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Abstract

A modified version of the soil-water acidification model ILWAS was applied to an acid forest
soil in the ‘Hackfort’ experimental forest in the Netherlands. Monthly observations of the
chemistry of atmospheric and soil water were available between April 1981 and April 1987.
ILWAS overestimated water uptake reduction, which caused overestimation of soil water
fluxes by 20 %, as compared to values predicted by the hydrologic model SWATRE. ILWAS
does not simulate capillary rise which may lead to overestimation of solute concentrations.
Chemical calibration of the ILWAS model to field data was mainly confined to adjustment
of the rate constants for nitrification and gibbsite dissolution. Calibration of these rate con-
stants was complicated by effects of cation exchange. ILWAS appeared to be too crude to
simulate the N-dynamics, which lead to a relatively strong variation of simulated [NO;] near
the end of the growing season. After calibration the ILWAS model was used to predict the
effects of 50 % reduction of (NH,),SO, deposition, of a fertilization experiment with 2.6
kmol, ha-1K,SO, and 8.6 kmol. ha-'MgSO,, and of removal of the forest vegetation.

Keywords: acid deposition, forest, soil acidification, simulation model, aluminum, scenario
analysis, nutrient cycling, nitrification

Introduction

Acid atmospheric deposition is an important contribution to soil acidification (van
Breemen et al., 1984). Mathematical models can be useful to improve our under-
standing of relevant processes and mechanisms, or to make predictions of soil
acidification (Reuss et al., 1986). Available soil acidification models generally are
integral parts of watershed acidification models (Christophersen & Wright, 1981;
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Goldstein et al., 1984; Cosby et al., 1985a). Most recently developed soil acidifica-
tion models are process-oriented models. Available models show a wide variation
with respect to the number of distinguished processes, to the degree of simplification
of process formulations, and to the degree of spatial and temporal discretization.
Arp (1983) and Booty (1984) lumped all weathering reactions into Freundlich- and
Langmuir-type isotherms, respectively. Bloom & Grigal (1985) extended the empiri-
cal approach by Arp (1983), including pH-dependent mineral weathering of base ca-
tions, and empirical relationships between pH and Al-activity in solution, and pH
and base saturation. The soil acidification module in the RAINS model (Alcamo et
al., 1987) compares the acid loading to the sequence of buffer systems proposed by
Ulrich (1983); in case of acid soils and with decreasing pH, base cation weathering
from silicates is followed by cation exchange below pH 5, and below pH 4.2 also
by dissolution of Al. Soil solution pH is calculated either as function of base satura-
tion (4.2>pH>3) or in equilibrium with gibbsite (pH<3). The Trickle-Down
model (Schnoor et al., 1984) is based on solution of the alkalinity balance for the
watershed and surface water, and lumps all buffer processes in the soil into mineral
weathering, at a rate depending on acid loading. Soil acidification models by
Christophersen & Wright (1981), Goldstein et al. (1984), Reuss & Johnson (1985),
Cosby et al. (1985a), van Grinsven et al. (1987a) and de Vries (1987) are based on
explicit formulations of the key soil processes, and mathematical solution is ob-
tained by solving the charge balance. Key soil processes may include CO,-
equilibria, cation exchange, mineral weathering, anion sorption, gibbsite equilibri-
um, complexation reactions, nitrification, denitrification, nutrient uptake by plants,
decay of organic matter and a water balance. The BIRKENES-model by
Christophersen & Wright (1981), the model by Reuss & Johnson (1985), and the
MAGIC model by Cosby et al. (1985a) enforce equilibrium with gibbsite. However,
gibbsite equilibrium is not common in acid surface soils or in situations with high
acid loadings (Mulder et al., 1987; van Grinsven et al., 1987a). The ILWAS model
(Goldstein et al., 1984) allows rate-limited dissolution of gibbsite, and only enforces
instantaneous gibbsite equilibrium at occurrence of supersaturation. The ILWAS
model is the most comprehensive acidification model to date.

Although the final purpose of all referenced models is response analysis of soil-
water systems to variable acid loadings, there is a great variation in the degree of
discretization in time and space. All models are one-dimensional, but overland flow
and sub-surface lateral saturated flow are considered in the BIRKENES and ILWAS
model. The size of time steps varies between less than one day (ILWAS) and one
year (RAINS model, Alcamo et al., 1987; Bloom & Grigal, 1985). The MAGIC
model lumps the soil profile to one compartment, while eg. ILWAS distinguishes
genetic soil horizons. The RAINS model considers homogeneous grid areas of sever-
al thousand km2, while the model by Bloom & Grigal (1985) is applied for specific
soil columns.

The simulation models RAINS, BIRKENES, MAGIC and ILWAS have been
subjected to sensitivity analysis, and were used to reconstruct acidification history
(Cosby et al., 1985b) or to evaluate the response of catchments to changed acid load-
ings. Sensitivity analysis of the RAINS model showed particular sensitivity to initial
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base saturation, soil thickness and rates of silicate weathering. Scenario analyses
with both the RAINS and the MAGIC model suggested that the pH and base satura-
tion of soil will respond very slowly to reduced levels of atmospheric deposition of
SO,. Analysis of the response of two watersheds by the ILWAS model (Fendick &
Goldstein, 1986) gave no indication of a threshold response to SO, loading, but in-
stead gave continuous response curves. For loading with NO, a threshold response
was observed, as a result of an upper limit for the uptake capabilities of the biota.

This paper describes the calibration of a modified version of the ILWAS model
on an acid forest soil, followed by analysis of the response of this soil to reduced
deposition of (NH,),SO,, to application of readily soluble K,SO, and MgSO, and
to removal of the forest vegetation.

Materials and methods
Modification of the ILWAS model

The ILWAS (Integrated Lake Watershed Acidification Study) model was originally
developed to predict acidification of surface water in the USA and Canada. Model
formulations and principles of operation are given by EPRI (1983), Goldstein et al.
(1984) and van Grinsven (1988). Soil water transport is simulated by a sequence of
overflowing containers. Root water uptake is reduced below a critical water content.
With respect to soil chemistry, soil compartments are considered as continuously
stirred reactors. Solutes are transported by means of convection only. Most reaction
rates are described by first-order kinetics. In the vegetation a leaf and a wood com-
ponent are distinguished with a fixed chemical composition. Growth of the vegeta-
tion is controlled by a relative growth coefficient and its derivative with time. The
monthly distribution of litterfall and nutrient uptake are fixed. '
To simulate soil acidification processes in a Dutch acid forest soil the ILWAS
model was modified on several points:
(1) The exchange of Al was included as Al is a major exchangeable ion in Dutch
acid forest soils (Mulder et al., 1987). Modelling Al exchange necessitated replace-
ment of the original Gapon-like exchange equations by more general Gaines-
Thomas-type exchange equations (Gaines & Thomas, 1953). The general formula-
tion for Gaines-Thomas exchange, with Ca as reference ion is:

nCaz+ + 2X, = nCa, + 2Xn+

ECa,n(Xn+)2 1)
(Caz+)nEX,?

Ca,x =

where K, , is the selectivity coefficient, (Ca2+) and (Xn+) are solution activities
(mol 1-1, and ECa, and EX, are adsorbed concentrations (equivalent fractions).

(2) Free drainage from the bottom soil compartment was included in the model.
The original ILWAS version assumes an impervious bottom soil compartment, and
simulates lateral groundwater flow to generate discharge. Dutch forest soils are
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mostly sandy and free drainage is a more convenient lower boundary condition for
soil water flow.

(3) Furthermore, the simulation of canopy processes in the model, generating dry
atmopheric deposition, leaf exudation and interception evaporation, and potential
transpiration, was bypassed. Instead, the model was modified, to make more effi-
cient use of the available input data from the catchment monitoring program.

Site characteristics and model parameterization

The soil is an Umbric Dystrochrept covered by a mixture of Quercus robur and Betu-
la pendula. Chemical inputs and soil solution chemistry of the Umbric Dystrochrept
have been monitored since 1981, at monthly intervals. Monitoring was ended in
1987. Details on soil characteristics and field monitoring are given by van Breemen
et al. (1986, 1987, 1988). Physical and chemical model parameters are given in Table
1. Chemical inputs and solute fluxes are given in Table 2.

Table 1. Physical and chemical model parameters of the forest-soil system at the Hackfort estate.

Soil layer

1 2 3 4 5
Thickness (cm) 5 10 10 20 60
Field capacity (vol % water) 30 33 28 24 11
Saturation (vol % water) 80 65 62 57 41
Water uptake fraction (%) 5 15 15 30 35
Nutrient uptake fraction (%) 30 15 15 20 20
N-uptake fraction (%) 50 15 S 10 10
CEC (mmol, kg-1) 50 8 2.8 2.0 1.0
Exchangeable fractions (%)
H 26 52 50 52 49
NH, 32 1 0 0 0
K 4 3 1 1 1
Na 1 0 0 0 0
Ca 16 8 2 1 2
Mg 9 3 0 0 1
Al 12 33 46 46 47
Gaines-Thomas exchange coefficients with Ca as reference ion
H (mol 1-1) 1.3x104 2.1x103 1.5x104 1.5x105 3.1x105
NH, (mol 1-1) 89 1000 1000 1000 1000
K (mol 1-1) 17 15 27 1.7 1.0
Na (mol 1-1) 12 0.53 3.8 1.9 4.0
Mg (-) 1.2 0.61 0.46 0.31 0.36
Al (1l mol-1) 0.056 0.045 16 2.8 32
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Mineral fractions (%)

Microline 0.80 4.4 4.7 6.0 6.5
Albite 0.88 4.6 5.1 5.6 5.1
Pseudo Ca-Mg silicate 0.25 1.4 1.4 1.4 0.9
Al (OH), 0.07 0.4 0.7 0.8 0.2

Parameters independent of soil depth

Pseudo first-order & (19-5-mol-0-5-yr—1)

— microline, albite 0.01
— pseudo Ca-Mg silicate 0.04

Exponentional order for dependence on (H+) 0.5

Gibbsite dissolution k& (d-!) 0.05
Nitrification rate & (d-1) 0.30
Gibbsite solubility £ (12 mol-2) 1081

Organic matter decay

Litter Fine litter Humus Organic acids
Mass (t ha-1) 6.1 24.8 193
First-order & (yr-1) 1 0.2 0.015 0.10
N-loss fraction 0.5 0.5
Cation leaching fraction 0.2

Monthly distribution

J F M A M J J A S O N D

Litterfall (t ha-1) 0 0 0 0.1 0.1 03 05 05 1 2 1.5 0.5
Nutrient uptake (%) 0 0 5 15 20 17 17 16 10 0 0 0
Standing biomass (t ha-1) 136

Productivity (t-ha-!-yr-1) 5.6

Nutrient composition

K Ca Mg N P
Leaves (mg g-!) 10.7 7.7 1.9 20.5 1.9
Trunk (mg g-1) 1.5 0.4 0.2 3.6 0.3
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Table 2. Throughfall fluxes, and soil fluxes of water and solutes calculated by multiplying observed con-
centrations and observed (throughfall) or simulated (soil) water fluxes. All results are based on monthly
values of fluxes and concentrations.

H,0 H K Na Ca Mg Al NH,; NO; SO, < Si

Year Throughfall flux

(mm) (kmol ,-ha-t-yr-1)

81 517 0.17 0.85 095 0.57 0.38 0.00 3.18 0.95 3.18 1.17 0.00
82 513 0.14 1.03 1.07 0.62 0.39 0.00 273 0.87 260 1.55 0.00
83 624 0.03 1.58 1.20 0.74 0.62 0.00 3.06 1.24 3.19 148 0.00
84 516 0.05 1.31 0.74 0.53 0.40 0.00 2.87 1.24 266 1.00 0.00
85 536 0.08 1.08 099 0.61 0.38 0.00 2.45 095 2.12 111 0.00
86 505 0.05 1.31 148 0.57 046 0.00 294 1.94 235 1.75 0.00
Sum 3211 0.52 7.16 6.43 3.64 263 0.00 1723 7.19 16.10 8.06 0.00
Year Soil flux at 90 cm depth

mm  (kmol.-ha-1-yr-1)

81 188 0.05 0.31 045 0.73 0.52 285 0.09 1.00 3.00 0.42 0.72
82 166 0.18 0.12 0.53 0.55 0.38 3.63 0.01 1.87 2.35 0.83 0.46
83 264 0.30 0.21 0.71 096 048 498 0.02 292 353 123 0.75
84 206 0.19 0.16 0.65 0.70 0.39 4.54 0.05 351 232 072 0.67
85 112 0.12 0.14 032 0.56 0.32 3.28 0.00 324 1.04 032 033
86 214 0.22 021 0.58 0.89 0.45 4.84 0.00 3.62 235 1.08 0.93
Sum 1150 1.06 1.15 3.24 439 254 24.17 0.17 16.16 14.59 4.60 3.86
Depth Mean annual (1981-1987) solute flux

(cm)

mm  (kmol.-ha-!-yr—1)

e 535 0.09 1.19 1.07 061 044 000 287 120 268 134 0.00
10 472 323 1.45 091 1.77 097 203 0.65 572 297 1.11 1.46
40 298 0.44 0.58 0.64 128 0.68 525 0.18 4.83 256 099 1.11
90 192 0.18 0.19 0.54 0.73 042 4.02 003 2.69 243 0.77 0.64
Depth Mean annual (1981-1987) flux-weighted concentration

(cm) (mol. m-3)

T 0.02 0.22 0.20 0.11 0.08 0.00 0.54 023 050 025 0.00
10 0.70 0.31 0.20 0.38 0.21 0.44 0.14 1.22 063 0.24 0.32
40 0.15 0.19 022 043 023 1.79 0.06 1.65 0.88 034 0.38
90 0.09 0.10 0.28 039 023 216 0.01 1.51 1.25 0.39 0.33

I T stands for values in throughfall.
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The soil profile was divided into 5 soil compartments (Table 1), representing the
litter layer, the A-, B,-, B,- and C-horizon, respectively. Field capacity is the volu-
metric water content at 10 kPa suction. Water uptake fractions are proportional to
the compartment thicknesses, which was concluded from calibration of the
SWATRE model (van Grinsven et al., 1987b). Nutrient uptake fractions were
calibrated.

Selectivity coefficients for the Gaines-Thomas exchange equation (Eq. 1) were
derived from mean annual flux-weighted concentrations in soil solution, and one
analysis of exchangeable cations (Bascomb, 1964). Flux-weighted concentrations are
the ratios of solute fluxes and water fluxes.

Anion adsorption was only considered for PO, in order to prevent growth
reduction as a result of P-shortage. SO, was considered to be a conservative ion,
except for the complexation reaction with Al. Pools of silicate minerals were based
on total elemental analyses, assuming that all Na was released from Na-feldspar, all
K from K-feldspar (van Grinsven, 1988). A fictive mineral of similar composition
as anorthite was used as a pool for Ca and Mg. All silicate minerals were assumed
to dissolve incongruently to kaolinite (van Grinsven, 1988). Pseudo-first-order rate
constants were set equal to 0.01 195-mol-05-yr-! for K and Na and 0.04 for Ca
and Mg, and the fractional exponent to 0.5. Actual silicate weathering rates are cal-
culated according to:

dM/dt = k M (H+)os (2

where M is actual mineral mass (mol ha-!), ¢ is time, and k is the pseudo-first-
order rate constant. Resulting weathering fluxes for the individual base cations
range from 0.25 to 0.4 kmol.-ha-1-yr-!, which is in accordance with weathering
rates implied from field mass balance studies (van Breemen, 1986; Bloom & Grigal,
1985; Velbel, 1985). Dissolution of AI(OH), was assumed to be the only mineral
source of Al (van Grinsven, 1988). Rate constants for nitrification and gibbsite dis-
solution were calibrated.

Data for the chemical composition of tree leaves and trunk, as well as net forest
growth, were determined in situ. Leaf exudation of particularly K, Ca and Mg were
not added to the throughfall input but to litterfall, as part of the cycling of elements
through the vegetation. The C and N-contents of the various organic matter frac-
tions were calculated from elemental analyses of litter and soil samples. First-order
decay constants were calculated assuming that present pools represent steady-state
values. Litterfall data were obtained from van Breemen et al. (1988).

Hydrologic input consisted of daily throughfall and the evaporative demand for
the soil surface and the vegetation. Daily throughfall was derived from daily rainfall
and bi-weekly throughfall according to the procedure given in van Grinsven et al.
(1987b). Evaporative demand was obtained from Penman data provided by the
Royal Dutch Meteorological Institute.

Chemical input consisted of monthly concentrations in rainfall for all ions except
NH,, SO, and H. Concentrations were multiplied by the monthly ratio of rainfall
over throughfall to account for the concentration increase due to interception
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evaporation. Monthly concentration data for NH,, SO, and H were equal to those
observed in throughfall.

Model calibration

For calibration and validation of the model the period from April 1981 to April 1987
was considered. Hydrologic years were considered instead of calendar years to avoid
large storage changes of water and solutes. The model was not calibrated with
respect to soil hydrology. Approximate chemical calibration was accomplished by
comparing simulated annual chemical soil fluxes from ILWAS with fluxes obtained
by multiplying measured soil solution concentrations and soil water fluxes simulated
by the SWATRE model (Feddes et al., 1978; van Grinsven et al., 1987b). Solute
fluxes are summarized in Table 2. Specific calibration of the model was obtained
by superimposing simulated time series of soil solution concentrations on field ob-
servations. Model parameters which were adjusted for calibration were (1) the decay
rate constant and decay stoichiometry for litter and fine litter, (2) the soil nitrifica-
tion rate constant, and (3) uptake distribution of nitrogen with depth, and (4) the
gibbsite dissolution rate constant (Eq. 4). The period from April 1981 to April 1983
was used for calibration. It was difficult to calibrate the rate constants without caus-
ing major changes of the composition of the cation exchange complex, which is the
most reactive source and sink of cations in the soil system. Although supporting
data are scarce, we imposed the condition that during the simulation period changes
of exchangeable concentrations should be small.

Plots of simulated time series of soil solution concentrations are based on mean
values per 10 d.

Scenarios

After calibration of the model, three scenarios with adjusted boundary conditions
were evaluated:
(1) A 50 % reduction of atmospheric deposition of (NH,),SO,
(2) Fertilization with 2.6 kmol_ ha-! K,SO, and 8.4 kmol, ha-1 MgSO,
(3) Removal of the forest.
Reduction of deposition in Scenario 1 was started in April 1982. Scenario 2 is based
on a fertilizer experiment in Harderwijk (the Netherlands) in a stand of Pinus sylves-
tris. The object of this experiment was to show that atmospheric deposition of N
would be consumed by the vegetation provided that adequate amounts of K, Na,
Ca and P were added. Ca was added as lime (93 kmol, ha-!CaQ) to increase pH
and to neutralize the acid effects of the sulphate fertilizers. The lime addition was
not simulated. Therefore, the simulation by no means evaluates the integral fertiliz-
er experiment. In Scenario 2 the fertilizers were added in December 1982. The addi-
tion of K,SO, was mimicked as an increase in wet deposition for K and SO,, equal-
ly distributed over a period of three months. The MgSO, was added as a new
mineral to the forest floor dissolving with a first-order constant of 2 yr-1.

For Scenario 3 we assumed that the forest was felled in March 1981 and that all
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woody parts were removed from the site. In view of the poor vitality of many
coniferous forest stands in the Netherlands, clearfelling of forest stands followed
by replantation may be considered. We assumed that in the following growing sea-
son the site was recovered by a ground vegetation. The assumed effects of this
change of vegetation were a reduction by 50 % of (1) water uptake, to account for
reduced transpiration and interception, (2) nutrient demand, (3) litterfall, and (4)
atmospheric deposition of (NH,),SO,. All reductions were started in April 1981.
Uptake of water and nutrients was confined to the upper 4 soil compartments (40
cm depth). The uptake distribution for water was changed to 30 %-30 %-20 %-
20 % and for nutrients to 60 %-20 %-10 %-10 % in the upper four soil compart-
ments (Table 1).

Results and discussion

Simulation of water fluxes and [Cl]

The precipitation surplus simulated by ILWAS is about 20 % higher than that simu-
lated by SWATRE (Tables 2 and 3). For the SWATRE simulations, water uptake
by roots was reduced below a water potential of — 50 kPa, according to a hyperbolic
relationship with the water potential, as an alternative for the original linear rela-
tionship. In ILWAS, water uptake by roots is reduced proportional to 8 below field
capacity at — 10 kPa (Table 1). Differences between soil water fluxes simulated by
ILWAS and SWATRE at 10 and 40 cm depth are + 12 and —5 %, respectively, in-

Table 3. Mean annual ratios of observed over simulated values of water and solute fluxes, and flux-
weighted concentrations, for the period from April 1981 to April 1987. Field values are based on ob-
served concentrations and throughfall quantities and simulated unsaturated soil water fluxes.

Depth H,O0 H K Na Ca Mg Al NH, NO; SO, <Cl Si
(cm)

Ratio of ion-equivalent fluxes

T! 1.02 ERR 20.88 1.21 137 2.00 ERR2 0.85 193 0.75 146 ERR
10 1.12 0.97 1.58 1.31 0.81 1.02 3.02 38 09 0.81 1.15 7.68
40 0.95 0.70 0.74 078 0.86 095 1.11 ERR 1.04 0.74 1.05 1.80
100 0.79 0.70 0.31 0.57 0.55 064 093 ERR 075 0.72 0.83 0.44

Ratio of flux-weighted ion-equivalent concentrations

T ERR 17.84 1.14 1.29 1.8 ERR 0.78 1.58 0.72 135 ERR
10 0.78 145 125 0.65 086 274 556 0.81 0.73 1.08 6.01
40 1.09 093 08 097 1.02 1.10 ERR 1.10 0.78 1.10 1.76
100 0.97 043 0.74 0.69 0.83 121 ERR 096 0.94 1.04 0.62

! T stands for values in throughfall.
2 ERR indicates denominator zero.
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Fig. 1. Concentrations of Cl- at 90 cm depth from April 1981 to April 1987 simulated by the ILWAS
model and observed in two field profiles.

dicating that differences in water uptake are largest in the fourth and fifth soil com-
partment. Reduction of water uptake by ILWAS will be most extreme when field
capacity is low, as is the case for compartment 5.

Simulated and measured concentrations of Cl at 90 cm depth are shown in Fig.
1. Cl is a conservative ion in ILWAS, except for negligible mineralization and up-
take. ILWAS predicts extreme concentration peaks near the end of summer and in
autumn. Such concentration peaks are not generally observed in the field, except in
1985. Isolated peak concentrations of Cl were observed in 1983, 1984 and 1986. In
general, ILWAS simulates no net flow of water below a depth of 40 cm between
July and November, which causes a continuous gradual decrease of the water con-
tent and increase of [Cl]. The SWATRE model generally simulated small upward
capillary fluxes, in the order of 5 mm per month (van Grinsven et al., 1987b), from
the groundwater near the end of summer and in autumn. Capillary rise of relatively
dilute groundwater may explain why extremely high concentrations are not ob-
served. In addition, lysimeter cups do not always yield soil solution samples in dry
periods, as indicated by fewer field data during occurrence of peak concentrations.
This problem is smallest at 90 cm depth, due to the proximity of groundwater (about
1.5 m depth). However, one may doubt the representativeness of water samples in
dry periods, because of the possibility of water transport from wetter dilute soil do-
mains to the lysimeter cups. The occurrence of extremely high solute concentrations
in sandy subsoils near the end of the growing season was confirmed by soil solution
samples obtained by the centrifuge method. As high [CI] coincide with low or zero
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water fluxes, the possibly inaccurate prediction of [Cl] by ILWAS in the dry season
has no great effect on fluxes of Cl. Differences between observed and simulated an-
nual fluxes of Cl are similar to those of the water fluxes, and differences of flux
weighted concentrations are even smaller (Table 3).

Annual solute fluxes and flux weighted concentrations (FWC)

On average, predicted solute fluxes from the soil profile are 30 % higher than those
implied from field mass balances (Table 3), of which 15 % is caused by overestima-
tion of water fluxes. Differences between solute fluxes in field throughfall and
throughfall used for ILWAS input represent the annual leaf leachate fluxes. Dis-
agreement between predictions and field estimates of FWC are apparent for K, Si
at all depths, and for NH, and Al (total aqueous Al assuming a charge of 3+) at
10 cm depth. Differences for Si are caused by not considering reprecipitation of Si
in the ILWAS model. After its release from silicate minerals, Si is regarded as an
inert component in ILWAS, resulting in a steady increase of the Si flux with depth.
However, in the field the highest fluxes of Si are observed in the surface horizon,
indicating the formation of secondary silicate minerals at greater depths. Larger
fluxes of Si in the field may imply mobilization of Al from silicate minerals in the
surface horizons, which was not considered in the present ILWAS runs, and which
may explain part of the underestimation of the Al-flux at 10 cm depth.

Rate constants for dissolution of gibbsite were the same for all soil compartments.
Further increase of the gibbsite rate constant to simulate higher fluxes of Al at 10
cm depth caused no increase of the convective Al-flux, but instead caused excessive
exchange of Al against H. The consideration of both Al-exchange and fast dissolu-
tion of Al from gibbsite may lead to in situ transfer of Al from oxides to the ex-
change complex, where either precipitation of gibbsite or the exchange complex may
act as proton donor. This feature was actually simulated in the hydrologic year
1984-1985 where gibbsite dissolution was 10.5 kmol, ha-!, which is about twice as
high as in the other five years, and could not be explained by higher proton produc-
tion from nitrification. The additional Al from gibbsite weathering was exchanged
against H and Ca.

The underestimation of the NH,-flux at 10 cm could not be solved by decreasing
the nitrification rate, because this caused an underestimation of the NO,-flux from
the soil profile. The throughfall fluxes of NH, and NO, for model input were 3.5
kmol ha-! higher and lower, respectively, than the observed fluxes, because sig-
nificant dry deposition of NH,NO, from 1984 to 1986 was not considered.

The overestimation of the K flux at 100 cm may indicate overestimation of the
weathering rate of K. Also simulated fluxes of Ca, Mg and NO; from the soil pro-
files are 25 to 35 % (Table 3) higher than implied from the field budgets. The main
causes for these discrepancies are cation exchange and net mineralization (Table 4).
Net mineralization of base cations was an unintentional effect of our assumption
that only 90 % of the N load in litterfall is taken up, to account for direct luxury
uptake of N by the tree canopy. Internally, ILWAS translates reduction of uptake
of N to uptake reduction of all nutrients. Net exchange of base cations is very
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Table 4. Chemical balances for calibrated ILWAS simulation, over the period from April 1981 to April
1987.

H K Na Ca Mg Al NH; NO; SO, Cl Si
(kmol, ha-1)
Deposition 0.0 0.3 5.3 2.7 1.3 0.0 20.7 3.8 21.9 5.5 0.0
Leaching -15 -38 -—-58 -81 —-40 -27.1 0.0 —22.5 -21.1 -56 -9.0
Exchange 1.3 06 —1.6 1.4 0.2 -9.7 1.1 0.0 0.0 0.0 0.0
Weathering —45.2 2.4 2.2 2.0 1.8 36.7 0.0 0.0 0.0 0.0 8.7
Net-mineralization — —80.7 0.5 0.0 1.9 0.6 0.0 36.5 -40.3 —-1.1 0.0 0.0
Nitrification 118.8 0.0 0.0 0.0 0.0 0.0 —59.4 59.4 0.0 0.0 0.0
Storage -0.2 -0.1 -0.1 0.2 0.2 -0.0 04 — 04 0.0 0.1 0.3
Balance -7.6 -0.1 0.0 0.0 0.0 -0.1 -0.7 -0.0 -03 -0.0 0.0

difficult to control in the model, because yearly variation of soil solution concentra-
tions unavoidably leads to instantaneous variation of adsorbed concentrations. In
this respect, the use of annual FWC for 1981 as initial condition for ILWAS may
have been unfortunate. Annual FWC are artificial concentration values and,
moreover, concentrations in the first year of monitoring differed somewhat (Table
2) from observations in the following years.

Chemical balances of H, NH, and NO, (Table 4) illustrate the importance of in-
ternal processes. The net flux of H+ from the soil system is less than 1 % of the
total flux, which is mainly associated with nitrification of NH, from mineraliza-
tion. The balance of H+ is not tight which is caused by a cumulative truncation er-
ror in the modified cation exchange module in ILWAS.

Simulation of time series of concentration

Simulated [H+] in compartments 2 through 4 were generally higher than observed
concentrations, which is illustrated for 10 cm depth in Fig. 2. Observed and simulat-
ed FWC compare rather well (Table 3), which is mainly caused by underestimation
of [H+] in the first hydrologic year. There is no distinct seasonal pattern for [H+]
at 10 cm depth. Simulated short-term variation of [H+], which is mainly the result
of variation of the nitrification of NH, from atmospheric deposition and minerali-
zation of organic matter, is more extreme than the observed variation. Field obser-
vations suggest a very gradual increase of [H+] over the six-year period, not con-
sidering the first hydrologic year.

Simulated [Al3+] (Fig. 3) at 40 cm depth shows a distinct seasonal pattern which
is associated with increasing concentration of the soil solution due to water uptake
by roots, as was discussed for Cl. However, the height of the peaks of [Al3+] is not
correlated with the height of the peaks for [Cl], but is modified by gibbsite precipita-
tion due to supersaturation. Furthermore, the height of the Al-peaks is associated
with the transport of Al from the upper soil compartments just before the start of
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Fig. 2. Concentrations of H+ at 10 cm depth from April 1981 to April 1987 simulated by the ILWAS
model and observed in two field profiles.
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Fig. 3. Concentrations of A3+ at 40 cm depth from April to April 1987 simulated by the ILWAS model
and observed in two field sites.
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Fig. 4. Concentrations of NO;-at 90 cm depth from April 1981 to April 1987 simulated by the ILWAS
model and observed in two field profiles.

the dry season. Al-transport is in part associated with transport of NO,, which was
distinctly higher in the summer of 1985 (Fig. 4). The summer of 1985 was the only
year where a peak of Al was observed, which was distinctly higher than the simulat-
ed peak. Simulated values of [A3+] compare well with field observations except
for the peak values in summer. The possible causes for not observing peak concen-
trations were discussed for Cl. Although peak concentrations of Al are irrelevant
for Al-transport, they may be relevant with respect to the biological functioning of
roots and soil micro-flora and -fauna.

Concentrations of NO, throughout the soil profile were simulated well, as illus-
trated for 90 cm depth (Fig. 4) and earlier by the agreement between simulated and
observed FWC (Table 3). Higher [NO,] in the summers of 1985 and 1986, relative
to the other years, are both simulated and observed. The [NO,] in the subsoil
towards the end of the growing season, when there is no net water transport, can
become both extremely low and extremely high because of the counteracting effects
of uptake of NO; and water. Peak values of [NO;] are simulated in all summers,
except in 1983 and 1984, when [NO,] becomes practically zero. The critical process
determining the occurrence of either high or low concentration extremes is minerali-
zation of organic N and subsequent downward transport of NO, just before start
of the dry season. Mineralization of organic N in ILWAS depends on temperature
according to:

dX/dt = k X 1.051-12) €))
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Fig. 5. Simulated soil temperature at 10 cm depth.

where X is the amount of organic N (t/ha), k is the first-order rate constant (yr-1),
1.05 is an empirical temperature factor, T is the temperature (°C) and 12 °C if the
no-effect temperature. As simulated soil temperatures in the forest floor vary be-
tween 6 and 15 °C (Fig. 5), the simulated maximum difference between mineraliza-
tion rates in winter and summer is only 50 %. In previous calibration runs this led
to zero concentrations of NO;, and subsequent N-shortage for forest growth, in
every growing season. To increase this difference to 500 %, the temperature factor
was increased to 1.2 and the no-effect temperature was decreased to 8 °C. Tempera-
ture correction of rate constants in ILWAS is a fixed procedure which may have
been chosen for simulation of soil processes in alpine coniferous forest
ecosystems. Simulated soil temperatures in the winter of 1984 and the spring of
1985 were distinctly higher than in the other years (Fig. 5), which caused a 10 %
increase of mineralization of organic N. The hydrologic year 1985-1986 was the only
year where mineralization of N was higher than total uptake. Simulated [NO,] in
the subsoil is also extremely sensitive to the distribution of N-uptake with depth, as
changing the uptake fractions by just a few percent may turn a maximum of [NO,]
into a minimum. The model might be improved by relating the kinetics of organic
matter decay to the simulation of the microbial population dynamics, instead to in-
stantaneous temperature effects. Further improvement of the model may be ob-
tained by considering flexible uptake distribution of N with depth, in relation to N-
availability and water content.

50 % reduction of atmospheric deposition of (NH,),SO,

A self-evident decrease of the [H+] after reduction of atmospheric deposition by
50 % is not predicted. The average decrease of FWC of H+ is about 10 % in all
soil compartments. The decrease of [H+] at 10 cm depth (Fig. 6) is not evenly dis-
tributed in time, but varies between 0 and 50 %, depending on whether net produc-
tion of H+ is associated with nitrification of atmospheric N or organic N. The
decrease of [Al3+] is the most apparent effect of reduced deposition. Fluxes (and
FWC’s) decrease by 44 %, 30 % and 35 % at 10, 40 and 100 cm depth, respectively
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Fig. 6. Simulated concentrations of H+ at 10 cm depth from April 1981 to April 1987 for present rates
of atmospheric deposition of (NH,),SO,, and after reduction of deposition by 50 % in April 1982.
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Fig. 7. Simulated concentrations of AB+ at 40 cm depth from April 1981 to April 1987 for present rates
of atmospheric deposition of (NH,),SO,, and after reduction of deposition by 50 % in April 1982.
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Table 5. Simulated mean annual solute fluxes in throughfall (T) and at 10, 40 and 100 cm soil depth,
for (1) the calibration run, (2) after 50 % reduction of (NH,),SO,, (3) after adding 1.4 kmol ha-!K,SO,
and 4.7 kmol ha-! Mg SO,, and (4) after clearcutting.

Depth H;0O H K Na Ca Mg Al NH, NO; SO, CL Si
(cm)

(mm) (kmol.-ha-!t-yr-1)

Calibration run

T 525  0.00 0.05 0.88 045 022 0.00 345 063 3.65 092 0.00
10 423 363 1.15 0.71 223 097 1.68 0.17 6.11 3.72 096 0.20
40 312 0.66 0.80 0.83 147 0.74 4.80 0.00 4.81 3.54 095 0.63
100 257  0.25 0.64 096 135 0.67 4.52 0.00 3.75 352 094 1.49

50 % reduction of deposition

10 321 1.10 0.64 1.63 068 093 0.16 535 210 09 0.19
40 0.60 0.64 0.74 1.18 0.52 3.37 0.00 4.12 2.04 095 0.66
100 0.22 0.50 0.88 0.97 048 297 0.00 3.10 2.00 094 1.45

Fertilizer addition

10 3.97 1.73 075 275 171 268 0.22 6.81 6.20 096 0.22
40 0.71 1.19 0.87 224 148 526 0.00 574 6.08 095 0.73
100 0.30 1.04 1.07 2.62 135 550 0.00 4.41 595 094 1.65
Clearcutting

T 525 0.00 0.06 0.8 045 0.22 0.00 145 063 163 092 0.00
10 398 3.69 1.51 071 253 1.08 243 0.17 8.88 235 096 0.22
40 340 0.70 153 0.8 261 121 530 0.00 872 240 094 0.69
100 340 031 1.71 099 266 127 543 0.00 870 248 097 143

(Table 5). The effect is almost immediate and reaches its maximum proportion in
the second year after the reduction, in accordance with a time period of about one
year to flush the soil profile. The reduction of the [Al3+] at 40 cm depth is consis-
tent throughout all seasons (Fig. 7). The reduction of the leaching of NO; from the
soil profile between 1982 and 1987 is only 15 % (Table 5). The maximum reduction
to be expected in the five-year period is 44 % instead of 50 %, because simulated
leaching in this period is partly caused by net mineralization and net exchange of
N (Table 4). The relatively small reduction of NO; leaching is caused by the strong
delay of reduced leaching of atmospheric N, due to an additional loss of 3.4 kmol
ha-! NH, from the exchangeable pool between 1982 and 1987 (18 %), and because
part of the leaching of atmospheric N passes through the organic pools (11 %). The
latter effect will continue to play a role over a long period of time. In fact, net leach-
ing of N from organic pools is caused by net mineralization of N outside the growing
season, which loss is compensated by net uptake of N from atmospheric deposition
within the growing season.
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Table 6. The simulated fate of 1.4 kmol ha-! K,SO, and 4.7 kmol ha-! MgSO,, added as fertilizer in
December 1982, and effects on exchange and leaching of Ca and Al, as compared to a simulation without
fertilizer addition.

Year Fertilizer Exchangeable amount! Cumulative leaching!

addition (kmol, ha-1) (kmol, ha-1)

(kmol, ha-1)

K Mg K Ca Mg Al K Ca Mg Al
1983 2.80 4.26 233 -1.89 2.97 1.16 0.07 0.32 0.18 1.06
1984 5.18 1.56 —3.34 6.73 —4.93 0.90 3.04 192 7.76
1985 1.16 —3.34 6.31 —-6.45 1.39 3.40 2.39 7.09
1986 0.88 -3.32 586 -—S.11 1.7 341 284 S5.84
1987 0.69 -—3.22 547 —4.28 2.00 3.25 331 4385

I Relative to case with no fertilizer addition.

Addition of K,SO, and MgSO,

The added amounts of ionic K and Mg as fertilizer are initially stored on the ex-
change complex, while removing mainly exchangeable Ca and Al. Four years after
the fertilizer addition 29 % of added K and 64 % of added Mg are still retained on
the exchange complex (Table 6). Fertilizer addition has caused an additional loss of
3.25 kmol, ha Ca from the exchange complex. Mean annual fluxes and concentra-
tions of K, Ca and Mg are increased by 45 %, S1 % and 87 % respectively (Table
5). In 1983, the year after the fertilizer is added, a salt shock is predicted, when the
combined addition of K and Mg exchanges against almost 5 kmol. ha-1 Al. This
high additional release of Al results in [Al3+] as high as 18 mmol, 1-! in late sum-
mer at 40 cm depth (Fig. 8). A true evaluation by ILWAS of the benefit of the fer-
tilizer operations is not possible without including soil liming. A major practical
problem when liming full-grown forest stands is that the liming material can only
be applied to the surface of the forest floor. Liming will increase pH in the forest
floor and cause enhanced mineralization and nitrification of mineralized NH,. So
after addition of K, SO, and MgSO,, a concentrated solution of nitrates and sul-
fates of K, Ca and Mg would infiltrate in the mineral soil and still cause a salt shock.
It is not clear whether extremely high [H+] and [Al3+] during one growing season
would cause long-term damage to the forest. Salt shocks may be prevented by ad-
ding slow-release fertilizers, e.g. basalt powder, which do not produce anions of
strong acids.

Removal of forest vegetation

The expression of removal of the forest vegetation into adjustments of model
parameters is very approximate, but accounts for the major effects. The
predominant simulated effect is a large increase of net mineralization, because ele-
ment cycling for the former forest is assumed twice as high as for the succeeding
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Fig. 8. Simulated concentrations of AB+ at 40 cm depth from April 1981 to April 1987 for the calibrat-
ed model run and after addition of 1.4 kmol ha-! K,SO, and 4.7 kmol ha-1 MgSO, in December 1982.
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ground vegetation. The average annual increase of the NO;-leaching from the soil
profile is 4.94 kmol ha-! (Table 5). The additional proton production due to net
nitrification of mineralized NH, is buffered mainly by net mineralization of base
cations at an annual average rate of 2.5 kmol_ ha-1. The total leaching of Al over
the six year period increases by 20 % in spite of the reduction of the atmospheric
deposition of (NH,),SO, by 50 %, due to production of H+ from nitrification of
mineralized NH,. Net mineralization losses of N and base cations rapidly decrease
because pools of litter and fine litter gradually adjust to the new litterfall rates. At
the end of simulation period the pools of litter and fine litter have decreased bt 57 %
and 42 %, respectively, relative to the calibration run. Although solute fluxes in-
crease by 20 to 50 % for the major ions, the increase of FWC at 40 and 100 cm
depth is much smaller due to the concurrent increase of water fluxes, which amounts
to 32 % at 100 cm depth. Not considered was decomposition of remaining dead tree
roots. Decomposition of fine roots may cause considerable release of N (Hauhs,
1985). We also did not consider addition of fertilizer after clear-cut, which is a com-
mon practice in forestry.

Conclusions

The dynamics and flexibility of the ILWAS model are adequate to simulate the
major features of observed seasonal and annual patterns in soil solution chemistry.
Calibration of the ILWAS model to field data is mainly confined to adjustment of
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the rate constants of nitrification and gibbsite dissolution. The ILWAS model is a
useful tool to evaluate the effects of reduced acid atmospheric deposition and sil-
vicultural mitigation measures on forest soils.
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