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Abstract

Two contrasting forest ecosystems located in cpwsgimity to each other were selected for evalupthe
importance of tree species and afforestation iatie to the water balance and the quality of tregew
leaving the forest root zone. Measurements inclwt@dwater content and the collection of precijita,
canopy throughfall, stem flow and soil solution @anweekly basis during 15 months (1999-2000). Soil
solutions were extracted using suction probes liagtat all major horizons within the upper 120 ofna

Norway spruce (N. spruce) stand (Picea Abies [latgf) and a European beech stand (Fagus Sylvatjca L.

located on the same soil type. Soil solutions veer@yzed for the content of all major ions, inchglhitrate.

A water balance model (CoupModel) was used to es@npercolation rates beneath the root zone.
Percolation at the beech stand was 292 mm and4dnitgm at the N. spruce stand mainly due to diffeeen
in the interception loss. The highest annual leaglf Mg, K, Na, Al, Cl, S@S was noted in the N. spruce
stand while leaching of NEN was highest in the beech stand, correspondirg®tkg h& y*. By contrast,
the annual leaching of NN in the N. spruce stand was only 0.5 kg lyd. The larger amount of NEN
was leaving the beech forest soil despite the tfzat the N. spruce stand had the highest atmogpheri
deposition. Thus, differences in N leaching between the stands must be relatedfesehces in uptake
and accumulation of N in the vegetation and witie upper 120 cm of the soil. Differences in thaewa
balance and NN leaching between beech and N. spruce stand$ocdlirther attention to the selection of
tree-species on a soil type basis when planningdufforestation projects, particularly when spebjects

aim to improve the quality of water infiltrating the groundwater zone.

Keywords: CoupModel, European beech, forest, mitfdbrway spruce, water balance
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1. Introduction

The number of afforestation projects is increasing to the fact that forests can accumulate amd sto
atmospheric carbon in biomass and due to redueetiileg of nitrate as forest ecosystems are often le
fertilized as compared to conventional farmingDenmark, the aim of afforestation of former agriotal
land is mainly to protect groundwater resourcesater recreational areas and establish green carffiolo
wildlife (Skov og Naturstyrelsen, 1999).

Input and turnover of nutrients in forests contha quality of percolating water. Nitrogen (N) Heeen
intensely studied due to its dual role as a vitdtiant for vegetation and as a contaminant in gdoater. N
circulation in particular is closely related to teling of carbon, due to the fact that almost\alh the
forest ecosystem is stored in organic form anéiénsame pools as carbon. Anthropogenic inputs of
atmospheric N over the last 30-40 years in Europeraperate forests may have led to a decline esfor
growth and elevated levels of N® leaching from forests caused by N-saturatiothefecosystem (Aber,
1992; Aber et a).1998; Callesen et all999; Dise & Wright, 1995; Gundersen, 1991 ; Niintty 1985).

Groundwater recharge is controlled by the combimatif atmospheric, soil and plant related processes
Deciduous forest ecosystems generally yield motemand of better quality as groundwater than ewaifs
forest ecosystems due to the smaller atmosphepiositéon in the canopy (Hansen, 2003). But facsoish
as stand age and plot can have an adverse effélee @omposition of soil water (Callesen et #099).
Despite the fact that afforestation of former agjtioral land will alter the hydrological cycle angter
balance, knowledge about changes of the amourgrobjation and the quality of the soil water inefstis
due to afforestation is scarce. This is partly thuthe fact that quantitative estimates of evapspaation is
technically complicated and associated with unggstan measurement procedure (Wilson et 2001).

One way to quantify the constituents of the watdahice in forest ecosystems is to use water balance
models based on soil, vegetation and atmospheraathestics (SVAT-models). These models consider t
interaction between meteorology, vegetation andtileand may after acceptable calibration anddiedilon
produce outputs regarding evapotranspiration, fetion and other variables difficult to measuretia

field. Another advantage of SVATSs is that differéyes of vegetation can be compared under the same
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climatic conditions. The CoupModel is a well-estsiied SVAT-model (Jansson & Halldin, 1979), which
has been revised several times since (Jansson IRefgy 2004). The CoupModel was originally develbpe
for Swedish forest ecosystems, and has been dedetoencompass most types of ecosystems. For a
comprehensive list of works including usage or dptions of the CoupModel, see Jansson Karlber§420
Recently, Ladekarl et al. (2005) used the CoupMaulehlculate the water balance in oak, heath and
agricultural ecosystems. Measurements of the veatgient of the soil provide a basis for evaluating
performance of the model and estimating the watarte of different ecosystems that have well eeffin
boundary conditions (Alvenas & Jansson, 1997; Bodidansson, 1995; Eckersten ef 4895, Jansson et
al.; 1999a Ladekarl et al2005).

The main aims of this paper are firstly to quantifg water balance, using the CoupModel, in two

contrasting forest ecosystems, N. spruce (PiceasAhi] Karst) and European beech (Fagus Sylvatida L.

located on the same soil type, and secondly, tatifyand discuss the total and seasonal trendseof

leaching of cations and anions with a focus onINGrom the two forest ecosystems.

2. Materials & Methods

2.1. Site description

The study site is located near Ngdebo in the northart of Zealand (55°N, 12°E), Denmark, and is
described in detail by Elberling & Ladegaard-Peeerr005). Two contrasting forest stands locatedimvi
2 ha of each other were selected: deciduous b&agug$Sylvatica L.) and coniferous common or N. spruce
(Picea AbiedL.] Karst.) (Fig. 1). The beech forest stand \winted in 1977 and has been growing at a rate
of 8 — 9 m ha' yr* to an average height of 9 m (in 2003). The N.spstand was planted in 1959 and has
been growing at a rate of 16 — 17 nai* yr™ to an average height of 23 m (in 2003). The nurobénees and
current live aboveground volume of beech and Nusgpmwood has been estimated to be approx. 600tHeees
! and 145 rhha® and approx. 300 trees hand 387 mha®, respectively (personal comm. with forest ranger
S. Low, 2003). The forest is a production foreseretlO — 20% of the above ground biomass is cuyeve

— Syears. Under-storey vegetation is scarce in batstestands. No fertilizer has been used.
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The forest stands are situated on ice margina &illd sandy ground till from the Weichsel ice agh w
very low or no slope in the study area. Soils haeen classified as Typic Udorthents according ib So
Taxonomy (Soil Survey Staff, 1997), the texturprisdominantly loamy sand, and stones of varyingssiz
are present in the soil. The main soil charactesistre presented in table 1.

The climate is temperate humid with a mean anmmperature of 8.2C (1961-1990). The mean annual
precipitation was approx. 657 mm with an annua¢ptil evapotranspiration of approx. 571 mm (DMI,
2000). Values were calculated by DMI using integtioh algorithms established for 10 km x 10 km grid
covering the whole country. Algorithms were basedreasurements (1961 — 1990) for meteorological
stations distributed evenly in Denmark. Meteoratagjimeasurements at the study site were conducied f

the beginning of November 1999 until the beginrofgebruary 2001.

2.2. Measurements of precipitation, throughfall atenflow

Precipitation was collected in a plastic funnelhwdn area of 213 chplaced 35 cm above the ground in a
clearing. The sampling containers were placedtstpilimit biological activity. Throughfall (TF) as
collected in two plastic funnels in each stand witharea of 213 chand connected to an open plastic
container by a tube. The TF containers were agoegl in a pit. Filters were put over the top of the
containers to avoid leaves and animals contamigaiie sample. The stemflow (SF) was collected jinca
1 m long PVC tube wrapped 1.5 times around thektafi two separate trees in each stand and seéled w
silicone along the trunk to avoid water running degth the tube. Holes of 5 mm were drilled at 8 cm
intervals in each tube and equipped with wategrfiliat the beginning. The tubes were connectedlimsad
bucket on the ground. Water sampling occurred weédkit every second week in January and February

2000. The sampling frequency was changed to etind/week from June 2000.

2.3. Measurements of soil water content

Soil water content was measured using TDR (Time &orReflectometry) using the approach suggested

by Topp_et al(1980). In November 1999 three sets of TDR-proB8s40, 60, 80 and 120 cm in length and



125 5 mmin diameter, were installed in each tree staemtically in the mineral soil after removal o&tlD-

126 horizon. After installation of the probes, the Qrikhon material was carefully put back into plackus, soil

127 water content measurements represented integraasiumements in the intervals 0-20, 0-40, 0-60, &+&D
128 0-120 cm. Measurements were made with a Tektrds®2C cable tester (Tektronix, 1999). Subsequently,
129 data was processed with AUTOTDR (Prenart Equipmgst Denmark) to estimate water content in volume
130 percentage. Water content was measured at leakblwiedoth stands from November 6, 1999 to Februar
131 16, 2001. Afterwards, the water content measuremastconverted to depth-specific water storagerm m
132

133 2.4. Collection of soil samples and soil solution

134 Intact depth-specific and volume-specific (106 cswil samples (3 replicates) were collected inobet
135 2000 at 5 cm depth intervals within each horizoa teepth of 1 m. Soil samples were kept cold amkl da
136  until analyzed.

137 Soil solution was extracted using teflon lysimet@rthe type PRENART SUPER QUARTS (Prenart
138 Equipment Aps, Denmark) with a pore size q@fr@. One lysimeter in each horizon was installed gisinrry
139 of the horizon specific soil and double ion-exchethgvater in November 1999. In the beech stand the
140 lysimeter was installed at the following depthsi®, 30, 48 and 70 cm. In the N. spruce standysikter
141 was installed at depths of 6, 20, 35 and 76 cmeWaillected at depths 70 and 76 cm is assumesdflext
142  the amount and quality of water leaving the roatezand will be used in the calculation of leachifigld
143  observations (Elberling & Ladegaard-Petersen, 280§yested that root densities below 70-80 cmih bo
144  stands were very low, supporting the assumptionlyeaneter installed at this depth sampled watset |
145 from the root zone. A suction of —35 kPa was usesktract soil solution at 20 second intervals wsith
146 period of 60 seconds in between extractions. Thgbag containers were placed inside a wooden box,
147  buried in the forest floor in order to limit thecsion required to extract water, avoid freezing andpress
148 biological activity. Water samples were placed oeak room at 5 °C shortly after extraction and-sub

149 samples for analysis were taken within 24 hoursaofipling. Sampling of the accumulated amounts ibf so
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water followed the time schedule of TF with the eption that sampling of soil solution in the N. s

stand terminated in July 2000.

2.5. Laboratory analyses

Soil pH was measured in distilled water (1:2.5).dther chemical soil analyses were made using only
the soil fraction finer than 2 mm. Total organictzan (TOC) was measured after acidification ushegdry
combustion method at 1250 °C on an Eltra SC-500/ae with an accuracy of + 0.2%. Total N was
analyzed using dry combustion and infrared detaaifd\ using a LECO FP-428, version 2.03 apparatus.
The grain size distribution was analyzed after daswere oxidized with 4M }D, to remove organic
matter. After drying, samples were sieved througsimes of 63, 125, 250, 500, 1000 and 2000 pum. The
fraction finer than 20 um was analyzed using a biyditer (Gee & Bauder, 1986). Soil water retention
curves were obtained using a pressure membraneaappat pressures equivalent to 10, 100, 1000 and
15,000 cm of water corresponding to pF 1.0, pFF03.0 and pF 4.2 (Klute, 1986).

Conductivity and pH of the recovered water was mieiteed upon return to the laboratory the same day.
This was also the case for the alkalinity, whictswatermined by titration of HCI. The rest of thater was
kept at 8C and dark until analyzed. Total dissolved Fe, Mg, Ca, K, and Na were determined on
acidified water samples using atomic absorptiorcspscopy and Cl, N©and SQ were determined on

water samples of non-preserved water using ionnchtography.

2.6. Meteorological variables

Measurements of meteorological data were colleictednearby forest, Stenholt Vang, located 2 krmfro
the Ngdebo site. At Stenholt Vang a 10 m mast wstslied in a clearing and measurements were rmade a
15 minute intervals (described by Hansen, 2003)umed as input values in the modelling for bothdsa
The meteorological variables include: precipitatdr? m wind speed at 10 m, relative humidity at,2
global radiation at 2 m in and air temperature at. 2n this study the meteorological variables hasen

modified to represent daily means of wind speddfive humidity, global radiation and temperature.



176 Precipitation is represented as daily accumuldtionm. Fig. 2C shows the temporal variation of

177  precipitation (mm) from 1999 — 2001 measured anl8ié Vang (see Hansen, 2003). Annual observed
178 precipitation in 2000 was 798 mm. The maximum ingfudaily precipitation (53 mm) occurred on

179 September 2. The pattern of precipitation showedistinct trend during the year, but daily inputs o
180 precipitation exceeding 30 mm all occurred fromelurSeptember.

181

182 2.7. Model description and setup

183 The CoupModel is a one-dimensional numerical mdukgl takes the vegetation, soil and atmosphere into
184  account. Evapotranspiration forms a central path@fmodel governing the input of water to the.soil

185 Evapotranspiration can be divided into three panaporation from the soil surface, evaporation of

186 intercepted water in the canopy and transpiratiomfthe plants. The actual evapotranspiration lsuzted
187 as the sum of evaporation from intercepted watgresaporation and transpiration. The forest carisp
188 represented by a single leaf concept as given hytéib (1965), for calculation of both direct evegioon
189 losses from intercepted water and transpiratiomftioe leaf originating from the water uptake frdre soil
190 (Jansson & Karlberg, 2004). The actual transpiraiSccalculated on the basis of the potential paaton
191 given by the Penman-Monteith formulation and respduinctions for soil and meteorological factors

192 (Jansson & Karlberg, 2004). Soil evaporation isstdered by using an energy balance approach (Afv&na
193 Jansson, 1997). When modelling water balance ekf@cosystems, key input parameters include: LAI,
194  surface resistance of canopy, vertical root distidm and soil hydraulic properties such as unsaddrand
195 saturated hydraulic conductivity (Jansson etl#199b).

196 Input variables included air temperature, wind sipggobal radiation, relative humidity and precipion.
197 The flow of water in the soil is calculated on thesis of Richard’s equation using an explicit nuozér

198 solution using finite differences either with ai@rd or a central difference scheme (Jansson &biegl

199 2004). In the CoupModel the soil was divided inigh¢layers, 0 — 0.2, 0.2 — 0.4, 0.4 — 0.6, 0.68; 0.8 —
200 1.2,1.2-1.6,1.6-2.0and 2.0-2.5 m for edghd. The grain size distribution and retentiorveu

201 observed for each of the horizons provided theslfasiestimating the hydraulic properties. Hydrauli
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properties (lambda [shape parameter of the watentien curve], air entry, residual water, wiltipgint,
turtuosity, matrix and total conductivity) were @alated in the CoupModel using the Brooks-Corey
formulation for the retention curve and the Muakemmulation for the hydraulic conductivity (Janss&n
Karlberg, 2004). Retention curves and texture agshyere made only on samples from one pit in each
stand. Thus, it was not possible to determinessieai differences between stands. As retention
measurements at pF 4 failed for the N. spruce stadddue to similarities in textural properties thoe two
stands, soil characteristics for the beech stand wsed for both stands. LAl was used to estinfae t
interception capacity of canopy precipitation atebdhe partitioning of the global short wave raidia
between canopy and soil surface. The vertical disttibution defines the zone from which water lpta
occurs and therefore the amount of water availidsleanspiration.

Adjustment of surface resistance, soil physicapprties (lambda and turtuosity), water capacitylpdr
and temperature coefficients controlling water kpthy plants were based on observed values of the
volumetric water content of the soil. All parametatues used to adjust the CoupModel are giveahtet2a
and table 2b. Model performance was evaluated @ibaiis of the coefficient of determination fomer
regression between simulated and observed valdgs @Rt mean square error (RMSE) and the mean error
(ME). Statistical results of the model simulati@me shown in Table 3.

The simulation runs from July 10, 1998 to Augus2®)1 with daily output values. The investigated
period was the year 2000. Measurements of meam s@téent in 0 — 20, 0 — 40, 0 — 60, 0 — 80 andl@6-
cm through the entire period were used to fit tloeeleh to observed data. Measurements of meteoralbgic
variables (see section 2.6) were assumed to bésifoi both stands and used as input accordingly.
Information about the vegetation was taken botmftbe Ngdebo site (tree height, root distributiandl a
location in Jutland named Ulborg (Hansen, 2003 ffee heights were set to 9 m in the beech stati@a
m in the N. spruce stand. Absolute value of carregistance has been modified according to tredespec
and annual variations simulated as suggested spRP& Lindroth (1994). Water uptake was define@ as
pressure head approach, where water uptake idat@ldwon the basis of response functions for wadatent
and soil temperature (Jansson & Karlberg, 2004¢. Start of the growing season (and the correspgndin

water uptake) was defined with a trigging tempemapproach (Jansson & Karlberg, 2004). The growing
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season began when the day length exceeded 10dmilithe accumulated temperature was above 9 °C. It
ended when the day length became less than 10.H#autke beginning and end of the growing season is
determined on the basis of meteorological variathiedength of the growing season is identicakiier N.
spruce and beech.

Water leaving the lower boundary was used as auneas the percolation from the forest ecosystem.

Outputs of percolation are used to estimate legcbirelemental fluxes from January — December 2000

2.8. Calculation of elemental fluxes in stemflotwraughfall and soil water

The annual input of the elements (Ca, Mg, K, Na,At@and Cl, S@S, NO-N) in TF in kg hd y'1 was

calculated by multiplying the concentration of etarts (mg [%) by the amount of water collected in the
funnel converted to mm HaFor the input of elements from SF, it was assuthatithe tree from which SF
was collected was representative of the entiredsteine number of trees havas multiplied by the amount
of water collected (in L) and afterwards multiplieg the concentration (mg L-1) and converted th{
y. Seasonal trends and total leaching of the elesnveatte calculated using model output of percolation
(mm day"). The soil water was continuously extracted amdysad roughly on a weekly basis. Observed
element concentrations in extracted soil water \@sgeimed to represent the mean concentrationgydhen
extraction time. Subsequently, daily values of pkrion were multiplied by element concentratioms t

calculate daily values of leaching and finally certed to monthly and annual values.

2.9 Statistical analyses

Statistical analyses applied in this paper inclusietple linear regression calculating

Pearson’s coefficient of explanatior? (€q. 7), on observed pairs of values (Jansson 8bigg,
2004). Significance was tested using a 95% confidéevel, and relationships were significant 7,R
chritgs%implying the £0.05. R..essswere looked up in a table containing critical Peals coefficients
of explanationFurthermore, mean error (ME) and root mean squaoe G(RMSE) used in this

paper were calculated using the CoupModel.

1C
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Mean error was calculated using the following erunat

3" sim(i) - 3 obs(i)
n

where sim(i) and obs(i) are the values at thealiservation and is the number of observations.

Root mean square error was calculated accorditftetollowing equation:

\/Z(sim(i) — obs(i))?

n

where sim(i) and obs(i) are the values at theoleervation and is the number of observations.

3. Results

3.1. Observed and simulated water content

Time series of measured soil water storage (SW8)nmfor beech and N. spruce are shown in Figs. 2A
and B. The temporal variation of SWS is similar ioth stands and shows a distinct trend with tjadst
values during winter and spring, consistent witlicfpitation events, declining during May and reaghi
minimum values through the summer and early autlifanthe upper two layers the level of soil wafes ¢
133 mm) storage is equal in both stands. The diffee between the stands increases with depthhé&or t
entire soil profile (0 — 120 cm) the level of SW# beech is between 137 — 320 mm and 107 — 272anm f
N. spruce. The simulated SWS is shown as solid lamel reveals an acceptable fit to observations &i
and Table 3) and within the error bars for repBamieasurements observed for the 0 — 120 cm laler. T
coefficient of determination for a linear regress{&) between observed and simulated water contents in
the entire soil profile (0-120 cm) is 0.97 (p<0.p€dr beech with a ME of —2.7 mm, equalling 1% fué t
mean simulated SWS. For N. spruceid0.91 (p<0.001) with a ME of — 3.5 mm (2% of mesimulated

SWS).

11
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3.2. Water balance simulations

Simulated yearly outputs (Table 4) and monthly galof precipitation (P), actual transpiration (Et),
actual interception evaporation (Ei), actual sedmoration (Es) and percolation (A) (Figs. 2A, Bl&3)
reveal important differences between the two tpeeigs. Fig. 3A shows P on a monthly basis in &y
2000, which shows that there is no tendency irvér@tion of P during the year. Fig. 3B shows thenthly
water balance for beech. Actual evapotranspirgti@), the sum of Et, Ei and Es, shows a clear teahpo
variation with the highest values (71 — 112 mmjrfriglay — September. Actual evapotranspiration exseed
P from May — August, except in June. For beectarigtEi is low (0 — 2 mm) from January — April, tHes
dominates evaporation from February — April. FromyM- July, Et increases (34.5 — 86.4 mm) and
gradually decreases (67.3 — 3.5 mm) from Augusbvehber and becomes very low in December (0.1
mm), whereas Ei remains relatively constant (1432 +mm) from May — November. The annual share of Ea
in relation to P is 68% and equals 581 mm. Intefoagoss contributes with 18% of P equalling 15& ron
an annual basis. The annual Et is 339 mm, whicktaates 40% of P. Annual Es is four times lowerth
Ea and contributes annually with 10% of P (equ&4enm). In relation to Ea the shares of Ei, Et Badare
27%, 58% and 14% respectively. The annual percoldtom the beech stand is 292 mm and constitutes
34% of P. From February — April, the percolatiomis maximum (54 — 80 mm per month), it declimesf
May — August (33 — 6 mm) and reaches a minimum f&aptember — December of 4 — 2 mm per month.
Table 4 shows that throughfall (TF) equals soifae infiltration (Sl), thus indicating that suréanoff is
unlikely and is consistent with lack of surfaceatiras observed in the field.

Fig. 3C shows the water balance for the N. sprtameds Generally, the temporal variation of Ea i<mu
like that for beech except that Ea values are sbtiemes higher in January — March than what was
calculated for the beech stand. Ea reaches thenmaxifrom May — September (81 — 136 mm). The
minimum Ea occurs in January at 28 mm. As opposéldet beech stand, Ei remains high throughout the
year (23 — 43 mm). Transpiration in the N. spruead generally shows the same temporal variation as
the beech stand and values are higher in most.dases April — July, Et increases from 12.3 — 80 hitm

remains constant through August — September (6Bmr), declines to 15 mm in October, and reaches th

12
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minimum in November and December (0.2 — 3.1 mm)sEsnstantly low and varies little (0.2 — 6.2 mm)
throughout the year. The annual Ea is 823 mm andtitotes 96% of P. The annual interception 0398
mm, which equals 46% of P. The annual Et is 388(#®B#6 of P). Soil evaporation amounts to 39 mm and
constitutes only 5% of P on an annual basis. Thisidn of Ea into the shares of Ei, Et and Es shihas Ei
and Ea contribute equally with 48% and 47% of Bal, Bs constitutes 5%. Annual TF (464 mm) equals soi
infiltration (SI).

As the input of water is the same in N. sprucelz@eth it can be deduced that the percolation ilNthe
spruce stand is lower. The annual percolation fspnuce is 41 mm, which constitutes only 5% of Re Th
temporal variation of percolation on a monthly basishown in Fig. 3C. The percolation is at a mmaxn
from May — July (6 — 8 mm) and is low (1 — 3 mm)rfr January — April and October — December. It &1se
that the maximum of percolation is displaced irhtstands compared to the minimum of Ea at the pagin
of the year. This is due to the fact that the pattan is a measure of the water flow at 2.5 m deptd thus

delayed compared to inputs at the surface.

3.3. Element concentrations and fluxes in throujidEemflow and soil water

Table 5 shows the annual mean concentrations (Wguid fluxes (kg Hay™) of Ca, Mg, K, Na, Fe, Al
and Cl, S@S, NG-N in TF, SF and soil water below the root zone (section 2.4) for the beech and N.
spruce stands. Concentrations of elements in T fre spruce stand generally exceed those in #hehbe
plot. This is reflected in the fluxes of TF asel#ments, except Al, show the largest flux in thespruce
stand. Sodium and Cl fluxes between the two st&mds TF are notable, as the input of Cl and Naise
times higher in the N. spruce stand. As it candieluded from Table 5, the flux from SF is lesathi@%
of the flux from TF in both stands for all elemenike flux from SF of Mg, K, Al and N&N is largest in
beech. The amount of leaching of the different elet® is generally largest in the N. spruce stantitHe
leaching of C&, Fe and N@N from beech exceeds that from the spruce. The cwspicuous differences
in leaching between the two stands are seen fdotlesving elements: N@N (beech: 39, N. spruce: 0.5),
Ca (beech: 65, N. spruce: 6), Na (beech: 16, Nicgprl9), CI (beech: 39, N. spruce: 47). The diffiee in

leaching of N@N is especially notable, because the mean anonakentration of NN (11.3 mg %) in
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331 the beech stand equals the maximum limit o&Mfor drinking water in Denmark (Ministry of

332 Environment, 1988). The consistently high conceiutna of NQ-N in the soil water, as indicated by the low
333 standard deviation of 4.3, cause the high annaahiag of 39 kg hay™, while it is very small in the N.

334  spruce stand at only 0.5 kg N*hg" which is reflected in the low soil water concetitia. The trend and

335 magnitude of monthly leaching of N from the beech and N. spruce stands are shoWigir. It can be
336 seen that the leaching from the spruce stand dtingvhole period is several orders of magnitudaliem
337 than the corresponding values for the beech stamtithe peak of NO3-N leaching is displaced towéds
338 summer for N. spruce.

339

340 4. Discussion

341 4.1. Simulations of water balance

342 Fitting of the model showed that it was possiblsitoulate water percolation based on measureménts o
343  volumetric water content converted to water stoiagam. The statistically significant (R 0.91 — 0.97,
344  p<0.001) simulations are supported by the low ME2# and —3.5 for beech and N. spruce respectively
345 Based on the fitting of the CoupModel it is assurthed the respective water balances are representdt
346 the two forest ecosystems at Nagdebo. The sameusioclat different locations was made by Ladekarl
347 (2001) showing similar patterns of percolation frtma forest soils. The values of percolation camefore
348 be used for both stands to calculate the leacHietements (Fig. 3B and 2C).

349 A comparison of the water balance in beech angNice reveals several distinct differences. In &abl
350 the main constituents of the water balance ar¢edka P. Actual evapotranspiration is largest irsptuce,
351 exceeding Ea for the beech stand by 29%. If theeshaf Ei, Et and Es in relation to P are compattes],
352 difference in Ea between N. spruce and beech islyndiie to differences in Ei. Transpiration is heghin
353 N. spruce (45% of P) but is the same order of madaias in beech (40% of P). In both cases, Biws(b
354 and 10%). For Ei the shares are 18% for beech &¥dfdr N. spruce, thus the interception loss iruspris
355 more than twice of that in beech. A high interceptioss in spruce forests was also reported byi/&laa!.

356 (2001) and Mossin & Ladekarl (2003). Mossin & Ladelalso concluded that a high interception loss

14



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383

would lead to low percolation. Ladekarl (2001) camrgad the water balances at several locations iatGre
Britain, Germany, France and Denmark and concltidgtthere was no significant difference in Et egw
beech and N. spruce. For the investigations listécdekarl (2001) Et was in the range of 255 — 98
for beech forests and 204 — 400 mm for N. sprupesfe, and the values simulated for the beech stand
Ngdebo (Table 4) are in the same order as theses/dbut it is seen that the N. spruce stand aeblwib
much lower than reported values. Ladekarl (200hrtmed that the main differences in the waterrzda
between beech and N. spruce located on the saitgpoivere due to the differences in interceptass,
which is also the case in this study.

Difference in interception was related to LAl angtem/branch related component for the beach stand.
Phenological observations at Ngdebo (Elberling &dgaard-Petersen, 2005) show that the beech gtes s
leaf at the end of April/beginning of May and dé&ité during October, which is similar to observasio
made at Ulborg. It is therefore assumed that thgpteal variation of interception loss in beech &hd
spruce at Ngdebo is simulated satisfactorily.

The absolute level of interception is determinedhgyparameterisation of the model. A high intetioep
will reduce TF and A. The amount of TF can indicatesther the interception is estimated correcthe T
amounts of TF measured at Ngdebo are 450 mm fahtsaed 300 mm for N. spruce. The simulated TF is
698 mm and 464 mm for beech and spruce, respectifelthe TF samplers used at Ngdebo were open at
the top, evaporation from the samplers is expectedduce the collected amounts. It is not likékytt
evaporation from the TF funnels accounts for thaedifference between measured and simulatecesalu
Because only two replicates of TF were installedanh stand it is possible that the true variatiochF
amounts is not represented in the collected amairtwdebo.

Water balance simulations made for Stenholt Vartheé period of 1995 — 1997 (Bastrup-Birk et al.
2003) showed that percolation constituted betwéear®l 30% of P for beech and between 26 and 22% for
N. spruce. Percolation in the beech stand at Ngfigbwithin these values, but was lower in theusgr
stand. Both in terms of absolute amount, as condparéhe nearby location of Stenholt Vang, and the
relative difference between beech and N. sprucglstat different locations in Europe, the wateabeé for

Ngdebo was determined satisfactorily.
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4.2. Element leaching

In order to validate the water balance, observedeatrations of Clwere used as a conservative
element. The input and output fluxes of &ceeded the amount of any other investigatedesie(iiable 5)
and the concentration of @las higher in SW as compared to TF (Table 5). St@nwas not considered
further as the fluxes of elements were low as coatgto TF (Table 5). Thus, the increase in conegioin
of CI" in the soil water could be used to calculate tiss bf water due to evaporation. The ratios @f/Clsy
for beech and N. spruce were 0.49 and 0.31, raspBgtshowing that the amount of water input & th
forest floor had been reduced by 51% and 69% thrétamnspiration and soil evaporation. Using the ehod
results (Table 4) the corresponding evaporatiofFofrom Et and Es was 61% and 92% for beech and N.
spruce, respectively. The @pproach underestimated the evaporation, andffeeetices in evaporation
between beech and N. spruce usingc@hcentration underestimated the calculated eiffees between the
two stands. An explanation for this could be, thtagerved concentrations in TF on an annual basisotde
compared to concentrations of Cl in soil solutisrttee input of Cl in TF is delayed compared to atfppm
the root zone. Despite the inability of the &bproach to validate calculated evapotranspiratistill
showed that evaporation was much higher in thepNicg stand. Subsequently, the CoupModel has been
used to predict the tree-specific leaching of;NNDas a function of the water balance. As previpsilown
by Kennedy & Pitman (2004), N@oncentrations below the root zone in Britishsb#éve been
successfully explained by differences in soil watamtents and water balance.

If the same approach is used in the case of Ngdebaoncentration of NEN in the water leaving the
root zone can be calculated as a function of iipb} and evaporation (3l Thus, an average concentration
of 1.3 mg [* NOs-N in TF results in a 2-fold increase in concendrag. However, the actual observed
concentrations are roughly 10 times higher (Taplevbich indicates that other inputs than TF are
responsible for the actual concentrations. This ontrast to Kennedy & Pitman (2004). A NN
enrichment is not seen for the N. spruce standgiwinidicates that part of the added N from TF keteup
during downward transport.

The total input of elements at Ng@debo is genetaliyer in N. spruce than in beech (Table 5), intifica

that the atmospheric deposition is largest in gariibis was also concluded by Rothe e{2002). The
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411 investigation published in Rothe et €2002) encompassed several locations across Earupit was stated
412 that the higher canopy deposition in N. sprucedstaraused the leaching of i® to be highest in spruce
413 compared to beech stands. Kristensen €2@04) showed that soil solution N was higheraniters than in
414  broadleaves when throughfall input of N was bel@kg ha' y*. These findings are in contrast to the
415 results obtained at N@debo even though the inphitiofN. spruce follows the trend presented in Rathal.
416 (2002).

417

418 4.3. Forest soil N dynamics

419 The leaching of N@N in beech is much higher than the leaching fronsduce. This could only partly
420 be explained by the lower percolation from the sprstand as compared to the beech stand. Thus,

421 differences in N@N leaching from the two stands must include anyasiof the soil N dynamics in the
422  two forest soils.

423 The work by Callesen et 4l1999) classified Danish forests soils on thesatNG;-N concentrations in
424 soil solution. The investigation showed that >60Bthe forests had an annual leaching below 2 kgifyft
425 (median concentration < 2 mg N'Land had a low risk of leaching of N® below the root zone. Seven
426 percent of the investigated forests had a medianertration of N@N exceeding drinking water standards
427 at11.3 mg N [* and had a high risk of leaching of M below the root zone. If the two stands at Ngdebo
428 are compared to the findings in Callesen ef1#99), the N. spruce stand has a low risk ofNQeaching
429 whereas the beech stand has a large risk gfM@aching below the root zone. The high leactifiiOs-N
430 from the beech stand suggests that input of atnesi&pN in the beech stand exceeds the rate of agiaé
431 the forest ecosystem could possibly be saturatddnitrogen as defined in Aber et £1989) and

432 Gundersen (1991). The low concentrations oM the lowest horizon in the N. spruce standdou

433 indicate that N added from TF and SF and N rele&reed decomposition is taken up by vegetation and
434  immobilized by microorganisms during the downwasahsport in the soil. Gundersen et al. (2006) dtate
435 that thinning of the stand only affected the N\Dleaching to a minor degree, and as the lat@sithg at

436 Ngdebo occurred in 1998, it is estimated that ffexeof the thinning in 1998 was diminished at gtart of

437  the measurement period in December 1999.
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Gundersen et a{1998a) discussed the possibility using the Ciib raf the forest floor to indicate the
degree of N@N leaching and classified the forests on the bafsiBe C:N ratio, with: C:N > 30 as N-
limited and low risk of leaching; 25 < C:N > 30iatermediate and moderate risk of leaching; C:Nb<a8
N-saturated and high risk of leaching. Dise e{#398), Borken & Matzner (2004), Kristensen e{2004)
support the findings in Gundersen et(4P98a). Absolute amounts of leaching based oCtheratio were
not proposed due to the great variance betweetidosawith the same C:N ratio. The relationshipazesn
C:N of the forest floor and NEN leaching was most evident for coniferous spebigshe use of C:N for
deciduous species needs further investigation.

The low level of leaching agrees with the C:N @ threst floor in the N. spruce stand (~36) artthis
characterized as N-limited. Excess N is probabéynaitated by the microorganisms and transferred to
stabile pools, humus or aboveground biomass. Tbermnce of N@N below the root zone in the N.
spruce stand reveals that the N-cycling is not detaly tight and it may be expected that transpbi
occurs by convective mass transfer with percolatiater in larger pores, which agrees with the figdiin
section 4.2.

By contrast, the C:N ratio for the upper horizorhia beech stand is ~20 and is characterized as N
saturated. The variation of the C:N ratio with deegliows a relative stabile C:N in the A — B2ws hamis (O
— 40 cm) and a minimum of 8 in the B3ws (37 — 57,@®e Table 1. According to Gundersen ef1#198a)
the beech stand can be characterized as N-satuwdieth agrees with the high amount of N leachdw T
use of C:N has mainly found application in conifesdorests, but works well at N@debo for both types
forest.

The reason for the differences in the C:N ratithefupper horizon is to be found in the propertiethe
organic substrate. At Ngdebo there is no profowedmulation of an organic horizon in the beechdtaut
a pronounced O-horizon in the N. spruce plot. Tidécates that the soil fauna decompose all newtied
litter over one year in the beech stand, probabbabse the need for N in the microbial communitytheen
satisfied (Johnson, 1992). This pattern is typidalutrient-rich soils (Callesen et,a1999). Due to the

properties of N. spruce needles and the assodieséxtance to micrabial decomposition, input ofeméth N
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through TF and SF has longer mean resisdence tiBessequently, a relatively smaller amount of &l ar
released into the soil water and consistent wita@umulation in the O-horizon.

Johnson (1992) reviewed N retention in forestand argued that non-biological N retention was kmal
in acidic soils. As the soil pido in both stands at Ngdebo varies between 3.7 -hdr8piological retention
of N is expected to be small. Therefore, the midotommunity is expected to cause the N reteritidioth
stands at Ngdebo. The leaching of N\On the beech suggests that the microbial commguras a different
composition with more nitrifying organisms respdsifor release of NONinto the soil solution (Zhong &
Makeschin, 2004) than it is the case of the N.gpsiand. A constant addition of N from the atmesgh
will increase the amount of nitrifying organismsiahus increase the soil solution concentratioN©f
(Johnson, 1992; Zhong & Makeschin, 2004). In tthe, nitrification is inhibited in the N. spruce isthdue
to the low concentration of NEN in the soil water.

Because both stands are situated relatively ctotieetedge of the forest, an edge-effect (Beier &
Gundersen, 1989) could play a part in the elevatedentrations of NN below the root zone.
Spangenberg & Kélling (2004) found elevated flugéfons in TF at the forest edge and leaching. dgee
effect is only possible when winds are from anerastlirection because the two forest stands aretsit in
the easternmost part of the forest. It can be BeenFig. 5 that a change toward eastern winds rsdeuthe
spring and autumn. A deposition of N in the spriiten leaves are absent in the beech stand coulddea
increased amounts of N deposited directly on thestdloor compared to when the trees have ledwes.
combination with low microbial activity, low vegeiree uptake and high rates of water percolatiothen
winter and spring, the deposited N could leach th&osoil and be transported unattended with thevster
beneath the root zone. Therefore, it is indicaled & certain edge-effect exists at Nagdebo, at feathe
beech stand. It was shown in section 4.2.that arfitpction of the N@N could be explained by input from
TF. It is not possible to identify a trend betwele@ amount of input of N and leaching of N from @e
horizon. Gundersen et §1998b) found that NN leaching was correlated with an N-status of the
ecosystem and not significantly correlated withépasition in coniferous and deciduous forest edesys,

which supports the findings in this paper.
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491 5. Conclusion

492 This study has shown that the CoupModel, a prosesated SVAT-model, was useful to document
493 differences in water balance between two contrgstirest stands located in close proximity to eaitier
494  on similar soil types. Using water balance modgllichemical analysis of soil water and few geodbam
495 parameters, a broad view of ecosystem functionasgdeen established, with respect to both the

496 geochemical cycling of N and other important nuiiseand the mass balance of water. It is concltiaiztd
497  the model outputs can be used to calculate moathlyell as annual fluxes of leaching from the mmte.
498 The main difference in the water balance was cabgedterception loss through evaporation from the
499  canopy, as the transpiration was in the same arfd@agnitude in the two species. The annual peticola
500 was 292 mm from the beech stand and 41 mm from\lilspruce stand.

501 Leaching of elements in kg hg™* was largest from the N. spruce stand and is piglshte to the higher
502 canopy deposition in spruce trees. The leaching@$N differed considerably between the two speciss, a
503 NOs-N leaching from the beech stand was 39 kg INha" y*, compared to 0.5 kg Hay™* in the N. spruce
504 stand. On the basis of the leaching of NOit was concluded that the beech stand was pgssalburated
505 with respect to N, due to excess atmospheric iopbtin relation to the N uptake of the trees. Bytast,
506 the N. spruce stand could be characterized asuragad with respect to N. The difference in N

507 leaching between the two species could be expldigestveral factors. The rich nutrient status efghil in
508 combination with a C:N ratio between 8 — 20 inbleech stand soil suggests that the need for Nein th
509 microbial community and vegetation is fulfilled tlugh litter and soil organic matter decompositiod that
510 the demand for external sources of N is small.Heurhore, a possible edge-effect could cause ineteas
511 inputs of atmospheric N to the forest floor in #pging in the beech stand, leading to excess iofphitin
512 relation to demand. The small leaching of NOfrom the N. spruce stand suggests a high nee fo the
513 vegetation and microbial community, thus increasiregretention of N. The N status of the two forest
514  ecosystems shows that structure and functiondiitgeomicrobial community is different for the twtands,

515 leading to differences in N retention and N leaghifhe functionality and response of the two forest
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ecosystems in relation to the water balance andsgheric deposition of N observed at Ngdebo suggest

that further attention is needed when selecting $pecies for future afforestation projects.
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Tables

Table 1. Main soil characteristics at Ngdebo for bech and Norway spruce, including carbon content, @ ratio,
pH(H0), bulk density (p) and weight percentages of clay, silt and sand.

Norway
Beech spruce
Depth C pH Depth C
Horizons (cm) (mgd) CN (H,0) Horizons (cm) (mgg) C:N pH(H,0)
Al 0-10 53 20.8 3.7 (6] 8-0 376 36.5 3.7
E(B) 10-20 26 22.6 4.0 E 0-11 36 32.7 3.8
B2WS 20 -37 23 224 4.5 B2 11-29 32 31.9 4.2
B3WS 37-57 5.3 8.0 4.8 B3 29-43 8.7 21.9 4.4
C1 57 -100 0.74 115 4.9 Cl 43-85 2.4 - 4.5
Cc2 100-150 1.5 30.1 - C2 85— 2.8 - 4.4
Depth o} clay silt sand Depth clay silt sand
Horizons (cm) (gcm®) (<2)% (2-63) % (63-2000) % Horizons (cm) (gcm®) (<2) % (2-63) %(63-2000) ¥
Al 0-10 0.84 6.2 25.9 67.9 (6] 8-0 - - - -
E(B) 10-20 1.2 10.8 22 67.2 E 0-11 1.2 8.2 25.1 66.7
B2WS 20 -37 1.1 11.5 22.6 65.9 B2 11-29 1.1 8.2254 66.4
B3WS 37 -57 1.3 10 17.2 72.8 B3 29-43 1.2 6.3 .123 70.6
C1 57 - 100 1.5 9.5 17 73.5 C1 43 -85 1.5 8.3 25.5 66.2
Cc2 100-150 1.3 9 18.3 72.7 C2 85 — 1.6 14.1 46.7 39.2
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Table 2a. Parameter values used to adjust the Coupddel. Model parameters assigned to default valueseanot
included.

Variable Name Unit Beech Norway
spruce

\If\)/::ter Capacity Base independent of WaterCapacityBase mm 1 0

Water Capacity per LAI WaterCapacityPerLAl mrfm 0.5 0.5

Within Canopy Resistance WithinCanopyRes Sm 05 0.5

Altitude of meteorological station AltMetStation m 50 50

Altitude of site AltSimPosition m 50 50

Re_ference helght_ above d'SplacementReferenceHeight m 10 10

height of respective stand

Rgte coefficient for surface runoff fronburfCoef ) 0.1 0.1

soil surface pool

MaX|mu_m surface pool without SurfPoolMax mm 10 10

generation of surface runoff

Minimum soil hydraulic conductivity MinimumCondVadu mm d 1E-4 1E-4

Latitude Latitude - 56 56

Critical threshold for water uptake CritThreshotgiD cm water 1000 1000

Power coefficient for sensitivity of

water uptake to potential transpirationNonDemandRelCoef - 0 0

rate

Aggregate sorption coefficient in AScaleSorption ) 1 1

matrix domain

LAI LAI m2m?  0-45 8-8.5

Canopy surface resistance Resistance surface * sm 50-500 40 —500

Table 2b. Soil physical properties used in the Cougodel for the beech and Norway spruce stands at Nebo.
Soil physical properties were calculated on the basof retention analysis. Lambda represents a shaggarameter
of the water retention curve.

Depth (m) Lambda Airentry Saturation Wilting point Residual Matrix cond.  Total cond.  Tortuosity

() (cm) (%) (%) water (%)  (mm d?) (mm d,) 0)
0-0.1 0.195 5.3 55 6.5 0.1 3870 3870 1
0.1-0.2 0.188 1.5 57 6.5 0.1 5715 5715 1
0.2-0.37 0.186 1.0 57 6.5 0.1 4712 4712 1
0.37-0.57 0.228 4.0 44 2.5 0.1 3000 3000 1
0.57-1 0.235 2.1 42 2.5 0.09 3000 3000 1
1-15 0.266 1.2 40 2.5 0.06 3000 3000 1
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Table 3. Statistical performance of the CoupModel.

Horizon 2 RMSE ME Mean measured

Stand R

(cm) (mm) (mm) (mm)

Norwa

spruce 0-20 0.82 7.0 1.1 48.6 60
0-40 0.86 16.2 13.2 77.7 60
0-60 0.91 13.9 6.1 116.1 60
0-80 0.87 21.3 16.1 132.1 60
0-120 0.91 16.7 -3.5 199.6 60

Beech 0-20 0.74 7.0 4.8 48.3 63
0-40 0.68 22.2 19.0 79.7 63
0-60 0.85 20.2 15.7 120.1 63
0-80 0.93 28.0 26.5 140.1 63
0-120 0.97 10.3 2.7 231.0 63
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641 Table 4. Annual simulated output in mm beech and Nspruce using the CoupModel. Outputs are also givess
642 percentages of precipitation.

Beech

Norway spruce

% of P % of P
(mm) (mm)
Precipitation 856 - 856 -
Transpiration 339 40 388 45
Interception loss 158 18 396 46
Soil evaporation 84 10 39 5
Evapotranspiration 581 68 823 96
Soil infiltration 692 - 461 -
Throughfall 698 82 464 54
Percolation 292 34 41 5

643
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644 Table 5. Annual mean concentrations in mg I of throughfall (TF), stemflow (SF) and soil wateSW) below the
645  root zone for the beech and N. spruce stands. Staadl deviation for the different elements is givenn
646  parenthesis. TF flux, SF flux and leaching are theorresponding fluxes in kg ha y™. Letters indicate whether

647  the values for the Norway spruce stand are greatehan (a), equal to (b) or less than (c) the corregmding value
648  for the beech stand.

Beech
TF TF flux SF SF flux ( SwW Leaching
(mgL-1)  (kgha'y")  (mgL-1) kgha'y’)  (mglL-1) (kgha'y?)
Ca 2.3(1.5) 10.7 2.6 (1.3) 0.23 20.7 (5.0) 64.6
Mg 0.8 (0.4) 35 1.3 (1.4) 0.14 1.9 (0.4) 6.3
K 1.8 (3.4) 9.5 3.0(1.8) 0.27 0.3(0.2) 0.9
Na 3.4 (3.5) 14.2 1.8(8.0) 0.98 5.0 (0.9) 15.6
Fe 0.02 (0.03) 0.06 0.01 (0.02) 0.0009 0.04 (0.04) 0.1
Al 0.2 (0.3) 1.04 0.2 (0.3) 0.02 1.4 (0.4) 4.6
Cl 5.8 (6.0) 26.8 13.7 (23.2) 1.67 11.9 (4.8) 38.7
SO-S 1.2 (0.5) 5.7 2.0(1.3) 0.20 4.4(1.1) 11.4
NOs-N 1.3(0.8) 5.2 1.4 (0.9) 0.14 11.3 (4.3) 39.1
N. spruce
Ca 4.7 (2.2) (a) 143 (a) 12.4(11.2) (a) 0.29 (a) 10.1(2.3)(c) 6.4 (c)
Mg 3.9 (4.6) (a) 9.34 (a) 4.7 (6.3) () 0.12 (c) 9.0 (3.6) (a) 4.7 (c)
K 5.5(5.0) (a) 15.4(a) 10.5(7.6) (a) 0.24 (c) 2.2(1.0) (a) 1.5 (a)
Na 11.4 (11.5) (a) 42.5(a) 33.0(21.4) (a) 1.01 (a) 49.5(22.8) (a) 18.3 (a)
Fe 0.1 (0.3) (a) 0.46 (a) 0.1(0.1) (@) 0.002(a) 0.1(0.2)(a) 0.02 (c)
Al 0.2 (0.4) (b) 0.94 (c) 0.3(0.5) (a) 0.01(c) 11.6(13.6) (a) 2.3 (c)
Cl 25.7 (21.2) (a) 88.8 (a) 69.9 (70.3) (a) 1.96 (a) 82.1(47.0) (a) 46.7 (a)
SO-S 3.6 (1.3) (a) 10.2 (a) 8.0 (4.8) (a) 0.21(a) 22.8(0.6)(a) 9 (c)
NOs-N 3.0 (2.0) (a) 6.62 (a) 2.0 (1.9) (a) 0.04 (c) 0.6 (0.7) (c) 0.5 (¢)
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Figure texts

Fig. 1 The Ngdebo study site. The letters indicate theiht stands. A: beech, B: Norway spruce
and C: Norway spruce damaged during a storm in bbee 1999. In this study stands A and B

were investigated.

Fig. 2. Simulations (solid lines) versus measurements eémstorage (mm) for beech (A) and
Norway spruce (B) in 1999 — 2001. The followingdey are represented: 0 — 2),(0 —40 &), 0

— 60 @), 0-80 (0) and 0 — 120@)(cm. Error bars are shown for the 0 — 120 layer.

Fig. 3. Monthly values of precipitation (P) and water Inala elements (evaporation and deep
percolation) in mm for beech (A) and Norway spr(Bestands at Ngdebo in 2000. In A and B
evaporation is shown as positive values and dividedtranspiration (Et), interception evaporation

(Ei) and soil evaporation (Es). The deep percatefhy) is represented as negative values.

Fig. 4. Monthly values of leaching (kg faof NOs-N from beech¢) and Norway sprucea] in

2000 at Ngdebo.

Fig. 5. Wind direction from the meteorological station (ldan (ed.), 2003). Values are floating
mean values of 500 measurements. Records of windtidin were stored every 10 minutes. Values
of the y-axis are designated with letters reprasgreight directions, with a 45° increment between

values.
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- { Formatted: Centered ]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _ - - | Deleted: The Ngdebo study site|
The letters indicate the different
stands. A: beech, B: Norway
spruce and C: Norway spruce
damaged during a storm in
December 1999. In this study
stands A and B were investigated.
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