of the Forel-
lenbach hydrograph on the basis of its chemical content. He showed that in 1994, which was
considered to have average precipitation and runoff conditions, soil water contributed less than
20 % to annual discharge.

Consequently, year to year variations in SO,-S in the total element budget (Table 2) are
highly dependent on the amount of runoff, while on average, input nearly equals output
(+0.5 kg ha'a"). There is an average net gain of about 0.8 kmol ha™ in the proton balance,
which nearly equals total H* deposition. The capacity of geosystems for buffering acids from
atmospheric deposition and internal sources becomes evident by high net losses of Ca
(-21.9 kg ha'a"), Na (-15.9 kg ha'a') and Mg (-4.5 kg ha'a™). Silicate weathering in the re-
golith is the most important mechanism for acid consumption, which is confirmed in this
study by the high output rates of SiO, (-88 kg ha'a™).

There is a net retention of 7.4 kg NH,-N ha'a? and of 2.3 kg NO,-N ha'a, which account
for 90 % and 27 % of total deposition, respectively.

Element budgets of the spruce and beech ecosystems

In contrast to element budgets for the Forellenbach area as a whole, the ecosystem budgets of
the F1 spruce plot and the B1 beech plot (Table 3) show an average net release of SO,-S of



about 11.2 and 12.4 kg ha'a", respectively. For Al, which is the dominant cation at mineral
soil exchange sites, there is a net loss at the lower boundary of the ecosystems of 9.5 and
10.0 kg ha'a", respectively. Low net release of SO,-S in 1992 may be an artifact resulting from
the installation of the suction cup lysimeters. On the other hand, this year may mark the turn-
ing point from net accumulation of SO,-S to net release in these soils.

Na fluxes are negative (F1: -2.4 kg ha'a", B1: -3 kg ha'a?). Of the nutritional basic cations,
Ca and K show net retention (+2 and +1.1 kg ha'a) under beech in the B1 plot, and Ca and
Mg show net losses of (-1.4 and -2.0 kg ha'a") under spruce in the F1 plot. Mg fluxes in the
beech stand and K fluxes in the spruce stand seem to be balanced.

Whereas 95 % of the nitrogen from the precipitation and particulate deposition was retained
in the beech ecosystem on plot B1 (12 kg ha'a™), only 62 % of atmospheric input of nitrogen
was retained in the spruce ecosystem on plot F1 (9.2 kg ha'a™). At the lower boundary of the
ecosystems, nitrogen losses were due mainly to NO,-N, while ammonium losses were negli-
gible. In general, the beech ecosystem seem to be more effective than the spruce ecosystem
in preventing the leaching of nutrient cations and nitrogen from the pedosphere.

Discussion

Before discussing changes in water quality during passage through ecosystems, aquifer and
stream channel, the accuracy of the measured and estimated water fluxes has to be examined.
Since CI is considered to be an appropriate tracer substance, which interacts only little with
soil solids or the biological cycles (MANDERSCHEID & al. 1995), input and output should be
balanced at least in the long term. As shown in Fig. 3, Cl" input and output for both the beech
and spruce ecosystems, as well as for the Forellenbach area, are nearly balanced and show
maximum annual deviations of 39 % from the calculated input. An exact water balance for
one or only a few hydrological years cannot be expected. Firstly, throughfall measurements
on spruce plot F1 indicate that Cl- is subject to canopy leaching, especially in autumn
(BEUDERT & al. 1997). This is confirmed by leaching experiments (MITTERHUBER & al. 1988)
and the results of a factor analysis of the chemical content of throughfall in spruce stands in
the Black Forest (BRAHMER 1990). Secondly, BEUDERT (in prep.) has shown that during the
summer and autumn, transport of solutes through the soil profiles is retarded for several
months. Additional problems are the high spatial variability of the element concentrations in
soil solution (MANDERSCHEID & MATZNER 1995) and extrapolation of point measurements to
unit areas.

The averaged nitrogen budget for the Forellenbach area as a whole (+0.68 kmol_ha'a') is
strongly confirmed by soil nitrogen budgets for the individual stands. Net retention rates of
0.66 and 0.86 kmol_ ha'a™ in the spruce and beech stands, respectively, equal the annual net
accumulation in the standing biomass within the Forellenbach and Grosse Ohe catchments
(0.5-0.7 kmol, ha'a™), estimated by BEUDERT & KENNEL (1995) using the Nutrient Cycling
Model (NuCM) of JounsoN & LINDBERG (1990). MANDERSCHEID & al. (1995) reported similar
estimates for spruce ecosystems (0.7 kmol, ha'a') in the Solling region. But it is unclear
whether these quantities were incorporated into the biomass of the trees or of the poorly de-
veloped understorey vegetation.

Balancing total deposition and throughfall fluxes of N on a plot scale (BEUDERT & al. 1997),
nitrogen losses of about 0.37 kmol, N ha'a" (F1) and 0.21 kmol, N ha'a’ (B1) become appar-
ent. These losses can be related to the canopy uptake by needles (EiLErs & al. 1992: 0.6 kmol,
N ha'a') and leaves (BRUMME & al. 1992: 0.2-0.7 kmol, N ha'a") or by lichens and algae.
Transformation into dissolved organic N compounds could have some relevance as well. Re-
sults from a neighboring spruce stand at 1000 m elevation (BITTERsOHL & al. 1997) suggest



that organic N fluxes in throughfall account for 5 to 10 % (1-2 kg ha'a") of inorganic N
fluxes.

N,O and N, fluxes are not measured, therefore denitrification in these ecosystems cannot
be quantified. Because the soils on the B1 and F1 plots have very high saturated hydraulic
conductivities throughout the soil profiles (BEUDERT & al. 1994), denitrification should be of
minor quantitative importance (DENDOOVEN 1996, GUNDERSEN 1991). Similar median nitrate
concentrations in the output at the lower boundary of the spruce plot F1 ecosystem, in the
groundwater, and the runoff (BEUDERT & al. 1997) indicate little denitrification in the unsatur-
ated regolith and the aquifer.

The most important sink for the retained nitrogen is probably the organic matter in the soil.
This can be demonstrated by a constant C/N ratio with humus accumulation (MATZNER 1989)
or by a decrease in the C/N ratio. MEIWEs & al. (1999), for example, has reported storage val-
ues of 23-33 kg N ha'a™ for ecosystems in the Solling region over the last 30 years.

The differences in C/N ratios between the beech and spruce ecosystems illustrate the dif-
ference in the potential of the two types of stands for storing N. The soil on the F1 spruce plot
has C/N ratios in the organic layer and the mineral topsoil of 22-25 and 17-19, respectively.
The C/N ratios in the soil on the B1 beech plot are lower in both the organic layer (18-22)
and the mineral topsoil (15-16) (BEUDERT & al. 1994). Thus, beech ecosystems seem to be
more effective than spruce ecosystems in incorporating atmospheric N into the organic mat-
ter of the soil and reducing N losses via leaching.

According to Stoddard’s system of nitrogen saturation (SToppARD 1994), the ecosystems of
the F1 spruce plot and the Forellenbach area as a whole, in which spruce stands dominate,
have to be classified as N saturated (stage 2, BEUDERT & al. 1997). This stage 2 is character-
ized by little seasonal variation in the nitrate concentration in the soil water, groundwater, and
runoff, indicating that biological demand exerts no control over nitrate concentrations in win-
ter and spring.

The criteria for this classification are (i) no month with a NO, concentration in soil water
and runoff L 3 pmol, L' and (ii) at least three months during the growing season with a NO;
concentration < 50 pmol, L' (TRAAEN & SToDDARD 1995). The ecosystem of the B1 beech plot,
however, belongs to stage 1 of “initial effects of chronic nitrogen deposition” (ABER & al.
1989), characterized by 1-2 months during the growing season with a NO, concentration in
the soil water L 3 umol, L. The differences between the spruce and beech ecosystems with
respect to nitrogen retention coincide with differences in growth increments of timber volume
over bark between 1990 and 1995 (see chapter Site Description). Beech seems to respond to
additional N with increasing tree growth, while spruce did not.

In contrast to inorganic N compounds, there is a high net release of SO,-S in the beech and
spruce ecosystems. Adsorption on sesquioxide surfaces and the formation of metastabile min-
eral phases are important mechanisms of sulphate accumulation and acid buffering (Reuss &
JorNsoN 1986). Because deposition of SO,-S in this region was about 50 % less in the first half
of the nineties than in the eighties (BEUDERT & al. 1997), stored amounts of reversibly bound
sulphate are not in equilibrium with the present sulphate and acid input. The reduction of the
soil S pool by the release of sulphate, however, generates acidity irrespective of the mecha-
nism (RASMUSSEN & al. 1988).

When acid producing and consuming processes in the soil are compared according to Van
Breemen (Table 4) (VAN BREEMEN & al. 1982), the release of SO,* contributes about 0.70 and
0.77 kmol, ha' a' to the total H*-load of 0.85 and 1.47 kmol, ha' a* in the spruce and beech
stands, respectively. The release of acidic Al complexes is the most important mechanism of
acid buffering (0.80 and 0.93 kmol, ha' a' in B1 and F1 respectively), the contribution of
exchangeable base cations is low.



In contrast to the sulphate and Al budgets for the spruce and beech plots, the sulphate bud-
get of Forellenbach area is nearly balanced and net export of Al is very low (-0.02 kmol,
ha' a'), indicating efficient sorption mechanisms in the regolith. Elevated concentrations of
Al and SO.> were found only during high flood events (i.e. snow melt), when a higher pro-
portion of acidic soil water enters the stream via subsurface flow (BEUDERT & al. 1994).

Carbonic acid from root and microbe respiration makes up about 50 % of the total acid load
of 2.52 kmol_ ha'a", while organic anions are of minor importance. Ninety percent of the
calculated acid load is consumed by the weathering of minerals. The basic cations released
are then unavailable to the vegetation.

Conclusions

High net losses of SO,-S at the lower boundary of both the beech and spruce ecosystems are
due to a decrease of reversibly stored amounts. The improvement of soil water quality is re-
tarded. The SO,-S budget for the Forellenbach area as a whole is nearly balanced, but increas-
ingly reflects soil water characteristics with increasing precipitation and discharge.

Acid input is buffered in soils by release of Al and neutralized by bases produced by sili-
cate weathering in the regolith. Storage of nitrogen, probably in soil organic matter, accounts
for 9.2 kg ha'a’ in the spruce and 12 kg ha'a" in beech plots. These amounts are 60 % and
90 % of the calculated respective total nitrogen deposition. With spruce being the dominant
tree species in the Forellenbach area, net N retention of about 9.8 kg N ha'a' in the area as a
whole is in good agreement with the values for the beech and spruce stands.

According to the criteria of ABER & al. (1989) and StopparD (1994) for N saturation, the
beech ecosystem on the B1 plot is still able to use and retain N deposition, while N losses of
about 40 % of total N deposition indicate N saturation of the spruce ecosystem and the Forel-
lenbach area as a whole.
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Figure 1. — Base map of the Forellenbach area. The location of field stations and monitored forest stands is
shown. The scientific subprogrammes conducted at each location are also indicated.
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Figure 2. — Components of the annual water balance of the Forellenbach area (mm): precipitation hy, ru-
noff h, and the their difference h;, = h - h,.
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Figure 3. — Mean element balances and standard deviations for the B1 (beech) and F1 (spruce) ecosystems
and the Forellenbach area as a whole (1992-95).



1’0 161150100100 C0[1€[PT[LO]LO[FT [80({90 |01 |80 |I0{SE|[60]|90|90|TT|S0]|ILL SET s
9! 188121 11010060 ov1lswi|[po|Lg |88 |LL|11|s8 €S |80[ELT|¥S |81 [9T |961|8€ | 666 | 8791 $6-76 @
L1 kv1ilsz 1170100 |80 [p81lstr|1L|€6[801|{18]81|6L|[¥9|80(867|6S|LS|TE[CTT|EY SV | €661 S6
9l coglcT l1oloo g0 loctleri|[vs |8 6L |TL|sT |16|rS|80|0STICS |8V €T [F61|9¢ | 8L6 | 88SI v6
vl g08|v1 |10 |10 L0 ceiloet|co |88 |oL|80]|sL|0S|LOBOEL|EY Sy |61|002)0F |Tv6 | LYS] €6
Sl oLl [1oloo |11 letijoor|zo|es|LL|L8|{vo|se6|vy |60 (9€C|T9 € |6T 891|1°E]0E8 | S9¥I 6
V4l
ogl1z|10l0o0|00|8%[60]90{90[01{S0{1°0{L0|T0|I0{+0|L0]|E0]|S0]|9T[S0] LT 80¢ S*
TZvlze l€olzo|solsoz|ee |80 (Lo [vsles[+0]99]60(|L0|9T|9v |11 |IT|T9|TE |06 | £TST | S6C6D
Cislczileo [zo [so lotzlcot|oo [vL |29 o9 (s0|€9o]oT [L0{0€|1S|TT|LT|SL|8¢E|Lvel | 6C8] S6
98¢188 20|20 |S0 (86188 [z0 0Ly |1S]€0|TL|{LO|LO|TT|6F|LO|0T|¥S|EE|TI8 | PVl V6
697196 | €0 |20 |S0|S61|+'8[60[6S[€9 |8y [0 {LS|{1T{90]|0¢€|SE ¥ |91 |SL|EE| V06 | v¥vl €6
S 1c1LL €0 (20|90 9s1|86 |91 [89 [0S |vs|[€0|TL|L0|LO[€T|IS|I'T €T €V ST |80L | 69¢l 6
1d
zg |8z |volcolro|ss|vifiz|oo|o1 {01 |10}60|{L0|10|L0|80]|S0|SO0|8T|S0|LOT L91 S¥
siclcorlst lzo Lo (szleer|ssloc|oL]|os|eo|vL|LT|80]99 (TS |€T|vT|09|9€E|069 | 0801 | S6C6D
S Iv el |61 15090 jo9elszi|L€]08(08 |18 |¥0{89({9€|80|€L|SS|6T|0€|08|I'V]| I8 | 8CEI S6
082186 |v1 €0 |L0 ] rocloct|8e|rL|ss|TL|{To €L |0€|L0]|09 |6 |0T|IT|8S €EE|6L9 | ¥COI V6
Cveletrlstltolcolsec|rtr|sL|oL]|os|eL €089 [TT|L0|0L|TY|¥T |61 |S9]|0V |89 | SOOI €6
872199 |60 |10 |60 [Lvi[syi|oo|zs|Ls|e6|co L8 |1T|60|6C|1'9|LT 8T |8¢|IE|E6h 96 6

BYy [owry o3 unu 14
[o o _o_o_o_ﬁ_o_a_o_E_o_E_O*E_O_E‘_o_a_o_E_O_E_ o] N
fOOH ‘OIS IVUN  H s0S N'ON ) N'HN 3K ®) N eN

“(uone1Aap prepuess :s)(Q) ndino gounu pue (qdop wo oo 1) Indino a3edoos ur pue
(VALL) ®OTE YorquUa[a104 [210 oy3 pue [g 10]d yo2aq ‘1] 10]d 2onuds uo (L) uonisodop [e101 dU1 UI SIXN[ JUSWIA[D PUE Jojem [EnUUY — °T JIqEL



Table 2. - Annual input-output budgets of the Forellenbach area (- net loss, + net gain, s: standard deviati-
on).

| Na | K | Ca | Mg [NH.N] Cl [NON[SO,S| Al | S0, | H
kg ha' kmol ha'!

1992 ;137 | 14 | <174 | 36 | 491 | 410 | 427 | +4.7 70 | +1.1
1993 -160 | 25 | 265 | 42 | +67 | -18 | +1.0 | -0.1 81 | +0.7
1994 158 | 26 | <197 | 47 | 476 | 07 | +34 | +1.3 86 | +0.8
1995 179 | 25 | 239 | 56 | +6.1 | 27 | +21 | -39 -115 | +0.8
292-95 | <159 | -23 | 219 | 45 | +74 | -11 | 423 [ +05 [ ;1.5 | 88 | +0.8
s 17 | 06 | 411 09 | 13 ] 16| 10| 35 19 0.2

*Estimate of unmeasured Al input from GietL (1990); SiO2 input considered zero.

Table 3. - Annual input-output budgets for F1 (spruce) and B1 (beech) ecosystems (- net loss, + net gain, s:
standard deviation).

| Na | K | Ca [ Mg [NHN] CI [NONJ[SO,S]| Al |Sio, ] &
kg ha' kmol ha'
1992 -137 1 <14 | <174 ] 36 | 491 | +1.0 | 427 | +4.7 -70 +1.1
1992 -1.8 | 412 | 427 0.0 +6.9 | +03 | +5.1 -5.9 +0.4
1993 42 | 402 | +05 | 05 | +54 | -16 | +49 | -11.2 +0.3
1994 -2.1 +12 | 426 | +00 | +69 | +1.0 | +6.8 | -11.0 +0.3
1995 37 | +1.6 | 421 03 | +58 | 02 | +6.7 | -16.8 +0.3
292-95 30 | +11 | +20 | -02 | +62 | -0.1 +59 | -11.2 | 95 42 +0.3
+s 1.2 0.6 1.0 0.2 0.8 1.1 1.0 4.5 0.1
F1
1992 -0.7 +1.1 | +0.2 -1.2 +8.5 | +3.6 | +1.6 -0.1 +0.8
1993 -2.5 -0.5 29 -15 | +6.5 | -13 -09 | -123 +0.6
1994 2.5 0.0 -1.1 23 | +7.0 | +1.7 | +33 | -135 +0.6
1995 -39 | +0.1 -1.7 29 | +64 | +0.1 | +43 | -235 +0.5
2 92-95 24 +0.2 -14 2.0 +7.1 +1.0 | +2.1 -12.4 | -10.0° -32 +0.6
+5s 1.3 0.7 1.3 0.7 1.0 2.1 2.3 9.6 0.1

“ Estimate of unmeasured Al input from GIETL (1990)



Table. 4. — Calculation of acid producing and acid consuming processes (kmol_ha'a") in the ecosystems of
B1 and F1 plots and in the Forellenbach area as a whole (1992 - 95) according to Van Breemen & al. (1982).

B1 Fl1 Forellenbach area
in out net in out net in out net
+H* - H 0.49 0.17 032 074 | 0.14 0.60 | 0.86 0.03 | 0.83
- 807 +8S0.7 0.58 1.28 070 | 0.79 | 1.56 0.77 | 0.90 0.87 | -0.03
+NH,* - NH' 0.47 0.03 045 | 0.53 | 0.02 0.51 | 0.61 0.08 | 0.53
- NO,_+ NO_ 0.48 006 | -042 | 0.54 | 039 |-0.15 | 0.62 045 |-0.17
LY 025 |-0.17 0.35 -0.29 0.29 1.36
DOC_, 0.06 0.05 0.11
HCO, , 0.02 0.01 1.54
> acid load 0.83 1.47 2.52
-BC, +BC_, 0.48 0.50 0.02 | 0.54 | 0.87 0.33 | 0.57 278 | 2.21
-Mn*_+Mn*_ 0.001°| 0.01 0.01 | 0.001] 0.05 0.05 | 0.001°] 0.03 | 0.02
SAIM . +HAIY 0.02 0.83 0.80 | 0.02 | 0.95 093 | 0.02 0.04 | 0.02
¥ acid consumption 0.83 1.31 2.24

BC = yNa*, K*, Ca*, Mg*. Average charge of AI"* complexes: n = 2 in deposition (GIETL 1990),n=2.3,2.5
and 1in B1, F1 and runoff, respectively. * A $(HCO, and/or DOC) estimated from anion deficit of total
deposition.



