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ABSTRACT

Large efforts have been dedicated to investigate effects of atmospheric deposition of
sulphur and nitrogen on trees and soil at the forest stand level. For this purpose intensive
monitoring programs and integrated models of the water, carbon and nutrient cycle have
been developed. This report describes an application of the nutrient cycling and soil
acidification model NuCSAM and the integrated water, carbon and nutrient cycling models
SoilVeg and ForGro to the Speuld site, a Douglas fir stand on a Cambic podzol. This site
was monitored between 1987 and 1991. The models were parameterized and calibrated
for this site. Simulated soil water contents, soil solution chemistry, foliage biomass and
nutrient status and stem growth between 1987 and 1991 were comparable with
observations. However, the models showed large differences with respect to quantities that
could not be measured, such as transpiration, leaching fluxes, root uptake fluxes and
mineralization fluxes. The generality of the integrated models was further tested by an
approximate simulation of a site irrigation and fertigation experiment at a nearby Douglas
fir stand between 1987 and 1991. The direction and magnitude of simulated effects of
irrigation and fertigation on stem growth, litter fall and needle nutrient status were generally
right, but the observed enhanced nitrogen mineralization could not be simulated.
Simulation of site response to three Dutch deposition scenarios between 1994 and 2050
showed large differences between the three models, particularly for nitrogen cycling and
foliage nutrient status. Nevertheless, all models indicate a fast response of soil solution
chemistry to changing deposition. Both SoilVeg and ForGro indicate that direct effects of
elevated ozone and SOx concentrations in the atmosphere, and effects of pH and the Al
concentration in the soil solution are subsidiary to effects of drought and nitrogen. Our
understanding of effects of acid atmospheric deposition on forests, which is based on
laboratory experiments, short monitoring studies and integrated simulation is inadequate to
quantitatively predict the long-term impact of forests on a nationwide scale.

Key words
acidification, nitrogen deposition, forest-growth, forest-stress assessment, monitoring,
models, irrigation, fertigation, scenario studies, uncertainties, simulation.
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SAMENVATTING

De invioed op bossen van de depositie van zwavel en stikstof, ozon en van ‘traditionele’
stress factoren (zoals droogte) werd in de afgelopen jaren op grote schaal onderzocht.
Hiertoe zijn een aantal intensieve monitoring studies opgezet en werden modellen van de
kringloop van water, nutriénten en assimilaten ontwikkeld. Dit rapport beschrifft de
toepassing van het bodemverzuringsmodel NuCSAM, en de geintegreerde modellen
SoilVeg en ForGro op het Speulderbos, een Douglas-opstand op een holtpodzol. In dit bos
werd van 1987 t/m 1991 een uitgebreide meetcampagne uitgevoerd. De gesimuleerde
bodemwatergehalten, concentraties van stoffen in het bodemwater, naaldmassa’s, stam-
aanwas en nutriéntenstatus kwamen redelijk goed overeen met de metingen. De modellen
vertoonden echter aanzienlijke onderlinge verschillen op het gebied van grootheden welke
niet gemeten konden worden, zoals bosverdamping, drainage, nutriéntenopname en
mineralisatie. Het gedrag van de geintegreerde modellen werd geverifieerd door
toepassing van deze modellen op een irrigatie- en fertigatie experiment op een nabijj
gelegen Douglas opstand. De modellen konden in het algemeen de effecten van irrigatie
en fertigatie op de stam-aanwas redelijk goed voorspellen, maar er waren grote verschillen
wat betreft de voorspelde nutriénten status en de stikstof-mineralisatie. De modellen
werden vervolgens gebruikt voor scenario analyses voor de periode 1994-2050. Ook hier
werden grote verschillen tussen de modellen gevonden voor met name de stikstofkringloop
en de nutriénten status (met name het N-gehalte in bladeren). Alle modellen voorspelden
dat de concentraties van sulfaat en aluminium in de bodemoplossing snel omlaag gaan na
een afname van de verzurende depositie, en dat de concentratie van nitraat een aantal
jaren hoog blijft na een afname in de stikstofdepositie. Dit laatste wordt veroorzaakt door
opslag van een overmaat aan stikstof in de biomassa en het strooisel. Uit de resultaten
van de geintegreerde modellen blijkt verder dat de directe effecten van verhoogde SOx en
ozon concentraties in de atmosfeer, alsmede de indirecte effecten van een lage pH en
hoge aluminium concentratie een minder groot probleem opleveren dan de effecten van
droogte en de overmaat aan stikstof. Onze kennis van de effecten van luchtverontreining
en zure depositie op bossen is in het algemeen gebaseerd op laboratoriumstudies en korte
monitoring studies. Tot dusverre is het bijna onmogelijk om effecten die in het laboratorium
gevonden werden te vertalen naar de veldsituatie. Zolang dit het geval is, blijft elke
voorspelling en extrapolatie die met geintegreerde modellen gedaan wordt onzeker, zeker
als het gaat om de voorspelling van effecten op een landelijke schaal.

Trefwoorden
verzuring, stikstofdepositie, effecten, bossen, monitoring, modellen, irrigatie, fertigatie,
scenario-studies, onzekerheden, bosgroei, simulatie.







1 INTRODUCTION

1.1 Background: the 1st and 2nd phases of DPPA

During the first two phases of the Dutch Priority Programme on Acidification (DPPA), the
integrated Dutch Acidification Systems (DAS) model has been developed (Heij and
Schneider, 1991). This model aims at evaluating the long-term effectiveness of acidification
abatement strategies on a number of receptor systems (forests, forest-soils, heathland and
aquatic ecosystems). The model describes the complete causality chain from emissions to
effects in a regionalized way. Important effect modules within DAS are the forest soil
model ReSAM and the forest-growth model SoilVeg-2. The time-step of all DAS modules is
one year.

The DAS model was used for scenario analysis at the end of the 2nd phase of DPPA (Heij

and Schneider, 1991; Tiktak et al, 1992). The scenarios were based on abatement

strategies announced in the National Dutch Environmental Policy Plan Plus (NEPP").

Some conclusions with respect to forest soils and forests, based on results from ReSAM

and SoilVeg-2, were:

» deposition reduction leads to a fast (almost instantaneous) improvement in soil solution
chemistry, i.e. an increase in pH and a reduction of the Al/Ca and NH,/K ratio’s,

« the exceedance of the critical Al concentration in the soil solution decreased from about
75% of the total forest area now to 40% in 2000, the exceedance of the critical Al/Ca
ratio reduced from about 65% to 40%,

« a reduction of the acid deposition to 1200 mol, ha' a' was needed to stop the
exhaustion of the pool of secondary aluminum compounds. These hydroxides provide
an important pool for buffering protons,

» the nitrogen content of needles exceeded the critical level of 1.8% between 1970 and
2000 in all areas with high NH, deposition.

o forest growth was stimulated by high nitrogen deposition during the period 1970-1990 in
relatively unpolluted areas. In the polluted areas of the South-Eastern part of the
Netherands, negative aspects of high deposition rates prevailed,

 high levels of SO, and O, reduced photosynthesis by only 5%, whereas indirect effects,
such as the reduction of magnesium uptake by plant roots due to high aluminum
concentrations in the soil solution could be as high as 20%.

At the end of the 2nd phase of DPPA, there remained some important shortages in the

integrated models:

« it was not possible to distinguish natural stresses' from anthropogenic stresses,

» the forest growth module SoilVeg-2 (Berdowski et al., 1991) was only applied to
Douglas fir (and not to important species such as Scots pine),

» the modules were not or only partly validated. None of the modules were applied to the
stand level, which is the most appropriate level for validating this type of models as
most measurements are carried out at this particular level of detail. The forest soil

! A stress is defined as a condition that reduces the effectiveness of plant processes (not necessarily
causing damage to the plant) or reduces plant structure directly (Van Heerden & Yanai, 1994). Conditions
leading to natural stress are drought, frost and plagues. For this report relevant conditions leading to
anthropogenic stresses are air pollution, acid deposition and nitrogen deposition.
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module ReSAM (De Vries et al., 1995a) was validated against a regional data-set
containing data from 150 forest stands (De Vries et al., 1992). However, as this data-set
only represented one point in time, validation of the predicted changes in time could not
be carried out.

« Within the forest module SoilVeg-2, forest stress was calculated on the basis of
regressions between environmental conditions on the one hand and photosynthesis and
uptake on the other. Parameterization of such relationships strongly depends on results
from process-oriented models that include the essentials of whole-tree physiology, such
as the model ForGro (Mohren, 1987; Mohren et al., 1993). ForGro has been developed
within the framework of DPPA to achieve a quantitative estimate of forest growth
reduction due to natural stress factors versus the reduction due to air pollution and soil
acidification. At the end of the 2nd phase, the results of ForGro and SoilVeg-2 were not
compared with each other. Moreover, effects of nutrient limitations on forest growth
were not simulated by ForGro.

1.2  The 3rd phase: from regional models to stand-level models

Two of the research questions in §1.1 (distinguishing natural stresses from anthropogenic

stresses and model validation) require models with a higher temporal resolution than for

regional applications for the following reasons: (i) conditions leading to forest stress (for

example drought) cannot be simulated with models that use a yearly time-step (see for

example Tiktak and Bouten, 1992) and (ii) yearly average concentrations cannot be

compared directly to measurements as these show high temporal dynamics. In order to

answer these questions, the DAS modules SoilVeg-2 and ReSAM were extended to stand-

level models SoilVeg-3 and NuCSAM by:

» incorporation of a hydrological module to simulate daily soil water contents and soil
water fluxes in both upward and downward direction,

« incorporation of a heat transport module to simulate the seasonal and depth variation of
soil temperatures,

 incorporation of a solute transport module to simulate upward and downward solute
transport.

« incorporation of temperature dependence in the formulations for biogeochemical
processes to simulate these processes on a daily basis.

In addition:

« NuCSAM was extended with modules for dissolution of iron and cycling of phosphorous,

» ForGro was coupled to NuUCSAM to simulate effects of nutrient limitations on forest
growth,

« NuCSAM was extended with a more detailed description of mineralisation, and

« NucSAM was extended with a chemical equilibrium module, EPIDIM (Groenendijk,
1995), to account for ion speciation.

1.3 Objectives and general methodology

The main objectives of the projects within the modelling theme were:

e Validation of the DPPA-2 forest and forest soil models (ReSAM and SoilVeg-2),

» Quantification of forest growth in relation to natural stress factors, air pollution,
atmospheric deposition, soil acidification and disturbed nutrient cycling,

» Assessment of the major model uncertainties,

» Verification of critical loads and critical levels,
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« Extrapolation of the present state of forest and forest soil into the future for various
deposition scenarios.

1.3.1 Model validation

One of the most important reasons for developing the DPPA-3 stand-level models was

validation and building scientific justification for the regional (DPPA-2) models. The regional

models, which aim at predicting long-term changes, cannot be validated with results from
relatively short (3-10 years) monitoring programmes. Therefore, validation of these models
was carried out in two steps. First, the results of the three stand-level models (NuCSAM,

SoilVeg-3 and ForGro) were directly compared to measurements at two sites. Then, the

results of the stand-level model NuCSAM was compared to results of the regional model

ReSAM. For validation, the following two intensively monitored sites were chosen:

« a Dutch Douglas fir stand in the Speulderbos (one of the so called experimental
AciForN sites). Data on forest hydrology, soil chemistry and tree growth were available
for the period 1986-1990 (Heij & Schneider, 1991; Evers et al., 1987).

» a Norway Spruce stand at Solling (Germany). Monitoring data were available for the
period 1969-1990. Although the data-set is focused on soil chemistry and nutrient
cycling, the data-set is very suitable for validation of the models over a longer time span
(Bredemeier et al., 1995; Tiktak et al., 1995). This exercise was carried out as part of
an international workshop on comparison of Forest-Soil-Atmosphere Models (Van
Grinsven et al., 1995).

1.3.2 Stress assessment

Several hypotheses that link forest growth and forest vitality to air pollution, atmospheric
deposition, soil acidification and disturbed nutrient cycling have been developed. Examples
are the Al-toxicity hypothesis (Ulrich, 1983) and the nitrogen saturation hypothesis
(Skeffington, 1988). Such hypothetical effect relationships can be tested by applying a
mechanistic and comprehensive simulation model to an intensively monitored forest stand.
It is clear that under prevailing conditions at such a monitoring site, boundary conditions
vary slowly, and the variation in the response of tree and soil are small or non-existent.
This knowledge was a major motivation to start experimental manipulation studies
(Beier et al., 1993; De Visser, 1994). This approach inspired us to perform manipulation
experiments with the models. Simulations were carried out for optimal irrigation and
fertilization, reduction of sulphate and nitrogen input in throughfall, and elimination of air
pollution.

1.3.3 Critical deposition loads and criteria

Information on critical loads for total acidity and nitrogen are a prerequisite for policy
decisions on emission reductions. In the Netherands, critical loads have been derived
indirectly from critical values for ion concentrations or ion ratios in the soil solution (De
Vries, 1994). Critical values for forests were mostly derived from pot trials and laboratory
experiments. Table 1 gives an overview of these critical values. A full discussion of the
various criteria is given in De Vries (1994).




TABLE 1

Critical levels to derive critical loads for forests (De Vries, 1994).

Effect Criterion Unit Value
Nutrient imbalances NH /K ratio in soil solution (mol moi™") 5
Increased susceptibility® N-content in leaves (%) 1.8
Damage to the root system (APR*) in soil solution (mol, m®) 0.2

Al/Ca ratio in soil solution (mol mol'™") 1.0
Deplstion of buffering mechanisms No depletion of the pool

of secondary
Al-compounds in the soil

a) Refers to frost, damage, pests and diseases

Verification of these critical levels was carried out by correlative field studies (e.g. Roelofs
et al., 1985). In this study, the integrated models were used to assess the validity of
present critical values. We did not aim at deriving altemnatives, although models could be
useful to redefine critical loads (De Vries et al., 1995c).

1.3.4 Scenario analyses

All models were used to assess the long-term development of soil solution chemistry (in
particular Al concentration in the soil solution, Al/Ca ratio, content of secondary aluminum
compounds and nutrient status) and forest growth. This goal was achieved by performing
scenario analyses for the following two generic forest-soil combinations:

« Douglas fir on a Cambic podzol',

« Scots pine on a Haplic arenosol'.

For both combinations, model simulations were carried out with deposition scenarios that
are representative for Dutch regions with low, average and high deposition rates,
respectively. It was assumed that in a clean region, the target acid deposition load of
1400 mol, ha' a' (NMP+) is reached in 2010, whereas in average and polluted regions
these loads are reached in 2050 and 2100, respectively (Keizer, 1994).

1.3.5 Major uncertainties

One of the problems with calibrating a complicated model is that it is difficult, if not
impossible, to find a unique set of model parameters. One way to improve the uniqueness
of the obtained calibration is using automated and objective calibration procedures. In view
of the large number of model parameters that need calibration, such a calibration
procedure is very time-consuming. For this reason, automated calibration procedures have
not been applied to the models under consideration, but strict (manual) calibration
procedures have been postulated. However, if the uniqueness of the calibration remains
questionable, results of scenario analyses are also uncertain. Model uncertainty can be
assessed by performing thorough and systematic uncertainty analyses. Confidence in
predictions from individual models will also increase when other models predict the same
magnitude and trends of model outputs. Therefore, in this study the major model

! Soil classification according to FAO (1988). According to the American Soil Taxonomy, these
soils can be classified as Typic Dystochrepts and Typic Udipsamments, respectively.
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uncertainties were assessed by comparing results from the three stand-level models
NuCSAM, SoilVeg-3 and ForGro.

14  Set-up of this report

In this report, emphasis is given to the application of the models to the Speuld site.
However, as the Solling application provided interesting information on the long-term
behaviour of the models and placed our modelling activities in an international perspective,
a summary and some major conclusions from this exercise are included. A complete
description is found in the proceedings of the workshop (Van Grinsven et al., 1995).

After this introduction, the models are described briefly in chapter 2. A full description of all
models can be found in publications by the individual research groups.

Chapter 3 describes the Speuld data-set. The first part of this chapter describes the
monitoring site and the common data-set. The last section describes some model specific
data.

Chapter 4 describes the Speuld application. This chapter starts with an introduction on
methodologies. Then, the parameters that need calibration are described. Finally, some
results are presented. Chapter 4 is organized along a disciplinary division of model
components, viz. hydrology, chemistry and forest growth. The chapter ends with some
results from simulated manipulations experiments. These simulations are inspired by
experimental simulations. By ‘virtually’ eliminating individual stress factors in the model
calibrations for Speuld, their effect on growth, nutritional status or soil chemical status can
be quantified.

Chapter 5 describes the results of the scenario analyses. The first sections describe the
common data-set (scenarios, weather, soil data and forest data). Then, the results are
discussed.

Chapter 6 summarizes the most important results and gives the conclusions and
recommendations. These conclusions are grouped in the same themes as specified in §1.3
(i.e. objectives and generical methodology).







2 THE MODELS

21 Introduction
This report presents the results from five different models or model versions (table 2).

TABLE 2

Acronyms, full names and references for the models described in this paper.

Acronym Full name Compartments  Reference

ReSAM Regional Soil Acidification Model soil De Vries et al., 1995a
NuCSAM Nutrient Cycling and Soil Acidification Model soil Groenenberg et al., 1995
SoilVeg-2 Soil Vegetation model, version 2 integrated Berdowski ef al., 1991
SoilVeg-3 Soil Vegetation model, version 3 integrated Van Heerden et al., 1995
ForGro® Forest Growth Model integrated Mohren et al., 1993

2} The ForGro version discussed here is linked with NUCSAM as the soil chemistry sub-model.

Table 3 summarizes the most important characteristics of the five models. All models are
characterized by a process-oriented, deterministic approach. The DPPA-2 models ReSAM
and SoilVeg-2 have specifically been developed to evaluate long-term responses of soils
and forests, respectively, to deposition scenarios on a regional scale. For this reason,
these models do not include seasonal dynamics (temporal resolution or input/output
time-step is one year). On the contrary, the DPPA-3 models (ForGro linked with NUCSAM,
NuCSAM and SoilVeg-3) were developed for application and validation on the stand-level
(see §1.3). These models simulate seasonal dynamics and require daily input of weather
data.

Scenario analysis was the primary aim for developing the regional models ReSAM and
SoilVeg-2, but was only a secondary reason for developing the stand-level models. The
most important reasons for developing the DPPA-3 models NuCSAM and SoilVeg-3 were
validation and stress assessment (§1.3). ForGro serves as a reference model to SoilVeg-2
and SoilVeg-3 with respect to quantification of interactions at the stomatal and root level.
SoilVeg contains empirical relationships for the description of stress that can only be
validated by comparing the model results with results from a physiological model, such as
ForGro. Another reason for developing these models was to built scientific justification for
the regional models. These models, which aim at predicting long-term changes, cannot be
validated with results from relatively short (3-10 years) monitoring programmes. Therefore,
validation of these models was carried out in two steps (see §1.3). Note, however, that
regional models sometimes can be validated directly by comparing the model outputs with
long-term data-sets. See for example Van der Salm et al. (1995) who applied the model
ReSAM to the Solling data-set which has a length of more than 20 years. Unfortunately,
such long-term data-sets are not available for sites in the Netherlands.

NuCSAM and ReSAM are models that focus on soil chemistry (table 3). To account for the
effect of nutrient cycling on soil chemistry in the root zone, fluxes of water and nutrients to
and from the tree are described by forcing functions (boundary conditions). ForGro and
SoilVeg describe the flow of water, carbon and nutrients both in the tree and in the soil.
These two models can be classified as integrated and closed-system Forest-Soil-
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Atmosphere models (Landsberg et al, 1991; Tiktak and Van Grinsven, 1995). ForGro
contains the most comprehensive description of tree processes. The model is a
physiologically based carbon-balance model of forest growth. Most process formulations in
SoilVeg have an empirical basis. The major presumption is that indirect effects of acid
deposition are of major importance, leading to a model concept in which nutrient
availability is a key factor for forest growth, while gross photosynthesis is regarded a
boundary condition (Berdowski et al., 1991; Van Heerden et al., 1995).

TABLE 3
Summary of general model characteristics and compartments.
Subject Model

ForGro NuCSAM SoilVeg-3 SoilVeg-2 ReSAM
Application scale stand stand stand regional regional
I/O time step day day day year year
Aims @
scenario analysis 0] 0] O L ] e
validation { ® o - -
stress assessment ® - ® 0] -
‘reference model’ [ L J ] - -
Compartments °
tree o d ® -
soil e { O
Processes °
deposition/can. interaction ® O O o] o]
hydrology o { 1 J L o} o
heat transport ® L { ] - -
geochemistry L 1 o0 ® o o}
nutrient cycling ( 1 L e O O
forest growth ) 4 ° 0 -

a) Major aim of the model (®), secondary aim of the model (O), or not an aim of the model (-).

b) All major compartments included (®), some compartments lumped (O), or not included (-).

c) Process formulations mechanistic (@®), detailed and partly empirical (®), empirical (O), or not included (-).
d) Forest growth and nutrient uptake included as a forcing function.

e) In an indirect way; through the Al concentration and the AV/Ca ratio in the soil solution.

ReSAM and SoilVeg-2 do not simulate hydrological processes but use yearly average soil
water fluxes and root uptake fluxes as calculated with an external hydrological model
(SWATRE; Belmans et al., 1983). NuCSAM, SoilVeg-3 and ForGro (see table 4) all include
hydrological submodels for calculating snow-fall, canopy water dynamics, forest-floor water
dynamics and soil water dynamics. The stand-level models simulate heat transport and soil
temperatures on a daily basis, the regional models use average yearly soil temperatures
as a boundary condition.

NuCSAM and ForGro contain the most extended description of soil processes (table 4).
NuCSAM is derived from ReSAM. The process formulations within all soil chemical
modules, although rather complex and process-oriented, have an empirical basis (De
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Vries, 1994). The most important extensions of NuCSAM compared with ReSAM are: (i)
NuCSAM describes both upward and downward transport of water and solutes, (i) all
processes (transport and biogeochemistry) are described within NuCSAM on a daily basis,
(iil) NuCSAM describes the behaviour of iron and phosphorous, (iv) NuCSAM accounts for
ion speciation using a chemical equilibrium module (EPIDIM) and (v) a more detailed
description of mineralization is included. Phosphorous is included, as it is a major limiting
nutrient in Dutch forest soils (Mohren et al., 1986). The biogeochemical process
formulations in SoilVeg-2 are derived from ReSAM. In ScilVeg-3, the biogeochemical
process formulations were adapted in the same way as in NuCSAM, but iron, phosphorous
and ion association were not included.

TABLE 4
Major principles of the stand level models NuCSAM, SoilVeg-3 and ForGro. For further explanation:

see text.

Compartment Model
NuCSAM SoilVeg-3 ForGro
Hydrology Solution of Richard's Solution of water Solution of water
(§2.2) equation. content from empirical content from an empirical

Nutrient uptake
(§2.3)

Soil chemistry
(§2.4)

Forest growth
(§2.5)

Effect relations
(§2.6)

Potential transpiration
from Makkink and an
empirical crop factor

Forced by stem growth
and fixed nutrient
contents. N-content
driven by deposition.

Gaines-Thomas cation
exchange. 1st order
nitrification and

silicate weathering.
Elovich Al-hydroxide
weathering. lon speciation.

Logistic stem growth
and fixed biomass
ratios.

No effect model.

Empirical relation between
N-deposition and N-content
of foliage.

equations with soil

water flux and water
uptake. Potential
transpiration as in NuCSAM

Driven by water uptake,
nutrient concentration
in soil solution and
selectivity coefficients.

Equations and
parameterization as in
NuCSAM. Phosphate is
not considered.

Gross photosynthesis

calculated from transpiration.

Multiple nutrient productivity
concept. Nutrient allocation
age dependent.

Empirical reduction of
photosynthesis with
ambient SO, and O,.
Al and pH affect root
uptake and root growth.

Direct canopy uptake of NH,.

relation with soil
water flux. Transpiration
from Penman-Monteith.

Driven by demand and
limited by radial
diffusion from the bulk
soil to the root.

ForGro uses NuCSAM
as submodel.

Photosynthesis is

driven by light

interception. Gross carbon
assimilation is summed per
leaf layer. Fixed allocation
scheme.

Nutrient shortage, and
stomatal uptake of SO, and
O, in foliage reduce
photosynthesis. Al affects
root growth and nutrient
uptake. Diract uptake

of NH,.

2.2 Hydrology

Figure 1 shows the hydrological cycle in a forest stand. A description of the transport of
water is necessary to predict the concentration and amount of solutes in the soil. Further,
soil water status will affect most biochemical processes like mineralization, nitrification,
denitrification and the uptake of water by plant roots. The stand-level models NuCSAM,
SoilVeg-3 and ForGro describe the entire hydrological cycle on a daily basis. in SoilVeg-3
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Figure 1 and ForGro, the hydrological submodel is
The hydrological cycle in a forest stand. an integral part of the model. In this way,
precipitation dynamic feed-backs between hydrological
processes on the one hand and forest
intercepion growth and nutrient uptake on the other,
evaporation can be simulated. NuCSAM uses soil
water fluxes, soil water contents, etc.
simulated by a stand-alone hydrological
model (an adapted version of the
SWATRE model (Belmans et al., 1983)). In
the regional models ReSAM and
SoilVeg-2, average yearly soil water fluxes
throughfall and soil water contents as calculated with
ponding SWATRE (De Visser and De Vries, 1989)
were used.

transpiration

snow
sublimation

!

snow
accumulation

xylem sap flow ,

ed zone

2.2.1 Potential evapotranspiration

The calculation of the maximum or
i potential evapotranspiration depends on
soil water contents scf)lillj %as}er the level of detail and process aggregation
-------------------------- : of the models. In the most detailed
approach, the conductances of the forest
----------------- o canopy for transport of energy and water
" iateral vapour are explicitty modelled (ForGro).
--------------- ~edeldrainage  This model uses the Penman-Monteith

-1 equation:

unsaturat

zone

saturated

R C
E,, = 1.5n"0C:00. (1)

where A (J g') is specific heat of evaporation, " A s+y(1+9/9,)
E,m (md Y the Penman Monteith potential

evapotransprratlon s(gg' K") the derivative of the saturated water vapour curve H
(W m) energy available at the evaporating surface, p (g m 3) density of air, G, Jg'K! )
the specrflc heat capacity of air, g (g kg'') specific water vapour deficit at reference level,
v(g g' K") psychrometer constant, g, and g, (m s 'y are the canopy and aerodynamic
conductances, and f; (s d") is the number of seconds in a day. Equation (1) requires the
description of stomatal conductance as a function of time. The stomatal conductance is

derived from net-photosynthesis, vapour pressure deficit and foliar water status.

In NuCSAM and SoilVeg-3, the potential transpiration of the stand under consideration is
calculated by multiplying the reference evapotranspiration according to Makkink (1957) by
an empirical, season dependent crop factor. For conditions in the Netherlands, the Makkink
equation is written as:

E-B8.5 .kl 2)
A s+

in which E, (m d 1y is the Makkink reference evapotranspiration, s (g g' K" is derivative of
the saturation water vapour pressure temperature curve, v (g 0 'Ky is psychrometer
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constant, Kl (W m®) is global radiation, A (J g') is specific heat of evaporation and B (-) is
empirical constant related to the geographical latitude, which for conditions in the
Netherlands is equal to 0.65.

2.2.2 Canopy interception

All models use a relatively simple empirical one-layer canopy-interception submodel. Water
is supplied to the canopy by precipitation and lost by throughfall and evaporation of
intercepted water:

A=A, +At(P-TF-E;) (3)

where A,, (m) is amount of water intercepted by the canopy, P (m d") is daily
precipitation, TF (m d") is daily throughfall, E; (m d') is evaporation of intercepted water
and At (d) is time-step (which is one day).

In all models, the amount of water intercepted is calculated by using a coefficient of free
throughfall in combination with a threshold value.

The evaporation of intercepted water, however, is threaded rather differently. In NuCSAM,
the calculation of the interception evaporation is based on Gash (1979). The Gash model
uses an analytical approximation for the calculation of daily interception. However, unlike
the original Gash model, NUuCSAM uses daily evaporation rates instead of yearly average
evaporation rates. As evaporation rates are lower during rainfall, empirical correction
factors have been introduced for the dry and wet part of the day. The simulations start with
the calculation of the amount of rainfall required to saturate the canopy, P, (m):

p - ch,max 'ln(‘l—E".f_Ewet' 1 ].ﬁ (4)

° E, - fE o R ?C-

where sc (-) the soil cover fraction, A, .., (M) the maximum amount of water stored in the
canopy, E, (m d) the reference evapotranspiration, fE,,, (-) a correction factor for the
evaporation rate during rainfall, R (m d") the average rainfall intensity and P (m) the
precipitation. The interception evaporation is now calculated as:

if P< Pg: E;,=P-sc

E,-fE (6)
if P> Py: E,-=Ps-sc+[__’ ‘”"'J-(P—Ps)
R

The canopy water storage at the end of the day is calculated as:
E -fE

Avo = Ay o €XP|-—L 9 -1, (6)
ch,max

where A, (m) is the water storage at the end of the day, A, , (m) the water storage at the
start of the dry part of the day, fE,, (-) a correction factor for the evaporation rate during
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the dry part of the day, and t, (d) the length of the dry part of the day, which is calculated
from the precipitation and average rainfall intensity:

t,=1-(PI/R) Y

In SoilVeg-3, the evaporation of intercepted water is calculated based on estimating the
energy contributions from direct radiation, E, (m d') and local advection, E, (m d):

E, = sd-E,-f(LAl)

Ea = 8Tmax ' Tair ' (h + hsup) Pair * Cair (8)
Py (Cy, (100 - T,) +A)

where sd (d) is storm duration, f(LA/) (-) is leaf area index dependent correction factor,
8T, ., (d') maximum relative temperature change of plant environment, T (°C) is air

temperature, h (m) is vegetation height, h,, (m) is supplemental height representing the
air volume above the vegetation from which energy is extracted by advection, c,;
(J g K'") is heat capacity of air, ¢, (J g K™ is heat capacity of water and A (J g K} is
heat of evaporation of water, p,, (kg m™3) is the density of water and p_, (kg m?) is the

density of air.

2.2.3 Potential transpiration and soil evaporation

In all models, the potential transpiration and potential soil evaporation are calculated by
partitioning the potential evapotranspiration on the basis of the available energy by a
method equivalent to Van Grinsven et al., 1987 and Tiktak and Bouten, 1992):

E*py = max[O,{fc.sc.E,— f,-.E,.}] (9)
E*.=(1-sc)-E,

in which E; (m d”) is the potential transpiration, E, (m d" is the potential soil
evaporation, f, (-) is an empirical factor that accounts for crop characteristics, sc (-) is the
soil cover fraction, E; (m d") is evaporation of intercepted water, and f; () is the fraction of
the daily interception that reduces the potential transpiration. The gap factor is calculated
on the basis of the leaf area index.

In NuCSAM, the actual soil evaporation rate is calculated as a function of time since the
last rainfall event according to Black et al. (1969):

Es=a.(\/td+1 -J{,)E; (10)

where E; (m d') is actual soil evaporation, t; (d) is time from the start of a drying cycle
and e (d"?) is an empirical parameter.

In SoilVeg-3, the actual soil evaporation rate is calculated as a function of the water
content of the uppermost soil layer:
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0-90, . »
E,=min| — 2 -E] E, (11)
efc_eair

where 0 (m m"") is volumetric water content, 0, (m3 m'3) is water content at field capacity
and 8,, (m® m*) is air-dry water content.

2.2.4 Soil water transport

The transport of water through the soil is simulated according to a deterministic approach
based on Richard’s equation (NUCSAM) or an empirical field-capacity model (SoilVeg and
ForGro). NuCSAM calculates a numerical solution to the Richard’s equation:

00 _ . _ 12
®. Z[K()( 1)] s(h) (12)

where 6 (m® m™) is volumetric water content t (d) time, z (m) vertical position |n the soil, h
(m) soil water pressure head, K (m d ') hydraulic conductivity and S (d ') sink term
accounting for root water uptake. The model allows for upward water transport. ForGro
contains a field-capacity submodel that does not allow for soil water transport at water
contents below field-capacity:

90 _ 9(J(6)) -S(6)  (6>6,)

at 0z (13)
%‘: ) (6<8,)

with J(m d") as soil water flux, 6, (m® m™) saturated volumetric water content, and
8,, (m®> m) volumetric water content at field capacity. The relationship between soil water
flux and soil water content in ForGro is derived from the output files of more
comprehensive soil water transport models. For the Speuld simulations, the output of the
model SWIF (Tiktak and Bouten, 1992) was used, for the Solling case NuCSAM
simulations were used. The closed-form relationship between soil water content and soil
water flux in SoilVeg-3 allows for upward water transport:

0(e® - p
J(®O) = J, * | ———
(0) = Jor [ 5= ] (14)
with
b = gl

where J,, (mm d’ ') is maximum upward flux, and a (-) is a constant. The parameters in this
J®) functlon are estimated from soil physical properties (retention and conductivity
characteristics), using a procedure described by Van Grinsven and Makaske (1993).

2.2.5 Actual transpiration

The potential transpiration is distributed among soil layers on the basis of the root length
distribution in all models. In NuCSAM and SoilVeg-3, reduction of water uptake occurs
when soil water pressure heads (NUCSAM; see Figure 2) or soil water contents (SoilVeg-3)
drop below a threshold value. The root water uptake fluxes are summed to get the actual
transpiration. SoilVeg-3 allows for compensatory uptake from relatively wet soil layers. In
ForGro, the root water uptake flux is simulated using the root resistance and the hydraulic
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Figure 2 gradient from the bulk soil to the plant.
The water uptake reduction function in NuCSAM. Root resistance depends mainly on

f(h) (-) rooting density, root radius, and
hydraulic conductivity within the rooted
zone. In the model semi-empirical
expressions are used to quantify these
resistances under different circum-
stances (Gijsman, 1990). In case of
restricted soil moisture availability, soil
water potential decreases, leading to a
| decrease in foliage water potential (in
Lo MPa), which causes stomatal closure,

" ' reducing both transpiration and canopy
pressure head (m) assimilation. By incorporating this kind
of feed-back mechanisms in the model,
the effect of drought on growth and exchange of pollutants through the stomata can be
studied.

Y11

2.3  Nutrient cycling

2.3.1 Canopy interactions

The solute fluxes to the soil surface by throughfall are calculated in NuCSAM, SoilVeg-3
and ForGro from the total deposition corrected for canopy interactions, i.e. foliar uptake
and foliar exudation. In all models, foliar uptake of NH}, NO;, SO,2 and H* is described
as a linear function of the dry deposition of these elements:

FXy = frXy + FXy (15)

where FX (mol, ha' a™') refers to the flux of element X, frX,, (-) is the uptake fraction of
element X and where the subscript fu refers to foliar uptake and dd to dry deposition.

In NuCSAM and ForGro, foliar exudation of the base cations NH; and H" is
counterbalanced by exchange with Ca?*, Mg?* and K* (Draaijers, 1993):

FCa, + FMgy, + FK, = FNH, 4, + FHy, (16)
where the subscript fe refers to foliar exudation and fu refers to foliar uptake. The foliar
exudation flux of each individual cation, FX,, (mol, ha™ a™) is calculated as:

FXp = X - (FNH, g+ FHy) (17)

where frX,, (-) is the foliar exudation fraction of Ca®*, Mg®* and K*. The sum of these
fractions equals 1.

In SoilVeg-3, the foliar exudation flux of Ca?*, Mg?* and K* is described as a linear function
of the amount in the leaves:

FXfG = kaB * A’V M CtX,v (18)

where kX,, (a™') is the foliar exudation rate constant, A,, (kg ha) is the amount of leaves
or needles and ctX,, (mol, kg™!) is content of element X in leaves.

-16 -



2.3.2 Litterfall and root decay
Litterfall and root decay are the input to the organic pools of N, P, Ca, Mg, K and S. In
NuCSAM, litterfall and root decay are described by first-order rate reactions:

FXIf = (1 —erI'B,IV) .kXIf * AIV ° CtXIV (19)

FX,y=(1-fXgn) kX,q. Ay . CtX,, (20)

re,rt

where k; and k4 (a”) are the rate constants for litterfall and root decay, A, and A,
(kg ha') are the amounts of leaves and fine roots, ctX;, and ctX, (mol, kg') are the
contents of element X in leaves and roots, and frX,,, and frX,, (-) are the reallocation
fractions for element X in leaves and fine roots, respectively. The contents of P, Ca, Mg, K
and S in leaves and fine roots are assumed to be constant in time. As high contents of
nitrogen are caused by high nitrogen deposition rates, the nitrogen content in stems,
branches, leaves and fine roots is calculated as a function of nitrogen deposition by

(FN < FNtd< FNtd,max):

td,min

FNyy-FNyg mi
ctN = ¢tN,;, + (ctN, . -CctN_.) [ td td,min ] (21)

FNtd,max - FNtd,min

where ciN,;, and c¢iN,., (mol, kg'!) are the minimum and the maximum nitrogen content in
stems, branches, leaves or fine roots, respectively and FN, i, and FNy ., (Mol ha' a’)
are the minimum and the maximum deposition levels between which the nitrogen content
in biomass is affected.

SoilVeg and ForGro use the same rate equations, but distinguish between more biomass
compartments, i.e. a maximum number of 8 needle age classes, branches, stems, coarse
roots and fine roots. For each biomass compartment, a different reallocation fraction is
used, but the element content in all needle fractions is assumed equal. The calculation of
needle contents in described in the section on forest growth.

2.3.3 Mineralization

In SoilVeg-3, for the decomposition of exogenous organic matter (litter) a distinction is
made between a rapidly decomposing pool of fresh litter (less than 1 year old) and a
slowly decomposing pool of old litter (more than 1 year) (Janssen, 1984). Mineralization of
endogenous organic matter is not considered in SoilVeg-3, except for the mineralization
from the root necromass. The mineralization flux of N, P, Ca, Mg, K, S and C
(mol, ha' a') from fresh litter is described by a zero order equation:

FXpi = {frig* frmi*(1-1rig)} - FXy (22)

where fr,; (-) is mineralization fraction and fr,; (-) is leaching fraction of element X.
Leaching refers to the release of cations directly after litterfall, a process which is
especially important for base cations. In SoilVeg, the leaching fraction is set to 1 for all
base cations and set to O for the other elements. The mineralization flux of N, P, S and C
from fresh litter is described by first order kinetics (Van Veen, 1977):
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FXmmist = Kmi gt Aje ctXpy (23)

where K, (@) is the mineralization rate constant from old litter, A, (kg ha™") is the amount
of old litter and ctX, (mol kg™) is the content of element X in old litter. The mineralization
of N, P, Ca, Mg, K, S and C from the root necromass is described as:

FXmirn = Kmi, rn A CtX,, (24)
with ki, (a') as the mineralization constant of root necromass, A, (kg ha') as the

amount of root necromass and ctX,, (mol. kg’ ) as the content of element X in root
necromass.

n

In NuCSAM, both exogenous and endogenous organic matter are distinguished. For the
exogenous organic matter, a distinction is made between a litter layer and a fermentation
layer. The organic matter in the humus layer is lumped with endogenous organic matter.
All equations, except for litter fall fluxes, are first-order rate equations. The mass balances
for the litter and fermentation layers (mol, ha™ a™) are described by:

d(Aj-ctXy)

ar =(1-frg) FXj - (kmi,lt+khu,lt) Ay otXy (25)

d( A ctX
(—md-t—-f—e) = Kpu,it* Ase* Xy = (Kmi,to * Khu, o) " Ate " CtXie (26)
where fr, (-) is the leaching fraction (see also equation (22)), k., (& ') is the mineralization
constant for the litter layer, k;,, (a') is the humification constant for the litter Iayer Ko te
(a') is the mineralization constant for the fermentation layer and kg, (& ) is the
humification constant for the fermentation layer, ctX, and ctXj, (mol, kg™") are the contents
of N, P, K, Ca, Mg and S in the litter and fermentation layers, and A, and A,, (kg ha") are
the amounts of litter and fermentation, respectively. For each soil layer within NUCSAM, a
mass balance (mol, ha™' a™') can be written for the endogenous organic matter:

d( Ahum,i ) Ctxhum,i) =
at (27)
frhum,i ( khu,fe "Agp” CtXjy + kmi,rn ‘A cotX,, - kmi,hum 'Ahum,i ' CtXhum,i)

where fr,,,.; (-) is fraction of endogenous organlc matter in soil layer i, K.,z (2 a') is
humification constant for the fermentation layer, k, (a™') is mineralization constant for the
root necromass, and k..., (a a!) is mineralization constant for the humus layer. The
amount of produced organic anions by mineralization is calculated from the charge balance
including all other ions.

In all models, the rate constants described above are maximum values which are reduced
under non-optimal water contents and soil temperatures. The mineralization constants for
nitrogen are also reduced at low N contents (or high C/N ratio’s) to account for
immobilization by microbes according to Janssen (1983) and De Vries (1994).
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2.3.4 Uptake of nutrients by roots

Total uptake of NH, NO;, Ca?*, Mg?*, K*, PO,* and SO (mol, ha a™) is described in
NuCSAM by a demand function, which consists of maintenance uptake and growth uptake
in stems and branches according to:

FX,, = FXgy+FX;g+ FXto+ FX. g+ FXy, (28)

where the subscript ru refers to root uptake, /f to litter fall, rd to root decay, fe to foliar
exudation, fu to foliar uptake and gu to growth uptake. The growth uptake is directly
related to stem growth, which is described by a logistic growth curve:

Am

dA = st,mx 29)
Mt 1.0 + g 9" (age+t-tyo) (
and

FXgy = dAM g (CtX gy + fro, p * CtX ) (30)
where fr, , (-) is the fraction of the growth uptake for branches, kry (kg halal) is a

logistic rate constant, dAm,, (kg ha™' a') is the stem growth, Amy,,., (kgha™) is the
maximum amount of stemwood, ctX,, (mol, kg!) is content of element X in stemwood,
ctXy, (mol, kg™'") is content of element X in branches, t (a) is time, f5, (a) is time at which
the amount of stemwood is 0,5 x Am, ..., and age (a) is the stand age at the start of the
simulation. The contents of Ca, Mg, K and S in stemwood are assumed to be constant in
time. The concentration of nitrogen in stems is described as a function of the nitrogen
deposition according to Equation (21). The nutrient uptake from a given soil layer i is
determined by the given root distribution:

FXpyi= F Xy fry (31)
where FX,,; (mol, ha' a”) is uptake of element X from soil layer i, FX,, (mol, ha™ a™) is

total uptake of element X, fr, is the root fraction in soil layer i NuCSAM includes the
possibility for preferent uptake of NH; over NO; according to (Gijsman, 1990):

- 1 (32)
FNH, , = - FN
h [1+1/prH4,m] '"

where fNH, ,, () is a preference factor for the uptake of NH; over NO;. NOj uptake is
calculated as the difference between total nitrogen uptake and NH; uptake:

FNOg3,, = FN,, - FNH,,, (33)

In SoilVeg, the uptake of nutrients by roots is proportional to the actual water uptake, to
the soil solution concentration, to a nutrient-specific selectivity factor, and to the sum of the
nutrient allocation fractions to the plant compartments:

n

FX, =f(XfrXy ;) X, cX-FW, (34)
=1 '

with FX, (mol, ha' a™') as the root uptake flux of element X, X, (-) as ion selectivity

factor, ¢X (mol-m™®) as the concentration of ion X in the soil solution, frX,,; (-) as the
allocation fraction of nutrient X to biomass compartment i (see §2.5), n (-) as the number
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of biomass compartments, and f, (m? ha'') as conversion factor. The ion selectivity factor
is a lumped empirical factor accounting for root density, diffusion, active uptake, ion
selectivity and soil physical properties. In SoilVeg, the ion selectivity factor is a function of
stand development and soil temperature:

-1.0
—_-1.0
o e -B(age-m)

fX., = frof Xy + v(1.0 +a-gBage-m)

with
f =2 (T-Tog)/ 10

ru,ini

(35)

with X, i (-) as the selectivity factor at the start of the simulation, f; (-) as the temperature
correction factor, o (-), B (@), v (-) and m (a) as curve parameters, age (a) as the stand
age, T as the soil temperature, T, as the long-term average soil temperature.

In ForGro, nutrient transport through the soil towards the roots is described by a radial
diffusion and mass flow model. Nutrient uptake is considered to be determined principally
by the plant’s demand, independent of the concentration in the soil (Gijsman, 1990). This
implies that roots take up nutrients at the required rate (i.e. in accordance with the plant's
demand) as long as the supply of nutrients at the root surface is sufficient to meet this
demand. This situation is called an ‘unconstrained uptake pattem’. When the nutrient
demand is higher than the rate of nutrient supply at the root surface, the roots will take up
all nutrients reaching the root surface, thus acting as a zero sink (‘constrained uptake
pattem’). The transport rate towards a root due to mass flow and the nutrient uptake rate
by a root have upper bounds, which are determined by the maximum fluxes across the
root surface of respectively water and nutrients. The nutrient demand is defined as the
amount needed to be taken up by the trees for obtaining maximum growth rate under
given extemal conditions. It is based on maximum tissue contents of nutrients. The
demand divided by the total root length per unit soil surface area gives the required uptake
rate per unit root length. The roots are considered as regularly distributed, parallel vertical
cylinders, each surrounded by a hexagonal block of soil, which can be approximated by a
soil cylinder with radius R (m):

R=_1

\/nT (36)

in which L, (m® m™) is the root length density. The radial diffusion and mass flow model
uses the soil water contents and nutrient contents of the bulk soil of each soil layer as a
forcing function. The development of gradients around a root is implicitly included in the
mathematical transport equations (De Willigen and Van Noordwijk, 1987). Given a certain
required uptake rate per unit root length, it is calculated whether roots in a certain layer
are able to take up according to an unconstrained uptake pattemn. If not, the maximum
uptake rate from that layer is calculated as it is determined by the potential transport from
the bulk soil towards the root surface (constrained uptake). If roots in a certain layer
cannot meet the uptake requirement, it is tested whether roots in other layer (not yet taking
up at their maximum rate) can increase their uptake rate.
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2.3.5 Nitrogen transformations
Nitrification (mol, ha™ a’') in a given soil layer are described in NuCSAM, SoilVeg-3 and
ForGro as first-order reactions by:

FNH,,; = -f, 0 TL-k,-cNH, (37)

where 8 (m® m?) is the volumetric water content, TL (m) is thickness of the soil layer, k
(a“) is the nitrification rate constant. As with mineralization, the nitrification rate constant is
adjusted on the basis of soil temperature, water content and pH (De Vries, 1988). The
nitrification rate constant is reduced at high water contents.

2.4 Geochemical process formulations

2.4.1 Rate limited reactions
In all models, protonation and weathering are described by rate-limited first-order reactions.
Protonation (the association of organic anions with H*) is described according to:

FRCOO,, = -f,-8+TL -k, -cRCOO (38)

Ay s .
where Kk, (a’") is a pH dependent protonation rate constant.

In the case of under-saturation, the weathering (dissolution) filuxes of Al and base cations
from carbonates, silicates (primary minerals) and aluminum hydroxides (mol, ha' a™) are
described by first-order rate and Elovich reactions. The flux of calcium from dissolution of
carbonates is described by:

FCayeep =f.op-TL 'kcawe,cb'thacb'( cCa, - cCa) (39)

where p (kg m?) is the bulk density, kCa,,q, (m® mol;'a™") is a weathering rate constant,
ciCa, (mol, kg') is the content of Ca in carbonates, and cCa and cCa, (mol, m=) are the
concentration and equilibrium concentration of calcium (cf. Eqn. (44)), respectively. The
flux of base cations from silicates (primary minerals) is described by (Van Grinsven, 1988):

FXyo.om = f57P * TL * KX o pm * CtX gy » CHXX) (40)
where kX, pm (M mol;'a™) is a weathering rate constant, ctX,,, (mol, kg”) is the content
of base cation X in primary minerals, cH (mol, m) is the H* concentration and o (-) is a
parameter. The weathering of aluminum from primary minerals is described by:

FAl =3FCa + 0.6 FMG o pm *+ 3 FKyopm + 3FNa (41)

we pm
This equation comes down to congruent weathering of equal amounts of Anorthite (Ca),
Chlorite (Mg), Microcline (K) and Albite (Na). When the solution is undersaturated with
respect to natural gibbsite, the release of aluminum from hydroxides is described by an
Elovich equation:

FAl, . =f.p-TL-KEl, -e¥F2 ead (oAl —cAl) (42)

we pm

with cAl and cAl, (mol, m®) as actual and equilibrium concentration of aluminum in the soil
solution, and kE/1 (m® mol;'a™) and kEI2 (kg mol;') as Elovich constants.
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The weathering of P is described by the rate-limited equation:
FP,, =Ffp:TL kP, CtP;(cP,-CP) (43)

where p (kg m?) is the bulk density, kP,,, (m® mol;'a™) is the weathering rate constant for
P, ctP, (mol, kg') is the total phosphate content, ¢P (mol, m®) is the actual phosphate
concentration in the soil solution, and cP, (mol, m?) is the equilibrium concentration of
phosphate with apatite, variscite or strengite.

2.4.2 Equilibrium reactions

Equilibrium reactions in NuCSAM, SoilVeg-3 and ForGro include the dissociation of CO,,
the calculation of the concentration of Ca®* in equilibrium with Ca carbonate, the
concentration of AI** in equilibrium with Al hydroxide, adsorption/desorption of SO, and
cation exchange. The concentration of Ca?* in equilibrium with Ca carbonate is calculated
as:

pCO,

cCa,=KCa,yp * ————
(cHCO;3)?

(44)

where KCa,, (mol® L3 bar') is the equilibrium constant for Ca carbonate dissolution and
pCO, (bar) is the partial CO, pressure in the soil. The bicarbonate concentration in the soil
solution (mol, m®) is calculated from:

(KCO, - pCO,)

CHCO; = - (45)
C +

where KCO, (mol® L2 bar) is the product of Henry's law constant for the equilibrium
between CO, in soil water and soil air, and the dissociation constant of H,CO;. The
concentration of A** in equilibrium with natural gibbsite is calculated by:

cAl, = KAl -cH?3 (46)
where KA, (mol2 L?) is the equilibrium constant for aluminum hydroxide dissolution.

Cation exchange is described by Gaines-Thomas equations with Ca** as reference ion
according to:

frx2 2
% = KX - X (47)
frCa g, cCa™

with z, (-) as valence of cation X, KX,, ((mol L")x?) as the Gaines-Thomas selectivity
constant for exchange of cation X against Ca, frX,, (-) is fraction of cation X on the
adsorption complex. X equals H*, A%, Mg?*, K*, Na*, NH; in all models. In NuCSAM and
ForGro, Fe* is included as well. frX,, is calculated by:

X
Xy = (48)
CEC

where CEC (mol, kg) is the cation exchange capacity. The sum of all fractions is equal
to 1.
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S0,% and H,PO; adsorption in each soil layer is described with a Langmuir equilibrium
equation according to:

XSC + KX,q * CX
T+ (KX 5 - cX)

Ctxad = (49)

where cfX,4 (mol; kg’ 'Y is the sorbed amount of anion X, XSC (mol, kg’ 1y is the sorption
capacity for X (cf. Eqn. (64)), and KX, 4 (m mol, ') is the equilibrium constant for sorption of
anion X.

NuCSAM also includes ion speciation, such as the hydrolysis of AI** and complexation of
aluminum with organic anions. All equilibrium reactions are calculated with the chemical
equilibrium program EPIDIM (Groenendijk, 1995).

25 Forest growth

Forest growth is simulated by the models with different degrees of detail. In NuCSAM,
forest growth is represented by a logistic growth function (§2.3.4) and a nutrient cycling
process, in which nutrients are taken up daily by a growing stand, and later retumned by
means of litter fall and root decay (§2.3.2). The vegetation together with the litter layer
merely act as a steady state nutrient cycle, with a small part of the nutrients taken up and
stored in the accumulating forest biomass. This vegetation cycle is parameterized by root
uptake, storage, litter fall and root decay, which are given as time-independent constants
for a particular forest type. There is no feedback of nutrient cycling on growth rate. Growth
constants are taken from available field and literature data. Stem growth (kg hat a ) is
described with a logistic growth function (see equation (29)). Branch growth (kg ha'a')is
derived from the stem growth using a fixed stem/branch ratio fr,, (-):

dAmy, = fr,q* dAM,, (50)

The amounts of leaves and roots (kg ha“) are described as:

Amlv = : Amlv, mx (51 )

Am st,mx

where Am,, (kg ha™) is the actual amount of foliage (or roots) and Amy,,, (kg ha a™) is
the given maximum amounts of foliage (or roots). The nutrient contents of base cations
and sulphur remain constant in all biomass compartments, whereas the nitrogen contents
are calculated as a function of the atmospheric deposition.

In SoilVeg-3, gross photosynthesis is linearly related to the actual water uptake by the
roots. Gross photosynthesis may be reduced by a low Leaf Area Index or by high SO,
concentrations (Jeffree, 1981; Van der Eerden et al, 1988) and/or by high ozone
concentrations (Linzon et al., 1984; Van der Eerden et al., 1988). Net photosynthesis is
calculated by subtracting a temperature dependent maintenance respiration and nutrient
fraction dependent growth respiration.

(T,-25)/10)

= Qo (0..C:N;+B.C:M) (52)

where Am; (kg m’ 2 d") is maintenance respiration for biomass component i, T, (°C) air
temperature, Q,, rate of increase of respiration with 10°C temperature increase, C (kg m2)
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carbon weight, N; (kg kg'') nitrogen content and M; (kg kg'!) mineral content. o and B are
constants. Growth respiration, which is the cost of conversion of glucose into structural
biomass, is calculated from the biochemical composition of structural biomass:

R, = 0.35.(Py-Ap,) (53)

where R, (kg m? d) is growth respiration. The allocation of assimilates and nutrients is
based on an age dependent functional balance between tissues. The age dependence of
allocation is described by S-curves, which are calibrated to observed biomass increments:

= o+ ¥ 54
& = Texp(-p(age-m)) 54

where g (-) is fraction of assimilate allocated to compartment j, and o (-), p (@", v (-), and
m (a) are constants. The sum of all allocation fractions is equal to one. The allocation
fractions are affected by environmental conditions in such a way that the root/shoot ratio
increases at low nutrient availability; allocation also increases in cases of needle or root
damage. The actual forest growth may be limited by one of the nutrients or by carbon,
depending on which of these components allows for the smallest biomass increment. First
the potential growth, G, x; (kg) for every nutrient in compartment j is calculated:

_(Cxi M+ Ag) (55)

Gpotxj = o~ i
grw. X.j

with Cy; (kg kg') as the concentration of nutrient X in plant compartment j, M; (kg) as the
mass of plant compartment j, Ay; (kg) the allocated amount of nutrient X to plant
compartment j, and Cg,, x; (kg kg') as the ‘growth concentration’ of nutrient X in
compartment j. The actual growth equals the potential growth for the limiting nutrient which
may be carbon. The actual concentration of the limiting nutrient equals the growth
concentration (somewhere between an average and a minimum concentration). Actual
concentrations for the non-limiting nutrients are higher than the growth concentration.
When the actual concentration of a (non-limiting) nutrient exceeds a predefined
concentration (somewhere between an average and a maximum concentration), the growth
concentrations of the other nutrients decrease. If the growth concentration decreases, and
the availability of the nutrients remains unchanged, the potential growth increases. The
growth of fine roots may also be reduced by high AI** concentrations in the soil solution
according to Goransson (1985) and Thornton (1987).

in ForGro, growth is the main outcome of the model, calculated from underlying
physiological and biochemical principles. The model is based on a carbon-balance
approach. Light interception drives photosynthesis and canopy assimilation of carbon
dioxide. In case water and nutrients impose no restrictions, the photosynthetic performance
of a leaf surface depends on the amount of photosynthetic radiation absorbed, on foliage
temperature and on the photosynthetic characteristics of the leaf itself. For a given
temperature, the relationship between photosynthesis rate per unit of leaf surface and the
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amount of adsorbed photosynthetically active radiation is described by a light response
curve:

(56)

I, .
P =P . 1—exp{-e' ;"s"] - R;

max

with P, (kg ha' d') as the net photosynthesis rate for layer i, Pp,,, (kg ha' d') as the
gross photosynthesis rate at light saturation, € (kg ha™' ' W' m?) as the initial light use
efficiency at low light, /,,s; (W m) as the photosynthetic active radiation absorbed per unit
of leaf surface, and R; (W m?2) the carbon dioxide production due to maintenance
respiration. In ForGro, the above equation is used to calculate photosynthesis rates for
different leaf layers in the canopy, in relation to light climate and absorption of
photosynthetically active radiation. From the actual photosynthesis rate P, the stomatal
conductance is derived assuming a constant C;/ C, ratio. For Douglas fir, a C;/ C, ratio of
0.6 was used, derived from experimental work by Smeets et al. (1990). Accounting for
differences in molar weight between gases diffusing into or out of the stomata, stomatal
diffusion resistances can be derived from net photosynthesis rate together with the C;/ C,
ratio. As a result, CO, assimilation, transpiration, and uptake of gaseous air pollutants are
closely coupled in the model. The maximum photosynthesis at light saturation, P_,, can
be modified by air pollutants such as SO, and O,, and also depends on the nutrient status
of the foliage, on temperature and foliage age.

To arrive at an estimate of gross canopy assimilation (7)), the assimilation rates per leaf
layer in the canopy are summed over the Leaf Area Index. Next, growth and maintenance
respiration is accounted for, in order to arrive at dry weight increment:

G =ca{XP,.-YR)-L (57)

with G; (kg ha™' d'') as net dry weight increment of biomass component j, G (kg kg') as the
dry weight conversion efficiency of component j, & (-) as a distribution coefficient for the
assimilates available for growth, P, ; (kg ha? d'') as gross photosynthesis, summed over
the foliage layers i, TR (kg ha™' d') as maintenance requirements (see Eqn. (52)) for all
living tissue, and L] (kg ha' d"') as the rate of litter loss or biomass tumover for component
j. The dry weight of the stem component is converted into total stem volume, using an
average measure of basic wood density, and diameter increment is calculated from height
and volume increment using a genuine volume function or taper curve.

Thus, forest growth is directly related to weather conditions at the site through the
ecophysiology of the tree species. Weather conditions such as temperature and radiation
act on photosynthesis rate through modification of P,,, just as gaseous air pollutants
when they occur in high concentrations. Associated with carbon dioxide assimilation, the
tree loses water through the stomata, and a foliage water deficit induced stomatal closure
may develop if soil water is short in supply. As a result, gross canopy photosynthesis and
net increment is decreased. Nutrient limitations are described in relation to P,,, as well,
decreasing the value for P, when concentrations of N, P, K, Ca or Mg are below a
critical level such as deduced from fertilization experiments. Nutrients can either be short in
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supply, or nutrient uptake can be reduced due to either low root density, or to increased Al
concentrations in the soil solution.

2.6 Forest stress

Tree growth is the outcome of a range of physical, biochemical and physiological
processes which are dependent on species characteristics and site conditions. Only
seldom (if at all) do these processes act in a completely optimal way. Hence stress, if
defined as some non-optimal condition, is ever present. When evaluating the impact of air
pollution and soil acidification, interest usually focuses on ‘added’ stress, as a result
anthropogenic influence. However, since such added stress may consist of an
enhancement of a traditional stress, e.g. such as through limited availability of base cations
in a poor, sandy soil, the distinction cannot be made rigorously.

When a distinction in production situations and growth-influencing factors is made (Mohren
and Rabbinge, 1990), ‘stress’ can be separated into traditional growth limiting factors, such
as water and nutrient shortage that determine an attainable production level at a given site,
and growth reducing factors that are superimposed on traditional growth limiting factors.
Growth reducing factors may act directly at particular physiological processes (e.g. O,
influence on photosynthesis), or they may act indirectly, thereby enhancing traditional
growth limiting factors. The latter is the case when increased leaching of base cations
occurs due to soil acidification, and thus nutrient availability is decreased.

As part of the modelling exercise reported here, no explicit distinction is made between
growth limiting factors and growth reducing factors, and a precise separation of ‘traditional’
and ‘added’ stress is not attempted. Rather, soil acidification and forest growth are related
to selected deposition scenario’s, where the different ecosystem response to these
scenario’s is evaluated with the help of presumed causal mechanisms explaining the
result.

The main causal mechanisms included in the models involve direct short-term effects of
SO, and O; on photosynthesis and growth (ForGro and SoilVeg), effects of soil
acidification on base cation availability in the soil solution (NucSam and SoilVeg), effects of
soil acidification on soil indicator variables such as pH, Al/Ca, NH,/K, NH,/Ca, NH,/Mg
ratio’s, CEC occupation, etc. (NucSam and SoilVeg), effects of soil conditions on root
functioning (ForGro and SoilVeg), effects of tree nutrient concentrations on photosynthesis,
respiration, assimilate allocation, etc. These effects are partly independent of one another
(e.g. impact of gaseous air pollutants vs. impact of soil conditions on root growth), but are
to some extent related also. This implies that multiple-stress conditions are taken into
account, either as combinations of multipliers or as limiting factors, at the same time
allowing for compensatory action between combinations of stress (Van Heerden and
Yanai, 1995). Figure 3 illustrates this for an elementary model of plant growth including
photosynthesis, respiration and nutrient uptake.

Basically, the models used here are based on a state-rate variable approach, implying that
for a given time step, all rates are completely defined by the states at the beginning of the
time step together with the input variables pertaining to this time step. As a result, all rates
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Figure 3 during anyone time step are
Simple model for stress inter-relations in a forest independent of one another. Thus,

ecosystem (Van Heerden and Yanati, 1995). individual growth reducing mech-
SO, O, T Al PH  anisms can be considered mutually
independent. As a result of feedt?ack

mechanisms reacting to previous

photosynthesis respiration leaf exudation nutrient uptake growth reductions however, or due to
he growth reduction itself, separate

[roomve ] [oomve ] t '
( influences at the process level lead
Carbon availability Nutrient availability to different states that in turn may
influence the action of other growth
reductions. As an example, although

[ LAW OF THE MINIMUM |

Allogation growth Allocation effects of water shortage and ozone
O S O roo H
on dry matter increment may be

considered independent, there is an
effect of water availability on plant
water status, and thus on stomatal opening, through which stomatal uptake and hence the
exposure of ozone in the interior of the leaf, is influenced as well. Thus, although no
interrelationships between various growth reducing processes due to air pollution and soil
acidification exist for any one time step, the result of the dynamic simulation during which
the determining state variables change, can be seen as the combined effect of multiple
stress.

For a number of closely related growth reducing phenomena for which the actual
mechanism at the process level is not sufficiently clear to be modelled explicitly,
sometimes rigorous assumptions have been made to deal with the issue of
interdependence. Typically, direct effects of e.g. air poliutants, CO, and temperature on
photosynthesis sometimes are considered to be multiplicative (SoilVeg), whereas in case
of effects of nutrient shortage on growth is usually considered exclusive, implying that the
strongest effect of the element that is relatively lowest, is taken and the lesser impacts of
the other elements that are short in supply are ignored (ForGro). For this, ForGro assumes
a direct effect of nutrient concentration on maximum photosynthesis, and hence on growth.

Conceming the issue of multiple stress vs. single stress, the models used in this study all
deal with multiple stress by including a range of separate growth limiting and growth
reducing factors. This implies that the impact of a single stress always is quantified against
the background of the other growth determining, growth limiting, and growth reducing
factors for a particular site and ecosystem.

-97-



-928-



3 THE DATA-SET

Figure 4 3.1 introduction: The Speuld site
Position of the 10 intensively Since 1980, a total number of 10 Dutch forest sites have
monitored forest sites. been monitored intensively (Figure 4; see also Heij and

Schneider, 1991 and Tiktak and Van Grinsven, 1992). At
these sites boundary fluxes and states for hydrology,
chemistry, forest growth and nutrient status have been
measured at various times for at least three years. The
most complete monitoring study was carried out in a
Douglas fir stand at Speuld (Evers et al, 1987). For this
reason, the Speuld dataset was chosen for validation of the
models NuCSAM, SoilVeg-3 and ForGro.

O Other sites o=
@ Speuld e

3.1.1 General characteristics of the Speuld site

The Speuld site is located in a 2.5 ha Douglas fir stand.
The geographical location is 52.1°N and 5.4°E. Altitude is
50 m. The stand is surrounded by a large forest of
approximately 50 km?; the nearest edge is at a distance of
about 1.5 km. The soil is a well-drained Typic Dystochrept
(USDA) or Cambic podzol (FAO, 1988) on heterogeneous
sandy loam and loamy sand textured ice-pushed river sediments. A full soil profile
description is included in Tiktak et al. (1988). The water table is at a depth greater than
40 m throughout the year. The stand was 29 years old at the beginning of 1988. Stem
density was 765-812 trees ha™!, with a basal area of 30.7-31.1 m? ha'. Average tree
height was 19.5 m. The canopy was well closed, and the one-sided Leaf Area Index (LAI)
ranges from about 8 m® m? in spring to about 13 m?> m? in early summer. The last
thinning was carried out five years before the start of the measurements. The average fine
root-length amounted to 19.10° m ha™*, of which almost 90% is situated in the top soil to a
depth of 0.4 m. There is no understorey vegetation.

3.1.2 Representability of the Speuld stand

An important question to be asked is how representative is the Speuld site compared to
other Douglas fir stands and to other forest stands in the Netherlands. When compared
with a poor slowly growing and a rich fast growing stand (Table 5), Speuld has a high
foliage mass and an extremely high ratio of foliage to fine root mass. Further, Speuld is
deficient with respect to phosphate and has high nitrogen concentrations in the foliage.

Element inputs and outputs at Speuld are comparable to those of the other intensively
monitored stands (table 6), but S-inputs and N-outputs (and by result also S and Al-
outputs) are high compared to fluxes inferred from a nation wide forest survey in 1990 (De
Vries et al., 1992).
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TABLE 5
Comparison of biomass of Speuld with low and high productive stands (Keyes and Grier, 1981) and
with nutrient poor and nutrient rich stands (Berdowski et al., 1991).

Parameter Unit Low, poor stand High, rich stand Speuld
Age (a) 22 40 32
Tree density (ha™) 690 1030 886
Basal area (m? ha) 30 45 33
Needle mass (Mg ha™) 10 16 18
Fine root mass (Mg ha') 5 11 3

N content in needles (%) 0.8 2.4 1.8
Mg content in needles (%) 0.05 0.18 0.10
P content in needles (%) 0.14 0.22 0.10
TABLE 6

Comparison of element budgets for Speuld with those for other Dutch intensively monitored sites
(Heij and Schneider, 1991) and a nation wide forest survey (De Vries et al., 1992).

Parameter Unit Speuld Intensive Forest

monitored sites survey

(n=10) (n=147)
S-input (kmol, ha? a™') 2.3 2.8 1.8
N-input (kmol, ha™' a™') 3.6 3.9 4.2
S-output (kmol, ha™' a™) 3.1 2.7 1.8
NO,-output (kmol, ha a™') 2.2 1.8 0.7
NH-output (kmol, ha™ a™) 0.0 0.1 0.1
Al-output (kmol, ha™* a™) 4.6 3.3 1.0
S-out/S-in ) 1.3 1.0 1.0
N-out/N-in -) 0.6 0.5 0.2

a) Ignoring the Al-output from two calcareous subsoils.

The lower input of S in Speuld can partly be attributed to a substantial decrease of
S-deposition in the past decade (Erisman, 1994). The discrepancy for N between the
intensive and extensive monitored sites can be explained in part by the absence of wet
oak stands in the intensive monitoring studies. These stands have a high potential for N-
immobilization. Nevertheless, the representativeness of Speuld with respect to the N-cycle
is doubtful.

3.2 Climate, weather and water fluxes in throughfall

General meteorological data were taken from the weather station ‘De Bilt’, which is
situated about 50 km from the Speulderbos site. The data include daily measurements of
the average air temperature, precipitation, global radiation, air humidity and wind speed.
The climate can be classified as temperate, humid with a 30-year average annual
temperature of 9.3°C (2.0°C in January and 16.7 °C in July). Annual precipitation
amounts to 804 mm a’!, with precipitation distributed quite evenly throughout the year
(Figure 5). Annual reference evapotranspiration (Makkink, see eqn. (2)) is 534 mm a™'.

For the period 1988-1990, precipitation was measured continuously at a clearing at 1.3 km
from the monitoring site (station ‘Drie’; see table 7 for data sources). These data were
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Figure 5 used for the period 1988-1990. Figure 5
Long-term (1960-1990) climatological data measured shows some long-term characteristics
at De Bilt. of the data-set. For 1988 the annual

oo Lemperature (°C) rainfall and E,, (mm) 120 precipitation is somewhat higher (865
mm) than the Ilong-term average
15- 90 precipitation, whereas 1989 is normal
with respect to precipitation amount

10- 60 (810 mm).
51 .,  The data-set was extrapolated for
scenario analyses using a stochastic
01 | Lo weather generator (Richardson and
R ekl i wtlv iy Wright, 1984). The weather generator
5 , (>) B Makddnk (sum =534 mm) was calibrated using the weather data
JFMAMJJASOND from the De Bilt for the period 1960-

1990. By using a calibrated weather
generator, year to year variations of future weather conditions can be described
realistically. Figure 6 shows the frequency distribution of annual precipitation for the period
1960-1990 (‘real weather) and 1991-2050 (‘generated weather’). The average weather
conditions are described quite realistically, but the coefficient of variation is smaller for the
generated weather than for the real weather, implying that extreme weather conditions are
not simulated. This fact should be kept in mind when discussing the occurrence of
conditions leading to stress (e.g. drought stress). Results for global radiation, air
temperature and reference evapotranspiration are comparable.

Throughfall was measured fortnightly using 12 funnels (orifice 400 cm?) for the period
1987-1990. The throughfall funnels were situated in fixed positions and the distance to the
nearest tree was chosen randomly according to the method described by Duysings et al.,
1986. In 1989, throughfall was also measured using a larger number (36) of funnels.
Figure 7 shows the accumulated average throughfall for both data-sets. Despite of the
large spatial variability of throughfall (see Bouten et al., 1992), the agreement between
both data-sets is good. For the period 1987-1989, the average throughfall fraction over
these years is 63% (interception loss is 37%). Stem flow was never observed.

TABLE 7
Sources of the meteorological data-sets.

Precipitation Temperature Global radiation
1950-1987 De Bilt De Bilt De Bilt
1988-1980 Drie De Bilt De Bilt
1991-1992 De Bilt De Bilt De Bilt
1993-2050 WGEN WGEN WGEN
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Figure 6. Figure 7.

Frequency distribution of rainfall for De Bilt Average throughfall amount for a data-series
(1960-1990) and WGEN (1991-2050). using 36 funnels and 12 funnels.
1200 precipitation (mm) 500 {mm) (mmd")
—— meteo generator (avg = 804 mma’; CV = 12.3%)  ~1 ~—— (<) throughfall measured in 36 funnels
11004 ——~DeBilt (avg = 804 mm a™; CV = 18.0%) ,’ —~~=(<-) throughfail measured in 12 funnels
! 400 W (>) daily rainfall
]
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H50
1007 -25
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3.3 Air pollution and deposition

3.3.1 Throughfall and bulk precipitation measurements

Total deposition, dry deposition and canopy exchange fluxes were calculated on the basis
of throughfall and bulk precipitation measurements by the sodium-filtering approach
(Ulrich, 1983; Van der Maas and Pape, 1990; Draaijers, 1993). The measurements were
performed on a weekly basis in samplers with a volume of about 5000 cm® and a surface
area of 400 cm?. The rim of the throughfall collectors was at a height of 75 cm above
ground, and the collectors were arranged evenly throughout the soil monitoring plot. The
distance to the nearest tree was chosen randomly, following the approach by
Duijsings et al., 1986. Throughfall was pooled to one volume weight sample before
analysis. Bulk precipitation was collected from two different sheltered open areas at a
distances of 200 m and 1300 m, respectively. The rim of the bulk-precipitation collectors
was at a height of 150 cm. The samples were analyzed separately.

All water samples were stored in 100 or 250 ml bottles and stored cool. E, and pH were
determined within 24 hours after sampling. Electric conductivity (uS cm’!) was measured
with a Philips conductivity meter (type PW 9501) and conductivity cells (type PW 9513).
Calibration was carried out with a 0.05 M KCI solution. pH was measured with an
Orion Research pH/mV meter (model 801A) and an Orion combination pH electrode
(no. 91-55), using buffer solutions of pH 4 and pH 7. A few drops of KCI were added to
weakly buffered samples before pH measurement. Inorganic carbon was determined with a
TOC analyzer (Beckman type 915B). CI, SO, and NO; were determined by ion
chromatography. HCO; was calculated from pH and inorganic carbon content. Phosphate,
silicate and all major cations (K*, Na*, NH;, Ca®*, Mg®*, Al, Fe, and Mn) were determined
by spectrophotometry.

Table 8 show the fluxes of all major components for the period 1987-1989. Throughfall
fluxes of base cations show year to year variations. Erisman et al. (1994) compared these
deposition figures with atmospheric deposition fluxes calculated from continuous gradient
and eddy correlation measurements, which were also performed in Speuld. Their most
important conclusion is that total deposition from eddy correlation and gradient
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measurements agrees well with total deposition from throughfall measurements for SO,
and NH,, but that considerable differences are found for NO,.

TABLE 8

Annual fluxes of major components in wet deposition (WD), dry deposition (DD), total deposition (TD)
and canopy exchange (CE) calculated from throughfall and bulk-precipitation measurements. Data
source: Van der Maas and Pape, 1990.

Fluxes (mol, ha! a™)

Na* K* Ca® Mg** cr H* NHy  NO; SO% WAP
1987
WD 464 23 152 132 508 488 725 476 810 198
DD 398 44 228 110 523 -317 2146 346 1150 169
™D 862 67 380 242 1031 171 2872 822 1960 368
CE® 0 446 50 68 0 -104 -512 -4 -18 22
1988
wD 608 20 137 158 804 240 629 274 648 76
DD 556 23 148 152 834 -33 2113 444 1593 112
™ 1164 43 284 310 1638 207 2742 718 2241 188
CE® 0 486 173 66 0 -108 -676 -47 -174 219
1989
WD 339 1 84 91 456 245 631 332 613 10
DD 432 24 168 124 632 -114 2001 487 1425 116
D 77 35 252 215 1088 131 2633 818 2038 126
CE® 0 366 106 66 0 -79 -522 -28 -80 107

a) If CE is positive, than CE refers to canopy leaching, otherwise CE refers to canopy uptake.
b) WA refers to weak acids.

3.3.2 Historical deposition data

Measurements of atmospheric loads, either by the gradient method or by the sodium-
filtering approach, are not available for the years before 1987. For this reason, deposition
was derived from inference for these years. These figures were published by Erisman
(1991) for the period 1980-1986. For the Speuld site, Erisman et al. (1994) found a
reasonable agreement between total deposition from inference and the measured
deposition. For the period 1950-1980, the deposition figures were estimated by scaling the
deposition calculated with the DAS-Source Receptor Matrix (SRM) model for region
‘Veluwe’ (Heij and Schneider, 1991) according to:

AvgDepg ouid
De, = De R 58)
P Speuld Ppas AVGDED s (
where Depg,e,q (Mol, ha! a™') is deposition at Speuld, Depp, (mol, ha™ a™') is deposition
calculated with the DAS model, AvgDepg,,,y (mol, ha' a') is average deposition at
Speuld for the period 1980-1990 and AvgDepp,s (mol, ha' a™) is average deposition
calculated with the DAS model.

-33-



Figure 8

Estimates of the deposition of acidifying components
(1950-1990) for Speuld and for an average forest in

DAS area ‘Veluwe'.
o total deposition (kmol, ha™ a™)

| — total acidity Speuld
——-total acidity average forest
g4 SOx Speuld
—-—- Nox Speuld
4 —— NHx Speuld
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Figure 8 presents the results of the
calculations. This figure also shows the
total acid deposition calculated with the
DAS model. From the figure two major
conclusions can be drawn:

e the acid deposition in Speuld is
higher than the acid deposition
calculated with the DAS model.

» the deposition at Speuld declines
after 1987, mainly because of
reduced sulphur deposition.

3.4  Hydrology

3.4.1 Vegetation dependent properties
The most important vegetation
dependent hydrologic parameters are

presented in Table 9. The soil cover fraction, interception efficiency and the depth
distribution of water uptake by roots were directly taken from measurements (see
references in table). The crop factor, and the reduction and wilting points were taken from
Tiktak and Bouten (1994). They calibrated the model SWIF (Tiktak and Bouten, 1992) to
the Speuld site. The other parameters are derived from the calibration of NuCSAM to

Speuld.
TABLE 9
Vegetation dependent hydrologic parameter values for the Speulderbos site.
Parameter Symbol Value Unit Eqn.
Soil cover fraction ® sc 0.9 -) (4), (5)
Average precipitation intensity ¢ R 10.0 (mm) (4)
Interception efficiency ° f; 0.141 ) 9)
Interception capacity ° A, max 2.1 {mm) (4)
Factor for evaporation ¢
during dry part of day: fEgy, 1.5 ) (6)
during wet part of day: /= 0.5-9.0 ) (5)
Reduction point # h.q -600 (cm) Figure 2
Wilting point ® hw -6000 (cm) Figure 2
Crop factor ® f, 0.85 -) (9)
Root density ©:
litter A, 0.05 ) (12)
00-20 cm R, 0.30 ) (12)
20-40 cm R, 0.34 ) (12)
40-60 cm R, 0.15 ) (12)
60-80 cm R, 0.08 ¢ (12)
> 80 cm R, 0.08 -) (12)

a) Based on Tiktak and Bouten (1990; 1994).
b) Measured by Bouten (1992).

c) Based on root length distribution measurements by Olsthoorn (1991).

d) Based on the calibration of NucSAM to Speuld.




3.4.2 Soil physical characteristics

Water retention characteristics were obtained from simultaneously measured average
water contents and pressure heads at a plot of 30 x 30 m? (see §3.4.3). This means that
the physical characteristics are valid for the same plot as the monitoring data. To
extrapolate the retention characteristics outside the range of pressure heads that can be
measured with tensiometers, and to obtain conductivity characteristics, the measured data
were fitted to the Mualem-Van Genuchten functions (Van Genuchten, 1980):

o(h) = 0, + _069) (59)
[1+(c|A))]"
and:
Kh) = K, - {1 ~(a|h])™ 1. [1 +a|h])T ™R (60)

[1+(a|A])7™

where 0, (m® m®) is saturated volumetric water content, 8, (m® m™) residual water content,
h (m) pressure head, a (m’') reciprocal of the air entry value, K (md"') hydraulic
conductivity, n (-) a fitting parameter and m = 1-1/n. Table 10 summarizes the results of
the fitting. For completeness, the results of the fitting for the laboratory water retention
characteristics are also included. Notice that both the saturated water content and the n
parameter are lower for the field characteristics. The major reason for this is that in the
field situation, drying and wetting cycles occur (hysteresis). Using laboratory characteristics
in field applications, therefore, leads to a gross overestimation of water contents in the
field.

The saturated hydraulic conductivity, K, was optimized by Tiktak and Bouten (1992). They
performed simulation experiments with the model SWIF for a two-weeks winter period
without precipitation. Under such conditions, the hydraulic conductivity can be derived, as
evapotranspiration is negligible compared to vertical drainage.

TABLE 10
Parameters of the Mualem-Van Genuchten functions to describe
the soil physical properties. Source: Tiktak and Bouten (1992).

Depth 0, 6, o n K
(m® m?®) (m® m*) (em™) () (em d™)

Field characteristics {(used in the models)

litter 0.500 0.00 0.10 1.25 800

0-60 cm 0.330 0.00 0.10 1.25 800

> 60 cm 0.210 0.00 0.04 1.40 100

Laboratory characteristics

0-60 cm 0.429 0.00 0.05 1.37 n.d.?

> 60 cm 0.350 0.00 0.04 1.48 n.d.?

a) n.d. is ‘not determined'.

3.4.3 Soil hydrology

Is the soil monitoring plot representative?

The soil hydrological monitoring programme includes measurements of soil water pressure
heads, soil water contents, litter water contents and evapotranspiration. Most hydrological
measurements were carried out on a plot in the Eastern half of the stand. This plot has a
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surface area of 30x30 m, and is situated close to the sampling points for soil solution
composition. For the position of the plot within the monitoring site, see Figure 9.
Bouten et al. (1992) studied wether these plots are representative for the stand by using
the water holding capacity (i.e. the water content at field capacity minus the minimum
water content). The water holding capacity could be derived from measurements of soil
water contents directly after a dry week in early spring (= water content at field capacity)
by the regression equation (Tiktak and Bouten, 1990):

WC = 0.531 -0,,-0.00012 (r® =0.85; n =98) (61)

where WC (m® m™) is water holding capacity and 6,, (m®m™) is water content at field
capacity.

Figure 9 Bouten et al, 1992 present a
Map of the soil water content (m® m™®) of the upper 50 cm. kriged map of soil water contents
Source: Bouten et al. (1992). at field capacity, based on

measurements in a regular grid of
25x 25 m. Using this map and
equation (61), the water holding
capacity ranges from 0.0583
m® m™ to 0.0902 m® m™, The soil
physical monitoring plot and the
soil chemical sampling plots are
situated in the area with the
highest water holding capacity.

Methods

Soil water pressure heads were measured twice daily with 22 tensiometers at depths
ranging from 5 to 200 cm. The tensiometers were connected to a 24-port fluid switch,
which was stepped up every 3 min to connect one of the tensiometers with a pressure
transducer. All tensiometers were installed at the above mentioned plot.

Soil water contents were measured using three different methods, each method having
specific preliminaries and disadvantages. The longest time-series is available for soil water
contents measured by the neutron scattering method. There were three access tubes, and
readings were made at depths ranging from 50-200 cm at 10 cm intervals. The neutron
access tubes were installed at the soil physical monitoring plot. Soil water contents were
also measured with Time Domain Reflectometry in the top soil (0-50 cm depth) by 144
vertically installed sensors of 50 cm in length. 108 TDR sensors were distributed over the
rooting area of three trees, the other sensors were randomly distributed over eight other
sites. Major advantage of the TDR measurements is that water contents could be
determined at a large number of positions, major disadvantage is that only one figure is
available for the rooting zone as a whole. The third method of measuring water contents
was the capacitive method. Disadvantage of this method is that the sensors are very small
and not representative for the stand as a whole. Moreover, the measurements did not give
reliable figures.
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Four samples, with a surface area of 20 x 20 cm, were taken weekly from the top 7 cm of
the forest-floor at random positions for gravimetric determination of volumetric water
content.

During the last year of the monitoring programme, measurements also included eddy-
correlation evapotranspiration, sap flux density and leaf-wetness. These data were used to
obtain the average evapotranspiration of the stand. These data were not used in this
modelling exercise, as soil hydrological monitoring plot and soil solution sampling points
are not representative for the stand as a whole.

3.5 Soil chemistry

3.5.1 Solid phase characteristics

At Speuld, chemical characteristics were derived for three soil pits (Tiktak et al., 1988).
The texture of the soil in Speuld shows a strong variability, that is related to the elongated,
parallel outcrops of layers of different textures typical of an ice-pushed ridge.
Consequently, the results from the three pits show to be different for both soil properties
(Figure 10) and the soil solution measurements (Figure 11; see further Van Breemen and
Verstraten, 1991). Taking the mean would not lead to representative values, especially for
the soil solution measurements which show different temporal dynamics. For this reason,
we used the soil chemical properties of one soil pit. We decided to take plot B, as this plot
is situated close to the soil physical monitoring plot.

Figure 10 Soil chemical properties were
The content of secondary Al compounds and the determined once in mineral soil
CEC for the three soil pits. samples taken in 1986. Particle size

secondary Al (mmol, kg™) CEC (mmol, kg™!) distribution is presented in Table 11.

oQ 290 500 7%0 0 S0 100 130,  Most relevant soil chemical data have

been summarized in Table 12 and

o5 Table 13. The forest floor is 9 cm thick
(4 cm litter layer, 2 cm fermentation

50 layer and 3 cm humus layer), with a
C/N ratio of 29. The mineral soil has a

75  sandy loam textured top layer of 4 cm,
grading through loamy fine sand
+pota[10° Dbetween 4 and 55 cm depth to fine
et sand below 55 cm depth. Organic
125 carbon decreases regularly with depth
(Table 11) from about 10% at Ocm

depth to 0.5% below 50 cm depth. The cation exchange capacity is high (>100 mmol, kg™,
cf. Table 12) in the litter layer and top 4 cm of the mineral soil, and decreases to low
values (< 30 mmol, kg™"). The exchange complex is dominated by Al and H. In the top 20
cm, however, the Fe occupation is relatively high (> 10 mmol, kg'). Base saturation
(measured as an unbuffered Bascomb) is negligible throughout the profile. The profile
shows elevated values of secondary Fe and Al compounds at 15 - 35 cm depth. In
general, contents of secondary Al compounds are high. Mineralogical analysis of the clay
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fraction shows the presence of vermiculite in the top 20 cm, and chlorite between 20 and
70 cm depth. In addition, traces of kaolinite, mica, smectite, quartz and feldspar are found.

TABLE 11
Soil textural and chemical properties of the Speuld-B plot (source: Tiktak et al., 1988).
Horizon Depth Textural analysis (%) OMC C/N rho pH-HO pH-KCl
(cm) <2 2-16 16-50 50-105 > 150 um (%) () (kg m?d)
0] -9-0 - - - - - - 29.0 110 - -
Ah 0-3 <0.5 4.5 335 7.0 55.0 9.5 29.0 1115 3.6 2.8
E/Ah 5-10 <05 2.0 16.0 11.0 70.5 2.4 34.0 1115 3.7 3.1
Bh2 15-20 <05 3.0 210 9.5 64.0 1.7 33.2 1315 4.0 3.9
Bw1 30-35 <05 3.0 18.5 9.5 64.0 0.6 20.7 1402 4.2 4.4
Bw2 50-65 <05 <05 145 11.0 74.0 0.2 18.0 1585 4.2 4.5
Bw2 70-75 <05 <05 85 11.0 80.0 0.1 13.0 1589 4.4 4.6
C1 90-95 <05 <05 9.5 10.5 79.5 0.2 15.0 1590 44 4.6
Cc2 110-120 <0.5 0.5 12.0 8.0 79.5 0.2 15.0 1610 4.3 4.4
TABLE 12

CEC, composition of the adsorption complex and content of oxalate extractable aluminum of the Speuld-
B plot (source: Tiktak et al., 1988).

Horizon  Depth Exchangeable amounts (mmol, kg'') @ secondary secondary ©

(cm) Al-compounds ®  Fe-compounds
H Al NH, Fe CEC (mmol,, kg™ (mmol, kg™")

o} -9-0 191.3 39.2 5.4 0.0 246 - -

Ah 0-3 56.2 29.8 35 11.0 105 165 130

E/Ah 5-10 16.8 23.7 1.0 145 58 171 130

Bh2 15-20 5.5 37.7 0.7 10.5 57 324 210

Bwi1 30-35 16.0 10.8 0.2 0.8 29 488 210

Bw2 50-65 15.6 7.8 0.1 1.1 26 312 210

Bw2 70-75 13.0 13.0 0.2 1.5 29 259 210

C1 90-95 17.2 19.8 0.1 0.9 40 271 210

(07] 110-120 13.7 12.5 0.1 0.9 28 459 60

a) Amounts of exchangeable base cations (Ca?*, Mg?*, Na*, K*) always below detection limit
b) Oxalate extractable Al
c) Oxalate extractable Fe; generic data for Cambic Podzol (see text)

TABLE 13

Total elemental analysis (%) of the Speuld-B plot (source: Tiktak et al., 1988).

Horizon Depth Sio, ALO, Fe,O,4 FeO MgO
(cm) (%)

0] -9-0 0.012 0.198 - - -

Ah 0-3 1.501 0.030 0.025 0.148 0.174

E/Ah 5-10 1.683 0.035 0.029 0.168 0.195

Bh2 15-20 2.001 0.050 0.029 0.168 0.212

Bw1 30-35 2.224 0.055 0.036 0.181 0.212

Bw2 50-55 1.977 0.055 0.039 0.203 0.212

Bw2 70-75 1.795 0.055 0.032 0.181 0.214

(03] 90-95 2.183 0.089 0.032 0.207 0.261

c2 110-120 2.583 0.114 0.029 0.213 0.284
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3.5.2 Soil solution composition

Soil solution samples were collected weekly, from porous ceramic cups at depths of 10,
20, 40, 60 and 90 cm into evacuated 250 ml glass bottles. Soil solution was also collected
quantitatively every fortnight by an automated continuous sampling procedure, using filter
plates and a suction which equals the pressure head in the soil (cf. Tiktak et al. 1988). The
latter procedure is used to collect flux-weighted average soil solution samples from
undemeath the litter layer and at depths of 10 and 120 cm. Installation of the cups and
plates was carried out in December 1986. Soil chemical monitoring was carried out
between January 1987 and March 1991. Analytical procedures are described in §3.3.1.
Results of the monitoring for SO are shown in Figure 11.

Figure 11
The soil water SOf' concentration (mol, m®) for three sub-plots at the Speulderbos site.
3 10 cm depth 40 cm depth 3
—o— plot A —+—plot B —o0— plot C —o— plot A —=— plot B —o—plot C

60 cm depth

1987 1088 1989 1987 1988 1989

3.5.3 Model parameters

For the derivation of the geo-chemical input parameters of the models, the data-set for
plot B was used (see §3.5.1). However, parameters were often available for different
depths in the soil profile. In order to obtain a coherent set of input parameters, all state
variables used in the derivation of input parameters were estimated for the same depths
according to:

s Az, X| + Az; X,

z

(62)

Az, + Az,

with X, as the estimated value of state variable X at depth z, X,,, as the measured value of
state variable X at depth z,,, and z,,, as the nearest depth with measurement z, < z < z,.
For state variables related to a soil layer with thickness Az, z is the depth in the middle of
that layer.
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Exchange constants

Gaines-Thomas exchange coefficients were calculated from the long-term average soil
solution concentrations extracted with cups (plot B; §3.5.2) and the amount of
exchangeable cations as measured with Bascomb (Table 12) and Li-EDTA. Fractions of
exchangeable cations and total CEC were calculated as the mean of both methods. From
the concentrations, activities were calculated with the chemical equilibrium program
EPIDIM (Groenendijk, 1995). Coefficients were calculated with equation (47) using Ca’* as
the reference ion. As the content of exchangeable base cations was below the detection
limit, the exchangeable fractions (fraction of total CEC) of all base cations were set to 0.01
to calculate Gaines-Thomas exchange coefficients and to initialize the models. Results are
shown in table 14.

Weathering rate parameters

Parameters for weathering of silicates (equation (40)) were calculated from results of batch
experiments (De Vries et al., 1995b) for a generic Cambic Podzol. They estimated the total
weathering flux for a 70 cm profile by dividing the fluxes derived from the batch
experiments by 50. This factor was introduced to account for differences between field and
laboratory conditions. The fluxes presented by De Vries et al. (1995b) were multiplied by a
factor 10/7 to calculate the weathering fluxes for a 1 m profile. The weathering rate
constant for the Speuld profile, kX, ;. is calculated as follows. The coefficients o and
kX ye,pm are assumed to be layer lndependent Parameter a was taken directly from De
Vries et al. (1995b). The average pH value as measured for plot B by Van der Maas and
Pape (1990) was substituted. Total contents of primary minerals and the bulk density were
taken from Tiktak et al. (1988). Equation (40) can be written down for each soil layer. By
substituting all parameters into equation (40), and by assuming that the total weathering
fluxes calculated by this equation equals the weathering flux by De Vries et al. (1995b), the
weathering rate constant can be calculated. The results of the calculations are presented
in Table 15.

TABLE 14
Gaines Thomas exchange coefficients (mol I')>2 and cation exchange capacity (mmol, kg™).
Depth Gaines Thomas exchange coefficient relative to Ca2* (mol L™)*2 CEC
(cm) H* Na* K* NH; Mg** APt 4+ Fe®*  (mmol, kg™
-9-0 4.00x10* 42.9 151.9 1890.9 3.4 561.7 245.67
0-5 1.70x10* 223 128.3 289.1 2.5 813.7 96.94
5-10 0.57x10* 6.7 80.6 13.6 1.2 127.5 58.33
10-20 0.13x10* 6.0 120.8 6.7 1.1 73.0 57.08
20-30 0.87x10* 8.6 267.0 11085.1 1.4 32.2 42.83
30-40 6.66x10* 5.1 162.5 2136.4 0.9 1.8 29.00
40-50 2.50x10° 3.3 93.7 1624.7 0.7 0.4 26.92
50-60 2.95x10° 3.1 69.6 10526.7 0.7 0.4 25.67
60-70 2.43x10° 3.5 59.2 19454.1 0.8 0.7 27.65
70-80 2.33x10° 4.5 56.5 3625.4 1.0 1.4 28.83
80-100 2.83x10° 6.6 52.5 0.0 1.2 2.5 39.67

Parameters for weathering of secondary Al compounds (table 16) were taken from batch
experiments as described by De Vries et al. (1995b). They investigated a total number of
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15 sites throughout the Netherlands. For the model applications, we selected the sail
horizons that showed most resemblance to Speuld site. These included the Ah, Bhs, BCs
and C horizons. The rate constant, kE/1, as determined by De Vries et al. (1995b) was
divided by an arbitrary 100 to account for differences between field and Ilaboratory
conditions (Van Grinsven, 1987; Wesselink, 1994).

TABLE 15

Parameters for weathering of silicates (equation (40)).

Cation total weathering pH dependent pH independent

flux? kX ye,pm o kXy6,0m

(mol, ha &) (") () (")

Na* 80 8.43x102 0.87 4.19x10°

K* 75 2.33x10™ 1.02 4.87x10?

Ca** 45 2.26x10™" 0.85 7.11x10°

Mg?* 20 1.92x10! 1.54 8.81x10™

a) source: De Vries et al, 1995b.

TABLE 16
Parameters for the calculation of weathering of oxalate extractable Al
(De Vries et al., 1995b)

Depth kEN kEI2 Horizon in
(cm) (kg a™) (m® mol " De Vries et al.
0-10 1.13x10°® 11.4 Ah
10-40 2.04x10™* 9.1 Bhs
40-80 7.49x10* 7.3 Bes
80-100 1.67x10™* 9.8 c

Sulphate and phosphate sorption parameters
The sulphate sorption capacity, SSC (mmol, kg'), was calculated from the oxalate
extractable amount of secondary Al according to (Johnson and Todd, 1983):

SSC = 0.02 - ct Al (63)

The phosphate sorption capacity, PSC (mol, kg''), was calculated from the equation (Van
der Zee, 1988):

PSC = 0.2 -(ct Al +ctFe,,) (64)

Contents of oxalate extractable Al are from Tiktak et al. (1988), contents of oxalate
extractable Fe are from measurements on comparable Cambic podzols (De Vries, personal
communication). The Langmuir adsorption constant for SO, KeSO, ., is set to
0.5 m2 mol"' and is extracted from the RESAM database (De Viies et al., 1994). The
Langmuir adsorption constant for phosphate, KeH,PO, ., is determined from Pw
(phosphate in water) and Pox (oxalate extractable phosphate) as determined in 150 forest
stands in the Netherlands. Results are shown in table 17.
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TABLE 17
Sulphate and phosphate sorption capacities as a function of depth,
calculated according to equations (63) and (64).

Depth ssc psc®
(cm) (mmol, kg™) (mmol, kg'')
0-5 3.3 59
5-10 3.4 60
1020 5.7 99
20-30 8.1 123
30-40 9.8 140
40-50 7.6 118
50-60 6.3 106
60-70 5.6 98
70-80 5.2 94
80-100 5.4 66

a) derived from generic data for a Cambic Podzol

Al dissolution_and nutrient cycling
The Al dissolution constant and parameters for nutrient cycling in all models are presented
in table 18.

TABLE 18
Values for soil-layer independent model parameters

Process Parameter Unit Value Eqn.
Foliar uptake® fANH, ., ) 0.21 (15)
i, -) 0.58 (15)
Foliar exudation® frCa,, ) 0.18 (17)
fMg,, ) 0.11 (17)
i, (- 0.71 (17)
Nitrification® k; (@ 100.0 (37)
Al dissolution® KA, (L2 mol?) 5.0x10°% (48)

& Based on throughfall data over the period 1987-1990 (Van der Maas and Pape, 1990).
®  Obtained by calibration. The generic value for k, is 40 a™.
¢ Average /AP for Al{OH), at 90 cm over the period 1987-1990, activities

calculated from measured concentrations (Van der Maas and Pape,1990).

3.6 Forest growth

3.6.1 Tree compartments

The main ecophysiological research and growth analysis was carried out from 1987 until
1989 (Evers et al., 1991) in a plot adjacent to the plot where most of the soil research was
done. The soil subplot had a somewhat higher stand density compared to the
ecophysiological plot (812 vs. 765 trees ha™'). After 1989, the biomass analysis was moved
to the soil research plot, causing a discontinuity in the data series. Table 19 gives an
overview of basic stand data for the soil plot and for the tree physiological plot as
measured in December 1988.
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TABLE 19

Overview of basic stand data for the soil research plot and for the ecophysiological research plot as
measured in December 1988. Data for plot 1 were measured by Jans et al. (1994), data for the soil
plot (except stand density) were measured by Olsthoom (1991).

Parameter Unit Ecophysiological Soil research
research plot (plot 1) plot {(plot 2)
Stand age (a) 30 30
Stand density® (ha') 765 812
Height (m) 19.7 19.4
Diameter at Breast Height (DBH)® (m) 0.226 0.221
Basal area (m? ha') 30.7 31.1
Stem volume (m® ha') 279 281
Leaf Area Index (LAI)® (m? m?) 10.6
Specific Leaf Area (SLA)? (m? kg 5.7
Basic wood density (kg m™) 451 448
Biomass (Mg ha™)
Foliage® 18.5
current year (Mg ha") 6.72
1 year old (Mg ha™) 5.34
2 years old (Mg ha™") 3.78
3 years old (Mg ha™") 1.85
4 years old (Mg ha™) 0.77
Branches' (Mg ha™) 14.0
Stems
Sap wood (Mg ha™) 65.0
Heart wood (Mg ha™) 60.0
Total wood (Mg ha™") 125.0
Coarse roots? (Mg ha™) 27.9
Fine roots (Mg ha™") 3.2
Litter mass" (Mg ha™") 35

a) Stand density measured by Jans et al. (1994). Earlier figures of stand density for the scil research plot (886
trees ha™') were published by Olsthoorn (1991) and refer to a subplot within the soil research plot.

b) Average DBH for the entire plot (210 trees in plot 1 and 368 trees in plot 2). The average DBH of the 75
sampling trees was higher, viz. 0.231 m for plot 1 and 0.235 m for plot 2.

c) Long-term average LAl (1987-1989) for plot 1 is 13.7 m? m2 The long-term average LAl for plot 2 (1990-
1992) is 10.9 m? m? (Jans et al, 1994). The LAl presented by Evers et al. (1991) was lower, viz. 10.7 for
plot 1 (1986-1988).

d) Using the LAI presented by Evers et al. (1991), the SLA must have been 5.8 m? kg'.

e) Steingrover et al, 1995.

f) Estimated from stem biomass using allometric equations (Steingréver et al., 1995).

g) Calculated from the DBH using the relation (De Kuiper and Van Dijk, 1988): W,, = 0.01 DBH?®® (¥ = 0.96),
with W, (Mg ha™') as the dry weight of coarse roots.

h) Measured by Tiktak and Bouten (1992). The litter mass is an average value for 485 samples.

State variables that must be known at the beginning of the simulation include the element
contents in needles, stems, branches, roots and litter. Data related to these compartments
are given in Table 20. Data are given for the end of the year 1988.
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TABLE 20
Data on biomass and element contents of needles, roots and stems of Speuld stand.

Compartment Biomass Element content (% of dry weight)
(Mg ha)
N P K Ca Mg S

Foliagea 18.5 1.84 0.15 0.58 0.33 0.09 0.14
Branches® 14.0 0.30 0.02 0.10 0.05 0.03 0.05
Sapwood® 60.0 0.20 0.02 0.10 0.05 0.01 0.05
Heartwood® 65.0 0.05 0.01 0.02 0.05 0.01 0.01
Coarse roots® 27.9 0.30 0.02 0.10 0.05 0.01 0.05
Fine roots® 3.2 1.00 0.06 0.08 0.16 0.04 0.10

a) measured in the ecophysiological research (Evers et al., 1991).

b) nutrient contents in branches, wood and coarse roots inferred from general data
(Berdowski et al,, 1991).

¢) measured in the soil research plot by Olsthoorn (1991).

Needle fall was measured by three different methods (Table 21). First, needle fall was
derived indirectly from observations on needle occupancy (Steingrover et al., 1995). These
measurements were also used for deriving needle growth data. Secondly, needle fall was
measured directly using 12 litter traps with a surface area of 1 m? (Van der Maas and
Pape, 1990). Finally, additional measurements were carried out by Steingrover et al.
(1995). They used a large net with an area of 45 mZ. Unfortunately, they did not replicate
these measurements.

TABLE 21
Needle fall and needle growth derived from observations on needle occupancy,
litter traps and a large net. For references: see text.

Year  Plot® needle mass needle loss needle growth
(Mg ha'™") (Mg ha* a) (Mg ha' a™)
needle litter litter

occupancy traps net
1988 1 18.5 6.53 2.19 6.53
1989 1 17.5 6.77 3.35 2.83 5.90
1990 2 19.0
1991 2 19.2 7.77 8.02
1992 2 20.8 6.11 7.52

a) Plot for needle occupancy measurements. Litter trap measurements were carried out in plot 2
(soil plot) and litter net measurements in plot 1 (ecophysiological plot).

From the above table it is obvious that needle fall obtained from direct measurements is
much lower than needle fall inferred from needle occupancy. This discrepancy can only
partly be attributed to stand heterogeneity. In view of the number of needle age classes
observed in Speuld (viz. 4) and the needle fall fractions derived from the needle occupancy
measurements, the lower needle fall figures as obtained from direct measurements cannot
be used in combination with the high biomass figures measured by Steingrover et al.
(1995). For this reason, the higher needle fall figures were used. The root length




distribution is presented in §3.4.1, table 9. Tumover rates for fine roots were 1.0 a’
(Olsthoorn and Tiktak, 1991).

Needle mass, and estimated needle increment and needle loss are high compared to data
from other sites (§3.1.2). In the same time, root biomass is low. All this has major
consequences for nutrient cycling through litter fall, and for assimilate allocation and the
whole tree carbon budget.

3.6.2 Basic stand data as input to the models

As the data from the soil research plot were used to calibrate the models, it was chosen to
apply all models using basic stand characteristics as in the soil research plot. Table 22
gives a reconstruction of growth data for this plot. These growth data were used for model
calibration.

TABLE 22
Stand structure data for the soil research plot (average of 370 trees). Data refer to the condition at
the end of the year, with growth rates referring to the previous year (Steingréver et al., 1995).

Year DBH Height Basal Area increment  Stem Volume increment

(m) (m) (m? ha') (m? ha' &) (m®ha’) (mPha'a') (Mgha'al)
1986 0.206 (18.1)° (27.06) (232)
1987 0.213 (18.7) (28.93) (1.87) (254) (22) (12.1)
1988 0.221 (19.4) (31.15) (2.22) (281) (27) (14.8)
1989 0.226 (19.8) (32.57) (1.42) (298) (17) (9.4)
1990 0.235 20.4 35.22 (2.65) 329 (31) (17.0)
1991 0.240 21.1 36.73 1.51 352 23 125
1992 0.249 21.6 39.54 2.81 384 32 17.9
1993 0.254 222 41.14 1.60 408 24 13.0

a) Data used for fitting of the growth function in NuCSAM (Eqn. (29)). The following parameters were derived:

krgy=0.09 &', Amy ,,, = 540 Mg ha™' and ;= 38.1 a.

b) Data in brackets were reconstructed using the assumption described above.

For monitoring of needle occupancy, a smaller number of trees (75) was used. These trees
had a somewhat higher average DBH than the trees in the entire soil monitoring plot. To
account for possible bias resulting from sampling a subset of above-average trees, a
correction on needle mass, needle loss and needle growth was applied based on tree
basal area. The 75 trees used for monitoring of needle occupancy had an average DBH of
0.272 m, or basal area of 0.580 m? at the end of 1992. The entire soil research plot had
an average DBH of 0.249 m or basal area of 0.487 mZ. All data related to needle turnover
were multiplied by 0.487/0.580 = 0.84. Thus, the total needle mass used in the models
was 15.5 Mg ha'! and the needle fall was about 5.5 Mg ha™'. We used an LAl of 10.7 m?
m?2 and a SLA of 5.8 m? kg™'. These values were taken from Evers et al. (1991) as new
figures were not available when the simulations were carried out.
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4 MODEL CALIBRATION

The applied models render an approximate description of the system under study and
contain parameters, initial and boundary conditions, which are incompletely known. More
information on these quantities, which are often not measurable, is required to obtain
accurate inferences from the model, and for judging its performance adequately. Hence,
model calibration is required to determine these values accurately from the available
measurements, taking into account the intended model use and available prior knowledge.

Model calibration thus becomes a critical phase in the modelling process. Despite its
importance, the required activities for calibration are often given little consideration, and in
many cases the model is calibrated using non-reproducible methods. As the models under
consideration contain a large number of parameters, a well-structured and systematic
calibration approach is needed, supported by useful guidelines.

41 Strategy
Janssen and Heuberger (1995a) present a general outline of the calibration! process, and
distinguish various important steps:

. identify the characteristics of the data-set.

. identify the parameters that need calibration, preferably by performing model
analyses (sensitivity and uncertainty analyses).

. specification of model performance criteria, which express the discrepancy between
measurements and model results.

J solution of the calibration problem, which often consists of adjusting the model

parameters such that the model results match the measurements adequately (e.g.
minimal misfit).
The calibration process is usually completed by assessing the accuracy and quality of the
obtained model (validation aspects; see Janssen and Heuberger (1995a)).

In the sequel it is briefly addressed how the above mentioned issues apply for the
calibration of the various models on the Speuld data-set.

4.1.1 The characteristics of the data-set

Measurements were carried out at different spatial scales and at different positions within
the stand. Most soil hydrological measurements were carried out at one plot of 30x30 m?,
although an attempt has been made to scale these measurements to stand average values
(Bouten et al., 1992). Soil chemical measurements are ‘point measurements. Samples
were taken from three plots and the volume of soil sampled is small. Also the tree
physiological measurements were carried out at one point within the forest stand. On the
other hand, eddy correlation measurements of deposition and transpiration are
representative at a scale which is larger than the stand. Measurements of throughfall
amounts, throughfall quality and of forest growth, although point measurements, were

! Model calibration is defined as the determination of the model parameters, boundary and initial conditions
and/or structure on basis of measurements, and of prior knowledge.
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scaled to average values. However, all these measurements were carried out at the
Eastern half of the stand, possibly leading to a deviation from stand average values.

Due to these different spatial scales it is almost impossible to combine all measurements
within one data-set. Consider the following example: If the hydrological part of the models
is calibrated using the average transpiration measured by eddy correlation as a criterion,
the hydrological regime will be different from the hydrological regime at the soil chemical
sampling points. For this reason, the hydrological part of the models was calibrated using
data from the soil monitoring plot only. This calibration is not representative for the stand
as a whole, but can be used in combination with the soil chemical data-set.

4.1.2 Parameters that need calibration

Ideally, the selection of parameters to be calibrated is based on systematic sensitivity and
uncertainty analyses. Such analyses were carried out for ReSAM (Kros et al., 1993) and
for SoilVeg-2 (Van Grinsven et al., 1991). For the site models discussed here, calibration
was limited to a small number of parameters, which are briefly addressed per model.

NuCSAM

The choice of the model parameters that need calibration was based on an uncertainty
analysis for the model ReSAM (Kros et al., 1993). Table 23 summarizes the parameters
for which the solute concentrations were most sensitive. These parameters have been
chosen for model calibration. The choice of the hydrological parameters to be calibrated
(not shown in table) was based on Tiktak and Bouten (1992).

TABLE 23

NuCSAM model parameters that were calibrated.

# Parameter Description Effect on concentration of: Eqn.
1 kry nitrification rate constant NO; and NH; (37)
2 KEl, Elovich constant AP* and H* (42)
3 Ny, Maximum N-content of leaves NO; and NH; (21)
4 kiCaygpm rate constant for Ca-weathering Ca®* (40)
5 kMgyeom rate constant for Mg-weathering Mg®* (40)
ForGro

The main parameters used for calibrating the model where the set of parameters
describing assimilate allocation and the distribution of dry matter increment over the
biomass components (equation (57)). It tumed out to be necessary to increase the
proportion of assimilates going into foliage growth, in order to simulate the high LAl values
measured at the site (§3.6). Increase in allocation to foliage leads to a decrease in stem,
root or branch increment. The calibration to LAl was taken at the expense of stem growth,
as any decrease in root growth might influence nutrient and water uptake, thereby possibly
inducing adverse side effects of the calibration. Fine root growth simulated with the model
matched the field data measured by Olsthoom, 1991.
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SoilVeg
The crucial step in calibration of SoilVeg is parameterization of the age-dependent

empirical relationships for gross nutrient uptake (Eqn. (35)) and carbon allocation to
biomass compartments (Eqn. (54)). These empirical curves can be fitted on site
observations or (generic) yield tables to estimate biomass and nutrient content for the
wood, foliage and root compartments. Both empirical relationships were fitted for a
reference situation which is specific for any combination of forest and soil. In the reference
situation, no trends in climatological variables and external nutrient inputs are assumed.
Moreover, once the stand has reached the mature phase, the total mass of fine roots and
foliage remains constant in time and nutrient contents are constant in all plant
compartments.

Extensive data-sets on biomass increment and nutrient content were obtained from
literature for Douglas fir (Berdowski et al, 1991) to support both empirical relationships.
Obviously there is a large scatter in the data due to the fact that they apply to a wide
range of Douglas fir genotypes, soil types, air quality and climates. The assumption that air
quality and climate for the selected stand data show no trend cannot be validated. This is
a serious source of uncertainty for the SoilVeg extrapolations. Using forest yield tables as
an altenative to the actual observation data reduces the data scatter but yield tables
cannot be linked to data on nutrient contents of foliage and roots.

4.1.3 Model performance criteria

For the evaluation of model performance in relation to observation data in Speuld,
statistical indicators as described by Janssen and Heuberger (1995a) have been used. As
each of these indicators gives different information about model behaviour, two different
performance measurements were use, as described below:

NME = (5“6)
0
and (65)
E( | pi-0;1)
NMAE = =
n:o

Here, NME (-) is the Normalized Mean Error, NMAE (-) is the Normalized Mean Absolute
Error, p; is the predicted value, o; is the observed value, o and p are the averages for
the observed and predicted values, and n is the number of observations. The NME
compares predictions and observations on an average basis (i.e. over the whole time-
span). The NME thus expresses the bias in average values of model predictions and
observations and gives a rough indication of overestimation (NME > 0) or underestimation
(NME < 0). The NMAE is an absolute indicator for the discrepancy between model
predictions and observations. The NMAE does not allow for compensation of positive and
negative discrepancies. A NMAE of zero is considered optimal.

These criteria can be defined and evaluated for various model quantities, individually as
well as jointly. For a fair comparison between model results and observations, their
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temporal and spatial scale should be compatible. For model calibration, model results were
compared with accumulated throughfall amounts (§3.2), soil water contents (§3.4.3), soil
solution composition (§3.5.2), stem growth, needle mass and concentration of nutrient in
needles (§3.6).

The presented misfit criteria consider only specific aspects of the system under study, and
express the agreement between model data and data in a very condensed form, i.e. in one
number. Therefore, the use of these quantitative criteria should be supplemented by
qualitative techniques (e.g. visual comparison of measurements and model results).

4.1.4 Solution of the calibration procedure

An automated and objective calibration method has been developed, viz. the Rotated
Random Scan method (Janssen and Heuberger, 1995b; Janssen, 1995a; Janssen and
Sanders, 1995). This method is a procedure for restricting the uncertainty in the
parameters, by efficiently scanning the parameter space for a set of model parameters,
which match the data adequately. The procedure is especially suited for situations where
data are scarce and inaccurate, or for calibration studies where a substantial reduction of
the initial parameter range is desired, in order to increase the effectiveness and efficiency
of the subsequent fine-tuning of the parameters. Associated techniques for sensitivity
analysis have been developed, to enable an adequate selection of parameters to be
calibrated (Janssen, 1995b, 1995c).

These procedures were not applied for the site models under consideration, because of
the large number of model parameters that needed calibration, the interaction between the
model parameters and the non-linear behaviour of the models. However, an automated
method has been applied for calibration of the steady state regional soil acidification model
MACAL (Kros et al., 1994). For the Speuld site, the models were provisionally calibrated
by visual minimization of the difference between observed and simulated time series of
measured data. Visual interpretation is not always unambiguous and robust. Therefore,
also performance criteria as described above (§4.1.3) have been evaluated.

In view of the large number of state variables that are relevant for hydrology, soil chemistry
and forest growth, it is not meaningful to develop one model performance criterion that
considerers all these states. One reason is that there is no guideline to weigh the various
state variables in such a criterion. Instead, model parameterization and model calibration
followed a sequential procedure, guided by the strength of the interactions between
hydrology, chemistry, and tree processes. Hydrology affects soil solution chemistry but not
vice versa. The effects of soil hydrology and soil solution chemistry on nutrient uptake and
tree growth are stronger than vice versa. The calibration and parameterization procedure is
outlined below.
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Step 1: Parameterization and calibration of the hydrological submodels.

» Parameterization of the soil water transport modules, water uptake distribution with
depth and water uptake reduction functions.

» Calibration and cross-validation using time series of throughfall and water contents.

- Validation using time series of soil solution concentration of CI" and SOZ".

Step 2: Parameterization and calibration of the soil chemistry submodels.

« Parameterization of cation exchange, bio-chemical transformation and nutrient uptake
distribution with depth.

« Calibration and cross-validation using time series of soil solution concentrations.

Step 3: Parameterization and calibration of the forest growth submodels.

« Parameterization of the root uptake module, allocation of carbon and nutrients to various
plant components.

« Calibration and cross-validation using biomass increment, nutrient contents in biomass
components and time series of soil solution concentrations.

4.2 Hydrology
4.2.1 Interception and throughfall

.....

Figure 12 Simulated throughfall amounts
Accumulated simulated throughfall for the years 1988 and are presented in Figure 12.
1989. Table 24 presents the annual
1000 Jmm) (1988) (mm d”) water balances for the period
800 7 ::-:Ezi E%ﬂi%‘,’;{m{“a" _ p——a ;987-1 989. ForGrS) SImulate's a
600 | = (<) Soileg L= igh annual interception

compared to the other models,
mainly resulting from different
modelling philosophies. ForGro
is a ‘state of the art’ process
oriented model, which was not
calibrated, but was
parameterised using generic
data. In view of the high Leaf
Area Index at the Speuld site,
these generic data do not
apply to Speuld. The calibrated
models SoilVeg and NuCSAM
overestimate the accumulated throughfall amount for 1989 and underestimate the
throughfall amount for 1987. For 1988, throughfall amounts are in close agreement with
measured throughfall values (maximum deviation < 10% of observed value). The
overestimation of throughfall for 1989 is mainly caused by deviations between measured
precipitation at Drie and on-site measured precipitation (see footnote in table 24). SoilVeg
and NuCSAM simulate almost equal throughfall and interception amounts for 1989, but
considerable differences occur for the other years with the largest deviations occurring in
1987. This reflects the uncertainty in both the parameterization and concepts of the
evaporation part of the interception modules. In 1989, rainfall mainly occurred as large

(<-) ForGo
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-51 -



storms. After such storms, a large part of the total precipitation drains instantaneously from
the canopy and evaporation loss is relatively small. In 1987, however, a large part of the
annual precipitation was in the form of small storms and evaporation losses were high.

TABLE 24
Simulated water balance terms for the Speuld experimental forest.
1987 1988 1989

Fluxes NuC Soil For NuC Soil For NuC Soil For
(mma™) SAM  Veg Gro SAM Veg Gro SAM Veg Gro
Precipitation® 976 976 976 933 933 933 806 806 806
Interception 357 315 404 331 303 449 285 286 384
Throughfall 619 661 572 602 630 484 521 519 422
Evaporation 55 73 24 56 79 19 66 88 21
Transpiration 365 359 336 323 301 311 371 382 390
Drainage 199 280 222 221 255 177 84 51 58
Transpiration :

reduction (%) 0.8 3 9 13 22 10 16 22 18
Measured

throughfall 660 618 449

a) Precipitation measured at Drie is input to the models. On-site measured precipitation was 950 mm a’ for
1987, 935 mm a' for 1988 and 710 mm a"' for 1989. These values were not used, because on-site
measurements were not carried out daily.

4.2.2 Soil water contents

Simulated soil water contents for 1989 are shown in Figure 13. Table 25 gives an overview
of performance criteria for the discrepancy between the observed and measured soil water
contents. For the 0-50 cm soil layer, the average soil water contents are overestimated by
ForGro (NME = 0.521). NuCSAM gives the best performance for this soil layer. The
overestimation by ForGro results from a different parameterization of the empirical
relationship between soil water fluxes and water contents. These relationships were
derived for a subplot with a higher water holding capacity. In the 50-100 cm soil layer, soil
water contents are underestimated by NuCSAM. However, differences mainly occur in
autumn, indicating that rewetting of the soil occurs too late. The same conclusion applies
to ForGro, whereas SoilVeg gives an overestimation for this soil layer. None of the models
predict the dynamic behaviour of measured soil water contents correctly, probably
indicating that fingered flow is a relevant hydrological process for Speuld.

TABLE 25
Performance criteria for the discrepancy between observed and measured soil water contents.
Model 0-50 cm® 50-100 cm®
NME NMAE NME NMAE
NuCSAM 0.097 0.248 -0.130 0.174
SoilVeg 0.293 0.329 -0.012 0.209
ForGro 0.521 0.522 0.021 0.196

a) Model output compared with TDR measurements (n = 88).
b) Model output compared with neutron probe measurements (plot B; n = 43).
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Figure 13
Comparison of observed and simulated water contents in the 0-50 and 50-100 cm soil layers for the
year 1989.
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4.2.3 Transpiration, soil evaporation and drainage

The hydrological submodels are mainly intended for calculating vertical drainage fluxes,
soil evaporation fluxes and transpiration. These fluxes are important for forest functioning
(transpiration) and transport of solutes (drainage).

Simulated transpiration figures are comparable for all models. This is remarkable, as both
model concepts and modelling philosophies were different for SoilVeg and NuCSAM on the
one hand and ForGro on the other. ForGro uses the Penman-Monteith equation
parameterised with general data, whereas SoilVeg and NuCSAM use the Makkink equation
in combination with an empirical (calibrated) crop factor. SoilVeg and NuCSAM used the
same crop factor, based on Tiktak and Bouten (1994). In a separate hydrological study
carried out at Speuld, Tiktak and Bouten (1994) compared simulated transpiration with
measured transpiration data. They found comparable transpiration figures. Table 24 also
shows the annual reduction of transpiration. ForGro predicts the lowest transpiration
reduction. Probably the most important reason is the lower potential evapotranspiration
simulated by ForGro. This demonstrates that the actual degree of transpiration reduction is
highly uncertain and is dependent on the definition of potential transpiration.

There is a large varation of simulated soil evaporation obtained (Table 24). These
differences are mainly caused by differences in the process formulations for soil
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evaporation, demonstrating the lack of consensus at this point, due to a common shortage
of data for validating the models at this point.

The overall effect of simulated hydrological processes is demonstrated by drainage fluxes.
Differences between the models are as high as 50% of the average value for all models,
mainly caused by differences in interception and soil evaporation. This clearly
demonstrates the uncertainty of these fluxes.

4.2.4 Conclusion

It is difficult to make a fair comparison of model performance with the produced simulation
results. Although a common data-set was distributed amongst the modellers, modellers
often used different model parameters. Probably, these effects of parameterization
overshadowed the differences of model behaviour. Bouten et al. (1995) pointed out the
same problem for the Solling application. From this exercise and from an earlier
hydrological study performed at the same site (Tiktak and Bouten, 1994), it is obvious that
more complex models not necessarily give better results than simple models.

4.3 Soil chemistry

4.3.1 Soil solution concentrations

Results of the calibration are shown for 20 cm depth in Figure 14 and 90 cm depth in
Figure 15. Table 26 shows the NME and NMAE (Eqn. (65)) for the major components for
10, 20 and 90 cm depth.

pH

Simulated pH values showed to be very different, especially for 20 cm. Simulated
pH values are calculated from the charge balance in all models. Thus, pH values are
affected by virtually all biogeochemical processes, and interpretation of differences
between the models on the basis of pH is difficult. Models showed good agreement at
different depths, i.e. NUCSAM at 10 cm (figure not shown), SoilVeg at 20 cm (Figure 14)
and ForGro at 90 cm depth (Figure 15). This is also reflected by the performance criteria,
i.e. the Normalized Mean Absolute Error (NMAE) for H" at these depths (table 26). It must
be noted that the relatively high pH simulated by ForGro at 20 cm depth is at least partly
induced by the very low NO; concentration simulated by this model for that depth.

Aluminum

The large differences between simulated pH values are not reflected in the AR
concentration. In general, all models produced comparable results. This is especially true
for 20 cm. Focusing on SoilVeg results for 20 cm, it can be concluded that both pH and Al
behaviour in Speuld can be described with a combination of the Al-hydroxide equilibrium
model (Eqn. (46)) and rate limited dissolution of Al-hydroxides (Eq. 42). This contrasts with
the results from the model comparison study for the Solling site in Germany (Kros and
Warfvinge, 1995). Results at 20 cm showed higher and smaller peaks for NucSAM,
whereas the opposite is true for SoilVeg and ForGro. This may be due to differences in
transpiration dynamics, as this phenomenon also occurs for sof' and CI'. Although the
differences in the topsoil are rather small, at 90 cm the ForGro results are better than the
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results from the other two models (the NMAE for ForGro is 0.30, whereas NucSAM and
SoilVeg values showed to be higher than 0.50; table 26). In addition it is notable that the
ForGro results show a less dynamic behaviour than the other models at 90 cm, whereas
the opposite is true for 10 cm. This is a result of the hydrological process formulations
used: The process formulations for soil water transport in Forgro do not allow for soil water
transport at water contents below field capacity. The opposite is true for SocilVeg and
NuCSAM (see also §2.2.4).

Calcium

All models underestimate the Ca?* concentration at 20 cm depth. This is reflected by the
NME, which is <-0.50 for all three models. At 90 cm depth, NuCSAM gives a slight
underestimation, whereas SoilVeg and ForGro overestimate the calcium concentrations.
The underestimation of the Ca?* concentration at 20 cm depth is probably due to either an
overestimation of the calcium root uptake in the topsoil or an underestimation of the
calcium cycling through the vegetation. Changing the intemal cycling of base cations within
the system will lead to higher calcium concentrations in-the topsoil, without affecting the
calcium concentrations below the root zone (i.e. > 90 cm). Because of the moderate fit for
90 cm (i.e. below the root zone), it is presumable that the calcium input by weathering and
deposition is correct.

Nitrate

NO, concentrations were reasonably reproduced by SoilVeg (NMAE = 0.35-0.62) and
NucSAM (NMAE = 0.41-0.54), whereas the performance for ForGro was poor
(NMAE = 0.71-0.95). The underestimation by ForGro is caused by a lower N-mineralization
(see table 27) for this model (about 3 kmol, ha'a?') as compared to SoilVeg and
NuCSAM (about 6 kmol, ha' a). Comparing these results with the results of a model
comparison study for the Solling site (Kros and Warfvinge, 1995), it is notable that the
nitrogen behaviour can be simulated reasonably with NucSAM and SoilVeg for Speuld,
whereas for Solling this was not possible.

Sulphate and chloride

For 90 cm, the SOZ and CI' concentrations were predicted rather poor by all models
(MNAE = 0.40 - 0.58). This is striking because CI' and SOZ" are rather conservative anions
in Dutch forest soils. The rather poor performance for these anions is most likely caused
by the strong spatial variability of throughfall fluxes and spatial patterns of water uptake by
words. Consequently, the hydrological calibration is not valid for the soil chemical
monitoring pit.
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Figure 14
Simulations of soil water chemistry by NuCSAM, SoilVeg and ForGro for 20 cm depth.
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Figure 15
Simulations of soil water chemistry by NuCSAM, SoilVeg and ForGro for 90 cm depth.
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TABLE 26
Performance of NucSAM, ForGro and SoilVeg during the observation period.

Parameter  Performance measurement (-) and number of observations (-)

H* ARt Ca®* Mg?* K* NO; NH; soZ Cr
Depth 10 cm.
n? 48 37 37 37 37 41 44 41 41
NuCSAM
NMAE® 0.39 0.60 0.52 0.86 0.83 0.54 0.84 0.62 0.65
NME® -0.37 -0.30 -0.45 -0.86 0.80 -0.37 -0.82 -0.60 -0.65
ForGro
NMAE 0.50 0.94 0.66 0.69 0.40 0.71 0.74 0.70 0.70
NME -0.04 -0.94 -0.17 -0.55 0.05 -0.68 -0.69 -0.68 -0.70
SoilVeg
NMAE 0.88 0.73 0.55 0.75 0.34 0.53 0.96 0.69 0.59
NME 0.87 -0.47 -0.51 -0.75 0.25 -0.44 -0.96 -0.65 -0.58
Depth 20 cm.
n 48 41 40 40 40 46 44 46 46
NuCSAM
NMAE 0.81 0.49 0.63 0.86 2.16 0.41 4,70 0.44 0.47
NME -0.81 0.10 -0.63 -0.86 2.16 -0.24 3.94 -0.33 -0.40
ForGro
NMAE 0.9 0.52 0.50 0.38 0.51 0.95 1.07 0.28 1.10
NME -0.91 0.12 -0.50 -0.27 0.13 -0.95 0.01 -0.15 0.81
SoilVeg
NMAE 0.21 1.04 0.59 0.48 0.63 0.35 1.68 0.73 0.81
NME 0.07 0.54 -0.59 -0.48 0.38 -0.14 0.71 0.05 0.27
Depth 90 cm.
n 48 35 35 35 35 43 34 43 43
NuCSAM
NMAE 0.32 0.57 0.40 0.54 0.84 0.53 0.97 0.40 0.52
NME 0.20 0.28 -0.34 -0.54 -0.84 0.02 -0.90 0.02 0.04
ForGro
NMAE 0.25 0.30 0.33 0.22 0.47 0.73 1.56 0.68 0.44
NME -0.20 0.22 0.06 0.18 -0.47 -0.53 -0.04 0.68 0.03
SoailVeg
NMAE 0.40 0.55 0.51 0.25 0.26 0.62 0.98 0.41 0.50
NME 0.34 -0.40 0.23 -0.10 -0.05 0.34 -0.85 -0.18 -0.24

a) nis number of observations

b) NMAE is Normalized Mean Absolute Error and NME is Normalized Mean Error (see Eqn. (65)).
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4.3.2 Element budgets

Despite the moderate success of the chemical calibration and the harmonization of
parameterization for the soil component, element budgets (table 27) show large differences
between the models. Due to preferential uptake of NH; (Eqn. (32)), the uptake of nitrogen
occurs in equal amounts of NH; and NO; in NuCSAM and ForGro. In SoilVeg, all NH; is
nitrified before it can be taken up. Consequently, nitrogen uptake occurs mainly in the form
of NO;. Remarkable is the relatively low total nitrogen uptake for ForGro (5.67
kmol, ha a’') in comparison with SoilVeg (7.35 kmol, ha a') and NuCSAM (7.36
kmol, ha' a'). SoilVeg and NuCSAM simulate a nitrate surplus whereas nitrate leaching
is almost zero for ForGro. These differences are caused by the lower nitrogen
mineralization fluxes for ForGro, which in turn explains the low nitrate concentrations
simulated by this model. Different element budgets are also calculated for aluminum,
although aluminum leaching from the soil profile is in the same order of magnitude. Most
striking differences occur for aluminum exchange and aluminum weathering. SoilVeg
calculates negative weathering fluxes for aluminum, caused by net-precipitation of
secondary aluminum compounds, whereas the other models calculate net-dissolution. At
the same time, SoilVeg calculates high exchange fluxes of aluminum, caused by exchange
of Al®* versus H*. Due to the fast response of both Al-exchange and dissolution of
secondary Al-oxides to a change in pH, the contribution of both processes to net Al-
mobilization remains unpredictable for short time periods (Van Grinsven et al., 1989). The
Al transfer from the oxide pool to the adsorption complex or vice versa within specific
years can be much higher than the net Al-mobilization. The large differences between the
models are also caused by different initialization periods. NUCSAM uses an initialization
period of 15 years (1973-1988) to establish an equilibrium between cation exchange and
other processes, whereas the initialization period was 5 years for SoilVeg and 1 year for
ForGro.

TABLE 27

Comparison of major terms of the simulated element budgets for NO;, NH;, AI** and Ca?* for the
soil component. Element budgets are averages for the period 1988-1991. Positive fluxes indicate

an increase in the soil solution concentration.

Fluxes (kmol, ha™* a™')

NO; NH; AR Ca?*

Process SV FG* NC* SV FG NC SV FG NC SV FG NC

throughfall 0.84 0.56 0.76 2.09 2.09 2.21 0.01 0.04 0.00 0.38 0.36 0.38
uptake 696 -2.78 -3.85 -040 -289 -351 000 000 000 -1.38 -1.74 -1.51
mineralization 0.00 0.00 000 579 325 618 000 000 000 111 106 105
nitrification ~ 7.40 247 503 -7.40 -2.47 -503 000 0.0 0.00 000 0.00 0.0
weathering®  0.00 0.00 000 000 000 000 -543 850 4.02 0.5 006 0.5
exchange 000 000 000 -0.09 115 010 871 -368 030 009 039 026
leaching 123 -003 -1.84 -0.00 -0.01 -000 -214 -320 -367 -029 -0.11 -0.23

a) SV = SoilVeg, FG = ForGro and NC = NuCSAM.
b) including dissolution/precipitation of secondary aluminum compounds.
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44 Forest growth and foliar chemistry

4.4.1 Biomass

Figure 16 Figure 16 shows the simulated
Simulated stem mass, foliage mass and fine root biomasses. The agreement
mass simulated with the three models. between simulated and measured

stem mass is good, but the total
increase of stem mass between
1988 and 1992 (47 Mgha) is
not reproduced by the models.

Stem mass (Mg ha™")

190 p
—— measure

180 1 - - SoilVeg

1704 "o ForGro

-
. -
-

1604 00000 e Moreover, the strong year to year
1504 e variations in measured stem mass
140 - /, increases are not simulated. It
=== should be noted that the

130 .
120 measured DBH is §trongly
dependent on the time of
20 observation: After a dry period the
measured DBH is smaller than
181 directly after a wet period. This
15 variability in the measurements
imposes a large uncertainty, both
134 in the DBH measurements, and in

the biomass figures. Foliage mass
is overestimated by ForGro and
underestimated by SoilVeg. These
differences are at least partly
caused by different interpretations
of the biomass measurements.
The foliage mass for Speuld
should be qualified as very high.
Literature data on other highly
productive sites report maximum
2 558 559 550 o1 foliage masses of 15-16 Mg ha
(see Table 5). With respect to
results for foliage mass
increments one can only conclude that the relation between values for individual years is
practically absent, both when comparing models to observations or models amongst
themselves. In other words: when combining the system knowledge as presented in the
models, and actual observations of climatic parameters and soil water and nutrient status,
we cannot analyse differences in stem growth and foliage mass between individual years
Differences between simulated fine root masses are mainly due to different definitions’,
but simulations are close to observations. Foliage mass to fine root mass ratio’s are

' In SoilVeg, fine-roots are defined as roots smaller than 5 mm diameter, whereas fine-roots are
smaller than 2 mm in the other models.
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extremely high, which is thought to be typical for forest ecosystems with a high nitrogen
input (Kurz and Kimmins, 1987; Walters and Reich, 1989).

4.4.2 Nutrient contents

Figure 17 Nutrient contents are
Simulated nutrient contents in the foliage for Speuld (1987-1992). generally
N-content (%) overestima}ted, with

250 I ForGro ———~ SolVey v Measured| the exception of Mg.
With respect to

225 7 results for foliar

2,00 nutrient contents,
there is hardly any

175 . . v e relation between

. Yo v, observed and

1.50 M simulated contents

0.4 —FR-conteont (%) for individual years.
Moreover, trends are

0.3 7 sometimes
completely different.

037 For example: the

0.25 - v v simulated nitrogen

’ vy contents show a

0.20 M z decreasing trend,

0.15 —Mg-content (%) whereas the opposite
is true for the
observed nitrogen
contents. In other

0-10 7 words: when
combining the system
knowledge as

0.05 , . . . i , . present in the

0.80 —fceontent (%) models, and actual
observations of

0.70 v _ climatic parameters
and soil water and

0.60 nutrient status, we
cannot explain

%7 differences in foliar

0.40 ' nutrient contents

1987 1988 1989 1990 1991 between individual
years.

Both the observed, and the measured nitrogen contents are high. Again, this is typical for
forest ecosystems with a high nitrogen input. The concentration of the other nutrients is in
the lower part of measured ranges. For none of the nutrients, there is a deficiency.
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4.4.3 Nutrient cycling

Table 28 shows the major terms of the nutrient budgets (1988-1991) for N, Ca, Mg and K
for SoilVeg and ForGro in the tree. SoilVeg simulates higher root uptake fluxes, leaf-uptake
fluxes and tumover losses for nitrogen, whereas base cation fluxes are slightly lower as
compared to ForGro. The higher root uptake fluxes for nitrogen are most striking, and are
due to different model concepts. In SoilVeg, nutrient uptake is mainly driven by the nutrient
availability in the soil, whereas in ForGro uptake is mainly driven by the plant demand.
Although nitrogen uptake simulated by ForGro is lower than the nitrogen uptake simulated
by SoilVeg, ForGro simulates very low nitrate concentrations in the soil solution (see
Figure 14). This is caused by the lower mineralization (Table 27) of nitrogen calculated by
ForGro. Moreover, ForGro calculates a high nitrogen demand, which is larger than the
nitrogen availability in the soil solution. Root uptake in ForGro is reduced when
concentrations in the soil solution become low. This is mainly caused by a feed-back
mechanism between the soil solution concentration and nutrient uptake (diffusion limited
uptake; see also Gijsman, 1990). Apparently, the relationship between the diffusion
constant and the soil solution concentration is parameterized in such a way that uptake
can occur until very low and non-realistic soil solution concentrations.

TABLE 28
Comparison of major terms of the element budgets for N, Ca, Mg and K for the tree component.
Data are averages for 1988-1991.

Fluxes (kg ha™ a)

N Ca Mg K
Proces sv? FG? YY) FG sV FG sV FG
Root uptake 102.28 79.46 27.52 33.16 5.89 5.82 38.47 40.61
Leaf uptake 21.23 8.14 0.00 0.00 0.00 0.00 0.00 0.00
Leaf exudation 0.00 0.00 1.85 1.16 0.94 0.42 17.55 8.93
Turnover losses® 112.16 73.13 23.09 27.59 3.47 5.18 18.03 27.45
Storage 11.21 14.47 2.55 4.40 1.48 0.21 2.85 4,22

a) SV = SoilVeg and FG = ForGro
b) Sum of losses by needle fall, root death and branch fall.

45 Simulated manipulation experiments

The validity of the model calibrations was qualitatively assessed by evaluating whether the
integrated models SoilVeg and ForGro could reproduce the observed effects of
experimental manipulations as conducted for the nearby monitoring site ‘Kootwijk’ (De
Visser, 1994). For this purpose, results from these manipulation experiments were
compared to a simulation by the models calibrated for Speuld. It should be noted that the
simulations are only approximate, as site conditions at Speuld and the manipulation plot
are different and model implementations of elimination of water and nutrient stress are not
identical to experimental procedures.

The approximation of the experimental manipulation by SoilVeg and ForGro were
essentially different. In the SoilVeg application the irrigation and fertigation were
dynamically mimicked by daily adding water and nutrients to the soil. In the ForGro
application the soil simulation was left untouched while the reduction factors for
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photosynthesis due to drought (equal to the ratio of actual to potential transpiration) and
due to nutrient deficiency in the needles were switched off. So the response of the soil
solution chemistry in the ForGro application is caused by the feedback of soil to the
‘manipulated’ photosynthesis reduction factors, and will not have a substantial effect on
growth and nutrient status of the tree component. For this reason the soil chemistry results
are omitted in Table 29.

TABLE 29

Comparison of observed effects of irrigation (1) and irrigation/fertigation (IF) on a Douglas fir stand
at Kootwijk (De Visser, 1994) with simulated effects by SoilVeg and ForGro for the Douglas fir stand
at Speuld, relative to an untreated control case.

Parameter Change (%) relative to an untreated control case
Observed SoilVeg ForGro
| IF ] IF | iF
(Ch) at 20 cm -52 -53 -17 -11
(NO;3) at 20 cm +46 +82 -6 +46
(Mg®*) at 20 cm +37 -10 16 +60
(AP*) at 20 cm +16 +28 17 +34
Stem mass increment  +19 +25 +6 +62 +19 +24
Litter fall -7 +9 +1 +18 +9 +5
N-content in foliage -10 +1 -2 +8 -8 -7
Mg-content in foliage -2 +8 -4 +11 -2 0

In the field experiment, irrigation caused a large increase of nitrate concentrations, which
was not simulated by the models. Apparently, the effect of moisture content on nitrogen
mineralization process is still inadequately understood. This was also a major conclusion
from the application of these models to Solling (Van Grinsven et al., 1995). By combining
the observed effects on CI and NO;, an additional nitrogen mineralization equal to the total
net N-flux at 20 cm for the control case can be inferred. This enormous, probably
temporary, N-push will also have a dominant effect on the observed growth response,
which makes further comparison of observations and simulations awkward. It can be
further concluded from the CI data that in the SoilVeg reconstruction less water was
applied than in the actual experiment. The main reason for this lies in the large drought
sensitivity of the experimental manipulation plot (Kootwijk) as compared to the simulation
plot (Speuld) (Tiktak and Bouten, 1990). However, it may also be expected that the
experimental irrigation is less effective than the simulated irrigation. The smaller decrease
of NO; as compared to the CI concentration for SoilVeg indicates a small enhancement of
N-mobilization.

Looking at the observed increased stem increment and decreased N-content in foliage, it
seems that the additional N-mineralization does not lead to an an increased uptake of N,
which is rather remarkable. The needle mass at the experimental plot did increase, not
only because of increased needle growth, but also because needle shedding was delayed
(De Visser, 1994). The overall effect is a dilution of needle N. The close similarity between
these observations and the ForGro simulation, which in fact did not impose an increased
nitrogen uptake, are a further indication that (i) the additionally mineralized nitrogen is not
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taken up, and (i) the increased stem growth is predominantly caused by enhanced
transpiration. In contrast, the SoilVeg simulation, after elimination of the drought stress,
only predicts a small effect of irrigation, and only the addition of additional nutrients leads
to a marked growth increase of stem and foliage. The strong response of growth to
nutrient additions in SoilVeg is implied by applying the nutrient-productivity concept (§2.5).
The fact that this increase is larger than observed may be due to ignoring phosphorus or
due to the larger availability of Mg in SoilVeg than in the experimental plot (Table 29).
Again it is remarkable that the simulated effect of fertigation on stem growth by ForGro is
identical to the observed effect. Apparently the net growth effect in ForGro, implied by the
reduction factor concept of photosynthesis due to nutrient shortage in foliage, is about
right. However, judging from the poor prediction by ForGro of the effect on the N and Mg
content in foliage, which predominantly decrease due to dilution in biomass, the nearly
perfect reproduction of the growth effect should be regarded as somewhat accidental.




5 SCENARIO ANALYSES

All models were applied to evaluate a deposition scenario representing the present targets
of the Dutch environmental policy (Keizer, 1994). This scenario is a rather optimistic one
with respect to the reduction of deposition. Simulations were carried out for Douglas fir on
a Cambic podzol and for Scots pine on a Haplic arenosol, and for Dutch regions with low,
average and high deposition rates, respectively. Weather data were randomly selected by
a statistical model of historically observed weather data (Richardson and Wright, 1984).
The results of these scenario analyses were primarily meant as an example of model use
for predictive purposes, as only one deposition scenario and one realization of weather
data was evaluated.

5.1 Deposition scenarios
Table 30 presents the deposition scenarios for the six combinations evaluated.

TABLE 30

Total acid deposition (mol, ha' a™') for generic Scots pine (SP) and
Douglas fir (DF) stands in Drenthe (situated in the Northemn
Netherlands), Veluwe (Central Netherlands) and North Limburg
(Southem Netherlands).

Year Total acid deposition (mol, ha' a™)

Drenthe Veluwe North Limburg

SP DF SP DF SP DF
1980 2 5800 6700 8300 8700 8900 10400
1990 # 4300 4900 5400 6400 6800 7900
2000 ® 2400 2800 2600 3000 4000 4600
2010° 1400 1600 2000 2300 3000 3500
2050 ® 1400 1600 1400 1600 2000 2300

a) inferred from DEADM calculations (see further text).
b) deposition target (Keizer, 1994).

For the period between 1980 and 1991, the deposition of acidifying components was
estimated with the DEADM model (Erisman, 1993). The DEADM model was used to
generate data for an average stand, based on meteorological measurements and
measurements of concentrations in the atmosphere and precipitation. For the period before
1980, concentration measurements were not available and the deposition was inferred
from historical deposition data which were based on emissions in those years (De Boer
and Thomas, 1991). The historical deposition was scaled to the DEADM deposition, using
the following equation:

“AC.; neAras
Cid, DEADM
ACy hist

ACy = ACyg, pist* (66)

where Ac,, (mol, ha' &) is the total deposition of acidity, A (mol, ha' a”) is the
deposition based on emissions, ACypeapy (MO, ha' a™) is the average deposition of
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acidity calculated with DEADM for the period 1980-1991 and Ac s (Mol hat a) is the
average deposition of acidity based on emission data for 1980-1991. Future deposition
data of acidity (1992-2050) were inferred from average DEADM results for 1989-1991 and
the deposition targets (Table 30) by linear interpolation. Moreover, it was assumed that the
relative contributions of SO,, NO, and NH, were constant and equal to the contributions for
1991. The average deposition figures were converted to deposition figures for Douglas fir
and Scots pine by applying filter factors (De Vries, 1991). Scots pine was assumed to
behave as an average tree with respect to dry deposition, so the calculated deposition
figures directly apply to Scots pine. Dry deposition for generic Douglas fir was inferred from
the DEADM results using a dry deposition filter factor of 1.2. Finally, the deposition of base
cations was calculated using a filter factor of 2.5 for Scots pine, and 3.0 for Douglas fir.

The results for region ‘Veluwe’

Figure 18
Degposition scenarios for Scots Pine and Douglas fir stands in are shown in Figure 18. It is
the Veluwe. obvious that the DPPA-3
1o -Poposfion (ke ha't a) 10 scenario is a rather optimistic
eluwe: Dovgiee I one. Deposition targets for
tota acidty | 2010 are lower than the

deposition calculated on the
basis of future emissions.
These emission data were
based on an evaluation of the
current environmental policy
(RIVM, 1993). On the other
hand, the deposition for a
generic Douglas fir stand is
] higher than the deposition for
R ST E T SN, the Speuld site, due to the
large distance of Speuld from
forest edges.

5.2 The generic data-set

5.2.1 Hydrology

Soil physical characteristics

The retention and conductivity characteristics were taken from the new ‘Staring soil series’
(Wosten et al., 1994). For SoilVeg, the data for the old soil series were used (Beuving,
1984) using a procedure described in Van Grinsven and Makaske (1993). These data are
an integral part of the SoilVeg database, and have not been updated until now. The
empirical relationships between soil water content and flux for ForGro were derived from
NuCSAM output. A drawback from using the Staring Soil Series is that they particularly
apply to agricultural soils, and not to forest soils. Therefore, the saturated conductivities
are underestimated, and retention and conductivity characteristics derived from the Staring
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series are steeper (larger values for n; see equations (59) and (60)), particularly for the
sub soil. Results are shown in table 31.

TABLE 31
Parameters of the Mualem-Van Genuchten functions to describe the soil physical properties
for a Cambic podzol and a Haplic arenosol.

Depth Code * 0, 9, a n K, °
(m® m?) (m® m®) (em™) ) (em d™)

Cambic podzol

litter (B3) 0.500 0.010 0.0152 1.41 17.8
0-50 cm (B3) 0.450 0.010 0.0152 1.41 17.8
50-70 cm (B2) 0.430 0.020 0.0227 1.55 9.7
> 70 cm (02) 0.380 0.020 0.0214 2.08 15.6
Haplic arenosol

litter (B1) 0.500 0.010 0.0249 1.51 17.4
0-80 cm (B1) 0.430 0.010 0.0249 1.51 174
>80 cm (01) 0.360 0.010 0.0224 2.17 13.2

a) Codes refer to the Staring series.
b) See table 10 for an explanation of symbols.

Crop dependent properties
Parameters for generic Scots pine and Douglas fir are given in table 32.

TABLE 32
Hydrological parameter values for generic Douglas fir on a Cambic podzol and Scots pine on a
Haplic arenosol

Parameter Symbol Douglas fir Scots pine Unit
Canopy gap fraction® G 0.1 0.3 (-)
Average precipitation intensity R 10.0 10.0 {mm)
Interception efficiency® f 0.141 0.141 (-
Interception capacity® Aoy max 2.1 1.6 {mm)
Factor for evaporation

during dry part of day: Eqy 1.5 1.5 )

during wet part of day: fE ot 0.5 (summer) - 0.5 (summer) -

9.0 (winter 9.0 (winter) )

Reduction point ¢ h, -600 -600 (cm)
Wilting point ¢ h, -6000 -6000 (cm)
Crop factor ¢ f, 0.85 0.70 ()
Root length distribution ®: R, cf. table 9 cf. table 9 ()

a) Based on Tiktak and Bouten (1990; 1994) for Douglas fir and De Visser and De Vries (1989).

b) Measured by Bouten (1992) for Douglas fir.

c) Measured by Mitscherlich and Moll (1970) for Scots pine and Bouten (1992) for Douglas fir.

d) Obtained by Tiktak and Bouten (1990; 1994) for the Speuld site. SoilVeg uses different figures, viz. 1 for
Douglas and 0.82 for Scots pine, as this model uses a different definition of evapotranspiration components.

e) Based on root length distribution measurements for Douglas fir by Olsthoorn (1991).

In general, the hydrological parameters used for generic Douglas fir were identical to those
used for Speulderbos. Parameters for Scots pine were assumed identical to Douglas fir
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when no better alternatives were available. Important differences between Scots pine and
Douglas fir are present for the gap factor (larger for Scots pine) and for the interception
storage capacity (smaller for Scots pine). Parameters with no source indication were
inferred from the NuCSAM calibration.

5.2.2 Soil chemistry

State variables that must be known at the beginning of the simulation include the amount
of elements in all soil compartments, i.e. primary minerals, secondary Al-oxides, the
adsorption complex and the soil solution.

Data used for the element amounts in primary minerals, secondary Al-oxides and the
adsorption complex are given in table 33.

TABLE 33
Element contents in primary minerals, hydroxides and the adsorption complex for the generic
Cambic podzol and the Haplic arenosol.

#  Horizon Depth Density? Total contents® ctAl,? CEC*  Exchangeable fraction®
(cm) (kg m?3)  (mmol, kg™) (mmol,, kg™') ()

Ca?* Mg?* K* Na* H* AP BC® NH}
Cambic podzol
0 0 3509 140 275 0.30 0.08 0.54 0.08
1 Ah 0-10 1345 35 40 230 155 95 42 0.33 0.50 0.12 0.05
2 Ah 10-20 1345 35 40 230 155 95 42 0.33 0.50 0.12 0.05
3 Bhs 20-30 1460 25 45 225 150 185 18 0.10 0.77 0.08 0.05
4 BC 30-50 1535 30 45 240 140 175 18 0.05 0.77 0.08 0.10
5 C 50-70 1535 30 45 240 140 175 18 0.05 0.77 0.08 0.10
6 Cc 70-110 1555 30 50 240 160 94 4 0.06 0.75 0.07 0.12
Haplic arenosol
0 [¢) 3.5-09 140 275 0.30 0.08 0.54 0.08
1 Ah 0-10 1375 75 60 480 430 55 27 0.20 0.63 0.09 0.10
2 c 10-20 1455 40 35 225 175 70 5 0.22 049 0.28 0.09
3 c 20-40 1455 40 35 225 175 70 5 0.22 049 0.28 0.09
4 c 40-60 1455 40 35 225 175 70 5 0.22 0.49 0.28 0.09
5 Cc 60-80 1455 40 35 225 175 70 5 0.22 0.49 0.28 0.09
6 Cc 80-100 1455 40 35 225 175 70 5 0.22 0.49 0.28 0.09

a) Derived from a field survey (Kleijn et al., 1989). The CEC was measured in an unbuffered
solution of silverthiorsum. In a buffered solution, both the CEC and the exchangeable H content
would have been higher.

b) Derived from laboratory analyses.

c) Derived from a soil information system (Bregt et al,, 1986).

d) Thickness calculated for the beginning of the simulation period in 1980.

e) BC is the sum of Ca?*, Mg?*, K* and Na*.

f} Horizon numbers for NuCSAM and ForGro.

The initial content of sorbed sulphate was calculated from the equilibrium with the soil
solution SOﬁ‘ concentration, using a sulphate sorption capacity (SSC) equal to 2% of the
Al-oxalate content (Johnson and Todd, 1983). The initial (i.e. 1980) ion concentrations in
each soil layer were derived by running the model during 25 years (1955-1990) using
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historical emission-deposition data for the corresponding region. Anion concentrations in
1955 were estimated from the annual atmospheric input at that time and the annual
average water flux per layer. Cation concentrations in 1955 were derived by combining the
charge balance equation with the various cation exchange equations, using given initial
exchangeable cation fractions (cf. table 33), and cation exchange constants (cf. table 35).
During the initialization period (1955-1990), the cation contents in primary minerals and
hydroxides were kept constant, while the contents of sorbed sulphate and cation contents
were continuously updated.

An overview of various overall parameters for Douglas fir on a Cambic podzol and Scots
pine on a Haplic arenosol are given in table 34. Most data were derived indirectly from
available literature. For example, foliar uptake and foliar exudation fractions were derived
from throughfall and bulk deposition data of more than 20 Douglas stands as summarized
in Erisman (1990) while using a derivation procedure described in Van der Maas and Pape
(1990). Maximum values for the nitrification and protonation rate constants were derived by
calibration of model results on measured NH,/NO; ratios and RCOO" concentrations as
given in Van Breemen and Verstraten (1991). An overview of soil-layer dependent
parameters is given in table 35.

TABLE 34
Values used for overall model parameters for Douglas fir on a Cambic podzol
and Scots pine on a Haplic arenosol.

Process Parameter Unit Value Derivation
Foliar uptake fiNH, ,* - 0.30 Erisman (1990)
fANOg 4, - 0.05 Erisman (1990)
iSO, 4, - 0.10  Erisman (1990)
Foliar exudation fiCa, - 0.24 Erisman (1990)
fiMg,, - 0.13  Erisman (1990)
K, - 0.63 Erisman (1990)
Litterfall ky a' 0.28 De Vries et al. (1990)
Root decay K.y a’ 1.40 De Vries et al. (1990)
Reallocation fre max - 0.36 Berdowski et al. (1991)
Mineralization [ A - 0.40 De Vries et al. (1990)
Kot max a’ 0.05 De Vries et al. (1990)
RDA,,, - 1.5  Janssen (1983)
C/N_,, - 15 Janssen (1983)
Root uptake ,NH, - 1.5  Gijsman (1990)
Nitrification Koimesx a’ 40  ReSAM database.
Denitrification Kotg,max a’ 10 Reddy et al. (1982)
Protonation Ko max a’ 40  ReSAM database.
Al dissolution KAl mol?2 L2 4.107 Kleijn et al. (1989)
SO, adsorption KSO, 4q mol' L 5.10™ Foster et al. (1986)

a) The foliar uptake fractions for H* and NHj were taken equal. This implies that a decrease in NH; deposition
which is compensated by an increase in H* deposition does not affect the foliar exudation flux of base
cations.
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TABLE 35
Elovich constants for Al dissolution, base cation weathering rate constants and Gaines Thomas
exchange constants of the Cambic podzol and the Haplic arenosol used in the simulation

Soil  kEL,® kEL,? Weathering rate constants Exchange constants ®
horizon (107 m* (102kg (10%a™)® (mol L2

kg'a')  mol.")

Ca Mg K Na H Al Mg K Na NH,

Cambic podzol
Ah 5.7 9.3 25 11 2.3 2.9 1870 0.62 035 0.21 0.77 1.05
Bhs 6.4 6.3 9.1 1.8 53 8.5 7830 1.77 030 1.31 3.35 6.53
BC 42 4.4 2.9 0.16 3.1 5.9 11470 191 033 6.14 5.00 30.7
C 87 9.1 17.0 1.6 15 2.0 2454 441 0.85 8.05 4.04 40.2
Haplic arenosol
Ah 3.7 9.4 8.3 115 1.0 2.4 6439 1.06 0.30 0.31 0.33 1.53
C 360.0 7.9 16.7 1.6 15 2.0 2445 441 0.85 8.05 4.04 40.2

a) Derived from batch experiments that were conducted during one year for two Cambic
podzols and Haplic arenosols (De Vries, 1994). Base cation weathering rate constants thus derived were
divided by 50 to scale results to field weathering rates, that were estimated by the depletion of base cations
in these two soil profiles (De Vries and Breeuwsma, 1986). In this model application we assume a negligible
pH influence on the weathering rate.

b) Derived from simultaneous measurements of chemical components at the adsorption complex and in the soil
solution of two Cambic Podzols at five locations and at four soil depths (Kleijn et al., 1989).

5.2.3 Forest growth and nutrient cycling

Table 36 presents the initial basic stand data for Douglas fir on a Cambic podzol and
Scots pine on a Haplic arenosol. Basic stand data were taken from Cannel (1982) and
Malkénen (1970). The initial litter amount was calculated by integrating the various
mineralization equations, using a stand age of 30 years. Initial element contents in litter
were taken equal to needle contents.

TABLE 36
Initial stand structure conditions for generic Douglas fir and Scots pine.

Parameter Unit Douglas fir on Scots pine on
Cambic podzol Haplic arenosol

Stand age (a) 30 30
Stand density (ha™) 850 2000
Height (m) 18.5 9.0
Mean DBH (m) 0.22 0.11
Basal Area (m? ha) 32.3 19.0
Stem volume (m® ha) 286 102
LAI (m? m?) 8.25 2.40
Specific leaf area (m? kg™) 5.5 4.0
Basic wood density (kg m®) 420 490
Soil organic matter (Mg ha™)

L 15 10

F 45 20

H 350 100

Dead roots 15 10
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Data related to various tree compartments are given in table 37. Biomass data of needles
and fine roots, and element contents in fine roots and stems were based on literature
surveys (Janssen and Sevenster, 1995; Scherfose, 1990; De Vries et al., 1990), whereas
the element contents in needles were based on a field survey in 1987 in eight Douglas
stands (Oterdoom et al., 1987), and 150 stands (Hendriks et al., 1994). For NuCSAM, the
biomass of stems was derived from a logistic growth function for Douglas fir (La Bastide
and Faber, 1972) using a tree age of 30 years. At this age, the amount of needles and fine
roots is assumed at it's maximum.

TABLE 37
Data on biomass and element contents of leaves, fine roots and stems for the
generic Douglas fir and Scots pine (see text for data sources).

Compartment Biomass Element content (%)
-1
(kg ha') N Ca Mg K s P

Douglas fir

Needles 15000 1.75 0.35 0.12 0.65 0.20 0.15
Fine roots 3500 1.00 0.30 0.05 0.20 0.10 0.06
Coarse roots 15000 0.30 0.05 0.01 0.10 0.05 0.02
Stems 120000 0.20 0.05 0.03 0.06 0.03 0.01
Branches 15000 0.30 0.05 0.03 0.10 0.05 0.02
Scots pine

Needles 6000 1.85 0.20 0.13 0.50 0.20 0.15
Fine roots 2500 1.00 0.15 0.05 0.15 0.10 0.08
Coarse roots 15000 0.25 0.04 0.03 0.08 0.05 0.02
Stems 50000 0.15 0.04 0.01 0.05 0.03 0.02
Branches 10000 0.40 0.04 0.03 0.08 0.05 0.02

The thinning scheme for generic Douglas fir and generic Scots pine is shown in table 38.
These thinning schemes were derived from Janssen and Sevenster (1995). For Douglas fir
on a Cambic podzol, site class Il was assumed, whereas site class IV was assumed for
Scots pine.

TABLE 38
Thinning scheme for generic Douglas fir and generic Scots pine.
Age (a) Fraction removed (-)

Douglas fir Scots pine

FrVol®  FrTree FrVol FrTree
35 0.12 0.21 0.15 0.23
40 0.1 0.18 0.13 0.20
45 0.10 0.16 0.12 0.18
50 0.08 0.14 0.10 0.16
55 0.07 0.12 0.09 0.13
60 0.06 0.10 0.08 0.12
65 0.05 0.09 0.07 0.10
70 0.05 0.07 0.05 0.09
75 0.04 0.06 0.05 0.07
80 0.04 0.05 0.04 0.06
85 0.03 0.04 0.04 0.06
90 0.03 0.04 0.04 0.06
95 0.03 0.03 0.04 0.06

a) FrVol (-) is fraction of volume removed; FrTree (-) is fraction of trees removed.
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5.3 Results for region ‘Veluwe’

5.3.1 Hydrology

Table 39 shows the long-term average simulated water balance for Douglas fir on a
Cambic podzol and Scots pine on a Haplic arenosol in the ‘Veluwe’ region. It can be seen
that ForGro used lower average precipitation amounts than SoilVeg and NuCSAM (743
mm a' for ForGro and 804 mm a’! for SoilVeg and NuCSAM). ForGro used an older
version of the meteorological data file, with lower precipitation amounts than the long-term
average precipitation measured in De Bilt (see Figure 5). This clearly demonstrates the
need for central data management when performing a complicated model comparison
study as described here. Nevertheless, some general conclusions can be drawn from the
table:

All models simulate a lower average interception evaporation for Scots pine than for
Douglas fir, but for NUCSAM the difference is small. NuCSAM simulates the highest
interception evaporation, and ForGro simulates lowest interception values.

Potential transpiration for Douglas fir is higher than for Scots pine, mainly because of
the higher crop factor and the lower canopy gap factor for Douglas fir. ForGro simulates
the lowest potential transpiration for Scots pine and the highest potential transpiration for
Douglas fir. The very low potential transpiration figures for Scots pine as simulated by
ForGro are caused by the substantial decrease of the Leaf Area Index and foliage mass
as simulated by this model (see Figure 21). This demonstrates that feed-backs between
the hydrological submodel and the forest-growth submodel may not be ignored in the
long run.

Actual transpiration for Scots pine is much lower than for Douglas fir due to a lower
potential transpiration. For Douglas fir, ForGro simulates the lowest transpiration and the
highest transpiration reduction, and the highest drainage fluxes. These high drainage
fluxes by ForGro can be explained in part by the lack of a process formulation for
capillary rise in ForGro. For Scots pine, ForGro also simulates the lowest actual
transpiration, but here the low potential transpiration is the major cause.

Soil evaporation is lower under Douglas fir than under Scots pine. This is mainly caused
by the lower Leaf Area Index and higher canopy gap fraction for Scots pine. The very
high soil evaporation under Scots pine as simulated by ForGro is remarkable, and can
be attributed to the same effect as described for the potential transpiration.

Variation in time of potential transpiration, interception evaporation, actual transpiration
and soil evaporation is much smaller than variation in time of precipitation.

The models are not conclusive about the degree of transpiration reduction. This is
mainly caused by the uncertainty of the potential transpiration.

There is hardly any reduction of soil evaporation calculated by NuCSAM. This is the
consequence of using the approach by Black et al. (1969), which is only sensitive to the
length of the period with a daily precipitation less than 0.3 mm. The generated
meteorological dataset contains correct drought intervals but apparently underestimates
the length of periods without precipitation.

The average precipitation surplus for Douglas fir is very small.
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TABLE 39
Average simulated water balance for Douglas fir on a Cambic podzol and Scots pine on a
Haplic arenosol in region ‘Veluwe’ for the period 1980-2050.

Model Fluxes and standard deviation (mm a’') ® a(-)®
P / E, E, Ey; E. PS

Douglas fir on a Cambic podzol

NuCSAM 804198 304435 37120 5913 389117 6012 74140 0.9610.06
SoilVeg 804198 241425 363t19 82+15 373125 94418 117175 0.97+0.06
ForGro 743+100 243t47 325137 38+18 451132 136147 0.73%0.10
Scots pine on a Haplic arenosol

NuCSAM 804198 288134 268111 9514 272+12 9745 188438 0.99+0.03
SoilVeg 804198 194+19 291123 11619 347+24 144+11 202472 0.8410.05
ForGro 743+100 100124 188130 249438 237128 207474 0.80+0.14

a) P (mm a™) is precipitation, / (mm a™) is interception loss, E,, (mm a™') is transpiration, E, is soil

evaporation, EP', (mm a™) is potential transpiration, E; (mm a™') is potential soil evaporation,
and PS (mm a™') is precipitation surplus.

b) o (-) is ratio of actual transpiration over potential transpiration (£, / Ep',)

Compared to transpiration values given by Roberts (1983) for an average forest in Europe
(330 mm a"), values for Douglas fir are higher and for Scots pine lower. The actual
transpiration for Douglas fir is almost similar to that for Speuld. The actual transpiration
simulated by NuCSAM for Scots pine (268 mm a’!) compares well with that from previous
SWATRE simulations by De Visser and De Vries (1989) (281 mm a™'), but are substantially
higher than for Douglas fir (371 mm a’' by NuCSAM and 328 mm a! by De Visser and
De Vries). This should be kept in mind when comparing the new results with regional
ReSAM simulations, as the figures by De Visser and De Vries are part of the ReSAM
database. For the comparison between ReSAM and NuCSAM, as carried out within this
study, the new (higher) figures were used.

5.3.2 Soil chemistry

Figure 19 and Figure 20 show the simulated yearly average soil solution concentrations for
the ‘Veluwe’ region, table 41 gives the major terms of the element budgets for some major
components. The figures and table show considerable differences between the models, but
some general conclusions can be drawn.

Sulphate, aluminum and pH

Concentrations of sulphate are higher in the soil under Douglas fir than under Scots pine
due to higher filtering of air pollutants by Douglas fir, and a lower precipitation surpius. All
models simulate a fast response of the sulphate concentration after a reduction in SO,
deposition. For 90 cm, the models simulate comparable sulphate concentrations, which
was expected as differences between simulated drainage fluxes are small (see table 39).
Remarkable is the high simulated sulphate concentration under Douglas by ForGro for
20 cm, which is caused by differences in the root water uptake distribution with depth
compared to the other models. In ForGro, a shallower root water uptake pattern was
assumed. Aluminum shows almost the same temporal dynamics as sulphate, although a
slight time delay occurs resulting from exchange of sorbed AP* against Ca®* in the soil
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solution. The pH of the soil solution rises for both Douglas fir and Scots pine. Notice,
however, that for Scots pine SoilVeg and ForGro simulate a slower increase for the 20 cm
soil layer than NuCSAM. SoilVeg simulates lower pH values at 20 cm depth than the other
models, with largest deviations occurring for Douglas fir. This is totally in line with the
Speuld simulations. For Douglas fir, NUCSAM calculates larger Al-weathering fluxes than
SoilVeg (table 41). This may be one of the reasons for the higher pH simulated by
NuCSAM. It is remarkable that differences are found for Al-weathering, as both models use
the same process formulations. An explanation may be that higher water fluxes in the
topsoil simulated by NuCSAM cause lower Al-concentrations (see Figure 19), which in tun
stimulates Al-weathering.

Nitrate

All models simulate higher concentrations of NO; under Douglas fir than under Scots pine.
As with sulphate, this is caused by higher filtering of NO, and NH, by Douglas. All models
also simulate a time delay for the decrease of the NO; concentration in the soil solution
after a decrease in NH, and NO, deposition, caused by the release of nitrogen previously
stored in living blomass and I|tter The largest delay is simulated by SoilVeg for the topsoil
under Douglas fir (Figure 19). The major cause is the high initial litter mass for generic
Douglas in SoilVeg (60 Mg ha™, which is high compared to the 40 Mg ha™! measured for
Speuld) in combination with a relatlvely high mineralization rate (Figure 21 and table 40),
resulting in a net decrease of litter mass and an extra supply of nitrogen.

TABLE 40

Annual simulated fluxes of NO; and NH; for generic Douglas fir on a Cambic Podzol for region
‘Veluwe’, and for 1990 and 2010. As these results apply to two individual years, conclusions with
respect to time-trends must be drawn carefully (e.g. with respect to mineralization).

Parameter Fluxes (mol, ha™ a™)
NuCSAM SoilVeg ForGro
NH; NO;  NH; NO;  NH; NO;

1990

throughfall 3.20 1.42 3.06 1.42 3.20 1.42
mineralization 6.57 0.00 7.35 0.00 4.26 0.00
root uptake 3.92 2.61 1.13 10.63 448 4.01
leaching? 0.15 2.92 0.00 -0.24 0.01 0.14
2010

throughfall 1.09 0.54 1.03 0.44 1.09 0.45
mineralization 3.05 0.00 9.17 0.00 4.35 0.00
root uptake 1.68 1.12 0.70 5.86 226 2.93
leaching® 0.49 2.53 0.01 4.87 0.01 0.27

a) Refers to 1 m depth

Table 40 and table 41 also shows that root uptake fluxes for nitrogen in 1990 and the
period 1990-2000 are higher for SoilVeg than for the other models. Moreover, root uptake
occurs in equal proportions for NH; and NO; in ForGro and NuCSAM, and mainly as NO;
in SoilVeg. These differences were already found for the Speuld application and are
discussed in §4.4.3. As with the calibration, the low mineralization in ForGro and the lack
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of feedback between uptake and soil solution concentration in this model results in very
low nitrate concentrations at 90 cm, and thus almost negligible nitrate leaching fluxes.
Figure 20 shows a strong annual variation of these fluxes for the other models. For
Douglas fir, SoilVeg even predicts a net negative leaching flux in very dry years. In such
years, substantial capillary fluxes into the rootzone are simulated by SoilVeg. Remarkable
is the low root uptake rate for NuCSAM in 2010 and during the period 2040-2050. This is
caused by a fast decrease of the nitrogen content in needles simulated by this model,
which in tum is a result of the assumed, non-realistic, empirical relationship between the
nitrogen content in needles and the nitrogen deposition (eqn. (21)). This low needle
N-content is also the reason for the low nitrogen mineralization in NuCSAM for the period
2040-2050 (see table 41). Differences between the models again demonstrate that there
are many uncertainties with respect to the nitrogen cycle (viz. uptake and mineralization).

Al/Ca ratio

Differences between the models are larger than the differences between Douglas and
Scots pine. The very high Al/Ca ratios simulated by ForGro and SoilVeg for Scots pine are
striking. The extreme Al/Ca ratios simulated by ForGro are a result of the parameterization
of the uptake model. As with nitrogen, ForGro allows for Ca?* uptake until very low soil
solution concentrations, resulting in low Ca?* concentrations in the soil solution. Thus, the
extreme Al/Ca ratios simulated by ForGro remain questionable and unrealistic. All models
simulate a time delay for the Al/Ca ratio, which continues to rise for a short time after
deposition reduction. This phenomenon was also observed in an application on a Norway
Spruce stand at Solling, Germany (Groenenberg et al, 1995). It can be explained by
exchange of Ca®* from the soil solution against sorbed AI**. This is less pronounced in this
study than in Solling, due to the smaller CEC of the soils used in this study. Both the Al/Ca
ratio and the time-delay for decrease of this ratio is larger for Douglas compared to Scots
pine, which is caused by the higher acid load for a soil under Douglas.

Critical values

Regarding the criteria for indirect effects on forest stress (Al/Ca ratio < 1 and no depletion
of the pool of secondary aluminum compounds), the results show that SoilVeg and
NuCSAM simulate an Al/Ca ratio < 1 at 20 cm depth for both forest-soil combinations in
2050 in the ‘Veluwe’ region, whereas ForGro simulates an Al/Ca ratio > 1 for Scots pine
(see discussion above). Notice that despite the extreme Al/Ca ratios simulated, stem
growth is not hampered (see §5.3.3). All models simulate an initial decrease of the pool of
secondary aluminum compounds. However, a faster decrease of this pool is simulated for
the soil under Douglas fir, whereas for Scots pine NUCSAM even simulates a slight
increase of this pool.

Conclusions

The models are conclusive with respect to general trends and differences between both
forest-soil combinations (i.e. fast response of the sulphate and aluminum concentrations
after a decrease in SO, deposition, time-delay for the NO; concentration following a
decrease in deposition, and higher soil solution concentrations for Douglas). Nevertheless,
some major differences are found. This is surprising, as the models use almost the same
process formulations for soil chemistry. This demonstrates that the soil chemical status is
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strongly affected by nutrient uptake, nutrient mineralization, hydrology and model
initialization, and it is in these parts of the models where the major uncertainties are to be
found.

TABLE 41

Comparison of major terms of the simulated element budgets for NO; NH!, AP* and Ca?* for the soil
component for the models SoilVeg and NuCSAM, and for region ‘Veluwe’. Element budgets are averages for
the periods 1990-2000 and 2040-2050. Positive fluxes indicate an increase in the soil solution concentration.

Parameter Fluxes (mol, ha' a™)
NO; NH; ARt Ca?*
sw NC® swb NC® svt NCP Sw® NC®

Douglas fir (1990-2000)

throughfalt 0.82 0.99 1.90 2.34 0.00 0.00 1.05 0.84
root uptake -7.64 -1.85 -0.96 -2.77 0.00 0.00 -1.76 -1.59
mineralization 0.00 0.00 7.86 5.60 0.00 0.00 1.25 1.17
nitrification 8.75 4.43 -8.75 -4.43 0.00 0.00 0.00 0.00
weathering 0.00 0.00 0.00 0.00 1.62 3.47 0.07 0.07
exchange 0.00 0.00 -0.05 -0.01 0.25 0.62 -0.06 -0.10
leaching® -2.16 -3.59 0.00 -0.33 -2.64 -4.16 -0.69 -0.42
Douglas fir {2040-2050)

throughfall 0.33 0.33 0.77 0.61 0.00 0.00 1.03 0.76
root uptake -4.82 -1.14 -0.57 -1.71 0.00 0.00 -1.80 -1.51
mineralization 0.00 0.00 5.51 2.60 0.00 0.00 1.30 1.19
nitrification 5.73 1.38 -5.73 -1.38 0.00 0.00 0.00 0.00
weathering 0.00 0.00 0.00 0.00 0.85 0.38 0.07 0.07
exchange 0.00 0.00 0.03 0.00 0.03 0.19 -0.17 -0.37
leaching® -1.32 -0.68 0.00 -0.17 -0.90 -0.79 -0.43 -0.17
Scots pine (1990-2000)

throughfall 0.77 0.86 1.66 1.75 0.00 0.00 0.87 0.66
root uptake -2.89 -1.97 -2.73 -2.96 0.00 0.00 1.66 -1.32
mineralization 0.00 0.00 2.73 5.08 0.00 0.00 1.08 1.03
nitrification 2.61 2.99 -2.61 -2.99 0.00 0.00 0.00 0.00
weathering 0.00 0.00 0.00 0.00 0.92 0.89 0.10 0.10
exchange 0.00 0.00 -0.04 0.00 -0.02 0.80 -0.23 -0.21
leaching® -0.52 -1.93 -0.01 -0.90 -1.04 -1.79 -0.16 -0.26
Scots pine (2040-2050)

throughfall 0.33 0.33 0.67 0.59 0.00 0.00 0.86 0.62
root uptake -2.89 -1.24 -2.13 -1.92 0.00 0.00 1.65 -1.32
mineralization 0.00 0.00 4.67 2.40 0.00 0.00 1.24 1.03
nitrification 3.21 1.02 -3.21 -1.02 0.00 0.00 0.00 0.00
weathering 0.00 0.00 0.00 0.00 0.21 -0.68 0.10 0.10
exchange 0.00 0.00 0.02 0.00 0.06 0.82 -0.17 -0.25
leaching® -0.64 -0.15 -0.01 -0.10 -0.25 -0.23 -0.34 -0.30

a) Refers to 1 m depth
b) NC = NuCSAM; SV = SoilVeg

-76 -



Figure 19
Simulated soil water chemistry at 20 cm depth for Douglas fir on a Cambic podzol (left) and for Scots
pine on a Haplic arenosol (right) in the ‘Veluwe’ region.
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Figure 20
Simulated soil water chemistry at 90 cm depth for Douglas fir on a Cambic podzol (left) and for Scots
pine on a Haplic arenosol (right) in the ‘Veluwe’ region.
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5.3.3 Forest growth and foliar chemistry

Figure 21 shows the simulated stem mass, foliage mass, fine-root mass and litter mass for
the ‘Veluwe’ region by SoilVeg and ForGro. Results show general agreement for simulated
stem mass of Scots pine, and considerable differences for Douglas fir after 2010. Both the
simulated stem mass and the stem mass increment (growth) are lower for SoilVeg than for
ForGro. The lower stem mass increment for Douglas fir as simulated by SoilVeg is caused
by reduction of the uptake of magnesium and potassium, which in tumn results from a lower
pH (long-term average pH is 3.3 for SoilVeg and 3.9 for ForGro; see Figure 19). The
decrease of stem mass increment after 2010, which was simulated by SoilVeg for Douglas
fir, is caused by the high thinning fraction for Douglas fir (table 38), which applies to the
favourable site class Il. However, after reduction of the nitrogen deposition, forest growth
continues at a rate which is more representative for the less favourable site class 1V, and
the thinning scheme should have been adjusted accordingly.

Figure 21
Simulated stem mass, foliage mass and fine-root mass of Douglas fir on a Cambic podzol (left) and
for Scots pine on a Haplic arenosol (right), and for region ‘Veluwe’.
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The simulated foliage mass is almost twice as high for Douglas fir than for Scots pine. For
Douglas fir, time-trends of foliage biomass are almost opposite for both models. SoilVeg
simulates a high initial biomass, showing that adverse effects of high nitrogen deposition,
viz. soil acidification and increased plant respiration, are dominant. In ForGro, the normal
effects of ageing on assimilate allocation are dominant. The initial decrease of foliage
mass of Douglas fir by ForGro is due to the combined effect of the initial conditions of the
run, which appear to be not entirely stable, and a growth reduction due to low precipitation
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during the growing season in 1992. Figure 21 also shows that SoilVeg simulates a strong
decrease of the litter mass below Douglas fir. This subject was already discussed in
§5.3.2. The extra supply of nitrogen released from the litter gives an explanation for the
slow response of SoilVeg to a reduction of the nitrogen deposition. Differences in fine-root
biomass are a result of different definitions of fine-roots (see also §4.4.1).

ForGro simulates low fine-root densities for Douglas fir (not shown in figure). Even with the
rather low fine root densities as simulated with the model, soil supply of potassium and
calcium was sufficient to prevent severe deficiencies (Figure 22). The ForGro simulations
further indicate an initial fast response of the nitrogen content in the foliage, followed by a
slower response. The first phase is caused by the decreasing direct nitrogen uptake by the
canopy, the second phase is caused by release of nitrogen from the soil. The result is a
continuation of the condition with high nitrogen contents, and low contents of phosphorus
(not shown) and magnesium (Figure 22). SoilVeg simulates lower nitrogen contents and a
stronger increase of the content of cations. The increase of the content of base cations as
simulated by SoilVeg is caused by (i) an increase in soil solution pH and decreasing soil
solution aluminum concentrations, which in turn stimulates nutrient uptake, and (i) by
reduced dilution of nutrients in the needles, caused by decrease leaf growth.

Figure 22
Simulated nutrient concentrations in needles of Douglas fir on a Cambic Podzol (left) and for Scots
pine on a Haplic arenosol (right), and for region ‘Veluwe’.
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5.4 Comparison of results for the three deposition scenarios

Figure 23 shows the simulated pH at 20 cm depth for all six forest-soil-deposition
combinations considered, whereas table 42 shows some important averaged model
outputs for the periods 1990-2000 and 2040-2050. All soil parameters in table 42 are
shown for 20 cm depth.

Figure 23 shows that the models are not conclusive about the trends in pH-values.
However, all models show that for both forest-soil combinations the difference in pH of the
topsoil (20 cm) is very small for the regions Drenthe and Veluwe. Only region Northern-
Limburg, the region with the highest deposition level, can be distinguished with a lower pH
and higher NO;, SOZ and AI** concentrations (table 42; AI** and pH shown only).

Figure 23
Simulated pH at 20 cm depth by NuCSAM, SoilVeg and ForGro for Douglas fir on a Cambic podzol
(left) and Scots pine on a Haplic arenosol (right) for scenario ‘Drenthe’, ‘Veluwe’ and ‘N-Limburg'.
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For the subsoil (90 cm), NO; and SOZ" concentrations differ for the three regions, which is
also reflected in the difference in nitrate leaching at 90 cm (table 42). However, effects on
the pH and Al concentration at 90 cm are limited. There is quite a large difference in the
fate of the pool of secondary aluminum compounds (oxalate extractable Al). For region
Drenthe and Veluwe this amounts stabilizes or even increases, as for region Northemn-
Limburg there is an ongoing decrease of this pool, which can lead to an exhaustion of this
pool and pH drop in the long run.
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TABLE 42

Mean predicted soil and tree status simulated by NUCSAM, SoilVeg and ForGro between 1990 and 2000, and
between 2040 and 2050 for generic Douglas fir on a Cambic podzol and generic Scots pine on a Haplic arenosol.
Soil parameters are given for 20 cm depth.

Model variable Unit Douglas fir on a Cambic podzol Scots pine on a Haplic arenosol

Period

1990-2000 2040-2050 1990-2000 2040-2050

Model

NC sV FRRE NC SV FR NC sV FR NC 8V FR
Drenthe
pH® ) 38 33 38 40 34 44 4.1 38 40 47 40 41
Al-concentration® (mol, m®) 0.8 12 27 02 03 08 03 09 07 01 04 03
ctAlox ¢ (mmol_kg") 81 93 - 70 83 - 57 71 - 57 65 -
AliCad (mol mol™) 44 18 55 10 05 15 09 86 248 00 04 16.8
NO, leaching (kg ha™) 16 14 - 3 1 - 8 4 - 0 1 -
Needle mass (Mg ha™) 7.8 148 115 78 11.3 174 34 8.3 57 3.4 8.3 4.9
Stem mass (Mg ha™) - 161 170 - 200 284 - 71 82 - 154 181
N content leaves (%) 15 18 20 10 15 19 12 17 19 1.0 1.7 1.8
Veluwe
pH® ) 38 32 38 40 34 40 40 38 40 48 40 41
Al-concentration® (mol, m™®) 10 14 27 01 03 07 04 09 08 00 03 04
ctAlox ¢ (mmol, kg) 78 92 - 66 82 - 54 71 - 54 62 -
Al/Ca® (mol mol™") 40 19 57 08 04 12 10 90 302 00 03 10.4
NO, leaching (kg ha'") 25 20 - 5 13 - 13 5 - 1 6 -
Needle mass (Mg ha™) 78 162 130 176 128 174 34 89 54 34 86 47
Stem mass (Mg ha) - 168 168 - 227 277 - 75 76 - 177 146
N content leaves (%) 19 19 22 10 16 20 17 18 22 1.0 18 20
N-Limburg
pH® 8 3.7 34 3.7 36 3.1 38 40 37 40 - 36 4.1
Al-concentration ® (mol, m?) 15 1.2 27 0.5 0.3 0.8 0.6 0.9 0.7 - 0.4 0.3
ctAlox ° (mmol_kg™) 81 91 - 70 76 - 57 68 - - 42 -
Al/Ca* (mol mol™) 44 24 120 10 05 33 09 96 601 - 06 269
NO, leaching (kg ha™) 36 30 - 10 15 - 20 7 - - 12 -
Needle mass (Mg ha™) 78 132 111 78 138 164 34 94 48 - 92 40
Stem mass (Mg ha™) - 166 167 - 221 271 - 78 76 - 182 146
N content leaves (%) 2.5 25 2.3 1.8 1.5 2.2 2.2 2.3 2.2 - 2.3 2.3

a) NC = NuCSAM, SV = SoilVeg and FR = ForGro

b) pH and Al-concentration at 20 cm depth.

c) ctAlox refers to content of secondary aluminum compounds at 20 cm depth.
d) Al/Ca at 20 cm depth.

For Scots pine, SoilVeg simulates the highest stem mass and foliage mass for Northern-
Limburg. This is clearly a result of the high nitrogen deposition in this region. For Douglas
fir, the intermediate scenario Veluwe gives the highest biomass growth. Here, adverse
effects of the lower soil solution pH on uptake of Mg®* and K* dominate. The scenario
analyses further show that the high nitrogen inputs in Northem-Limburg lead to extreme
nitrogen contents in the foliage (tabel 42). SoilVeg predicts nitrogen contents that are very
close to the maximum value.

Regarding the criteria for indirect effects on forest stress, results from SoilVeg and
NuCSAM show that the scenarios for Drenthe and Veluwe for both Douglas fir and Scots
pine will cause a reduction in the Al/Ca ratio down to or even below the defined critical
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values in the year 2050. The same is true for Scots pine in region N-Limburg, but for
Douglas fir in this region the Al/Ca ratio remains above the critical values up to 2050. The
extreme and non-realistic Al/Ca ratios simulated by ForGro are caused by very low Ca**
concentrations simulated by ForGro. This problem was already mentioned in §5.3.2, and
again emphasizes the problems with modelling nutrient cycling.

in conclusion it can be stated that for some key model outputs, e.g. the Al-concentration
and stem mass the three models give comparable differences between results for both
periods. However, for pH, nitrate leaching, nitrogen uptake by trees (not shown), needle
mass and N-content in the foliage, differences are dominated by differences between the
models.

5.5 Comparison of results of ReSAM and NuUCSAM

Figure 24 shows the results of a ReSAM application for generic Douglas fir on a Cambic
Podzol in the Veluwe, together with the NuCSAM results and the ReSAM results using a
scenario that was described by Heij and Schneider (1991) (referred to as DPPA-2). The
DPPA-2 scenario is even more optimistic than the DPPA-3 scenario, as it was assumed
that the deposition target of 1400 mol, ha' a' was already reached in the year 2010,
instead of in the year 2050.

The agreement between the soil solution concentrations simulated by NuCSAM and
ReSAM was generally good, except for the Al/Ca ratio. The most remarkable difference
between the two model results is that the NuCSAM outputs are fickle, while the ReSAM
outputs are strongly smoothed. This is, of course, inherent to the nature of the models:
daily based (NuCSAM) versus annual average based (ReSAM). Differences in the topsoil
are mainly due to a different root uptake pattern, with NuCSAM withdrawing more water
from the deeper soil layers. The differences in simulated depletion of the pool of secondary
aluminum compounds and NO; leaching are small. The Al/Ca ratio as simulated with
NuCSAM shows a time delay compared to the Al/Ca ratio simulated with ReSAM. This
phenomenon was also observed for the Solling Norway Spruce stand (Kros et al., 1994).
The time delay for the AV/Ca ratio is due to a slower response of the exchange complex in
NuCSAM, caused by differences in the temporal and spatial resolution of the models. In
ReSAM, thicker soil layer were used. Nonetheless, the agreement between ReSAM and
NuCSAM is rather good, and ReSAM can be used instead of NuCSAM for long-term
predictions. However, when major emphasis is on stress assessment, short term temporal
dynamics cannot be ignored, as both the maximum Al concentration and the maximum
Al/Ca ratio are not simulated reasonably by a yearly averaged model (see Figure 24).

Differences between the results for the DPPA-2 and DPPA-3 scenarios as evaluated with
ReSAM are small, although relatively large differences occurred during the period 1980-
2000. Differences are partly caused to the different initialization periods. For the DPPA-2
scenarios, the model run started in 1955, whereas the model runs started in 1970 for the
DPPA-3 scenarios. However, differences in pH increased during the simulation period, and
the DPPA-3 scenario predicts a stronger decrease of the pool of secondary aluminum
compounds.
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Figure 24
Comparison of simulated soil solution chemistry by NuCSAM and ReSAM at 20 cm depth (left) and
90 cm depth (right). Simulations were carried out for generic Douglas fir on a Cambic podzol for two
scenarios.
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6 GENERAL DISCUSSION AND CONCLUSIONS

The effort to compare complicated models, and to apply these models to detailed
observation data-sets, like the one for Speuld and the one for Solling, was a challenge.
However, a first remark should be that both the Speuld data-set and the models were not
really ready for this exercise to be carried out efficiently. Too much technical and practical
questions arose when compiling the Speuld data-set and preparing it for the application of
the three models. We feel that in the past not enough attention was paid to quality control,
compilation, maintenance and distribution of the data-set as a whole. The same remark
applies to the models. Model documentation was not finished or needed update, and the
procedures for model calibration and model use were still inadequate at the onset of the
exercise described here. In future research programs, more attention should be paid to
quality control and to bridging the gap between models and data.

6.1 Model validation

A first conclusion is that results from ReSAM, the current tool for assessing long-term
response of forest-soils to acidification abatement strategies, compared well with results
from the daily based model NuCSAM. This implies that ignoring seasonal variations of
weather conditions does not have a large impact for the long-term response of soil solution
chemistry to deposition. As a similar comparison between SoilVeg-2 and SoilVeg-3 has not
been made, conclusions pertaining to the impact of ignoring seasonal variation on the
long-term assessment of effects cannot yet be drawn. A second conclusion arising from
this exercise should be that the detailed DPPA-3 models have now thoroughly been tested
against two common data-sets (Speuld and Solling), and that they provide a wealth of
opportunities to test hypotheses about the interactions between forest, soil and
atmosphere. However, it is not yet clear wether the models are suitable instruments for
long-term predictions and scenario analyses. It is obvious that the Speuld data-set was too
short for true model-validation. Moreover, due to the large spatial variability of throughfall,
soil solution chemistry and stand structure, it was almost impossible to build a meaningful
and representative data-set. A major reason for this was that the monitoring at Speuld
followed a disciplinary approach, with separate subplots for hydrology, soil chemistry and
forest growth. Either was the number of sampling replicates too small to calculate stand
averages (soil chemistry), or it was impossible to select more or less homogeneous
subplots (hydrology and biomass inventory). Furthermore, individual monitoring groups
came with different data for some model parameters. Nevertheless, the models could
reproduce the general magnitude of measured quantities, such as soil water contents, soil
solution chemistry and stem mass increment. When it came to derived properties, the
models sometimes deviated strongly (e.g. transpiration, vertical leaching fluxes,
mineralization fluxes and root-uptake fluxes). In many occasions, we could derive a logical
explanation from the underlying process formulations and model parameterization (e.g-
nutrient cycling: root uptake, allocation, needle-fall, nitrification and mineralization).
However, we could only identify and not solve the problems, as specific data to further test
the underlying process formulations were usually not available. The models were not
always successful in simulating measured seasonal dynamics. The most obvious problems
occurred for nutrient contents in biomass compartments. Comparable conclusions were
drawn from the Solling application, where long-term trends could be reproduced, but where
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the models could not reproduce seasonal dynamics of nitrogen cycling. As long as we are
not able to reproduce these short term dynamics, we cannot really validate the underlying
processes, and long-term assessment of effects by models is bound to be uncertain.

Differences in model concepts and model parameterization became even clearer when
using the models for long-term predictions and scenario analyses. For some key model
outputs, all models simulated the same response to reduced deposition. Examples are the
sulphate concentration in the soil solution, the aluminum chemistry and the depletion of the
pool of secondary aluminum compounds. However, models were not conclusive with
respect to nutrient cycling and forest growth.

Al this does not mean that there is any reason to abandon the current modelling
approach. Firstly, there is no true alternative for models as a tool to test hypotheses about
the long-term response of the forest-ecosystems to a changing environment. Secondly, the
models do reduce our uncertainty about the response of a forest to a manageable level. If
interpreted critically, model results can provide an objective basis for taking practical
measures to reduce risks for damage to forest ecosystems.

6.2  Stress assessment

The models were inconclusive with respect to effects of changing environmental conditions
on forest growth and soil chemistry. This implies that the models do not (yet) give a
reliable answer to questions with respect to the most important growth limiting factors. The
necessity for further and more rigorous applications of the models to experimental
manipulation experiments as carried out within the EXMAN project (Beier et al., 1993) is
beyond doubt. Nevertheless, results from this and preceding exercises (Mohren et al.,
1992) confirm the experimental findings (Steingréver and Jans, 1995) that direct effects of
air pollution are small compared to indirect (soil mediated) effects.

SoilVeg simulates considerable reduction of nutrient uptake by high aluminum
concentrations in the soil solution and low pH, whereas the effects are small for ForGro.
However, with respect to these effects, we must point at the danger of getting into a
vicious circle, as included stress relationships are empirical. These relationships are mainly
based on laboratory experiments and pot trials with seedlings. SoilVeg uses a direct
relation between nutrient uptake and aluminum concentration, whereas ForGro uses a
relationship between aluminum concentration and root density as found by Keltjens and
Van Loenen (1989). As long as we cannot find experimental evidence for these
relationships in the field, model predictions remain as uncertain as the measurements
themselves (see further §6.3). The same remark applies to the assumed effects of a
combination of increased aluminum concentrations and summer-drought. In ForGro, the
effect of drought and seasonal periodicity on fine-root growth and root-biomass as found
by Olsthoom and Tiktak (1991) seems to overshadow the effects of high aluminum
concentrations. The importance of effects of enhanced nitrogen deposition is beyond
discussion. All models indicate above-critical' nitrogen contents in the needles, and low
magnesium, calcium and potassium contents. Note that nutritional imbalances caused by

1 Refers to susceptibility to frost, plagues and diseases
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increased nitrogen deposition (eutrophication) are enhanced by acidification effects, as the
latter causes lower base cation availability in the soil solution. Due to nitrogen storage in
standing biomass and litter, the situation of nutritional imbalances will remain for some
decades. Another observed effect of increased nitrogen contents is increased respiration
and water use, which together with decreased root growth make a stand more susceptible
to drought stress. This effect will be most pronounced on less productive sites, in particular
on sites with low water availability. On the other hand, the simulations for Drenthe indicate
that decreasing nitrogen deposition may reduce forest growth in regions that already
receive relatively low nitrogen deposition loads. Thus, the role of nitrogen for tree growth is
ambiguous: differences of nitrogen availability between regions can lead to growth
reduction due to nitrogen shortage, and growth reduction due to nitrogen surplus.

6.3 Critical values and critical loads

Critical values for the AI** concentration, the Al/Ca ratio, and the NH,/K ratio could only
partly be supported by the integrated models. These critical values are mainly derived from
laboratory experiments with seedlings. Effects that were found include decreased fine-root
biomass, decreased number of root tips and a decreased root uptake. A critical literature
review on Al-effects (Sverdrup and Warfvinge, 1993) shows that the Al concentration
criterion is anyhow unreliable, even from the laboratory experiments. The effect of the
molar Al/Ca ratio (or better A/BC ratio, with BC as the sum of the Mg, K and Ca
concentrations) on seedlings appeared to differ for the various tree species. The tree
species involved in this exercise were Douglas fir (Speuld, manipulation experiments and
scenario analyses) and Scots pine (scenario analyses). According to Sverdrup and
Warfvinge (1993), Douglas is rather insensitive to Al (a critical AI/BC value of
3.3 mol mol™'), whereas Scots pine is relatively sensitive to Al (a critical AV/BC value of 0.8
mol mol™"). Since Douglas fir is the main tree species involved in the modelling, this may
have affected the results. On the other hand, Hendriks et al. (1994) also found that the
vitality of trees in the field situation is hardly correlated to the Al concentration or A/BC
ratio in the soil solution. Tree species and stand age appeared to be the most important
explanatory variables, while foliar nitrogen content and pH played a minor role. These
results, together with the modelling efforts, imply that an exceedance of critical acid loads
based on critical AVBC ratios observed in laboratory experiments do not imply visible
effects or dieback of forests. However, it does mean that the long-term sustainability of
forests is affected, since an exceedance of these critical loads also causes the depletion of
secondary Al compounds, as shown by the models. In general, however, it is clear that the
critical loads related to other parts of the forest ecosystem (e.g. ground vegetation) are
better confirmed than those derived for trees.

6.4 Scenario analyses

Scenario analyses were carried out for Douglas fir on a Cambic podzol and Scots pine on
an Haplic arenosol in areas with low, intermediate and high atmospheric deposition. One
must keep in mind that simulations have been carried out on the basis of one realization of
weather data only. With respect to soil chemistry, the models were conclusive about
general trends and differences between both forest-soil combinations. The most important
trends and differences were a fast response of the sulphate and aluminum concentrations
after a decrease in SO, deposition, time-delay for the NO, concentration following a
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decrease in nitrogen deposition, and depletion of the pool of secondary aluminum
compounds. With respect to nutrient cycling and tree growth, the models were less
conclusive. Nevertheless, the two integrated models (SoilVeg and ForGro) predict high
foliage and low but sufficient fine root biomass throughout the scenarios. The models
further indicate that forest growth is sustained, but there are considerable differences in the
magnitude of stem increment. However, it should be noted that both the applied thinning
scheme and the stand age are not realistic for a production stand. Another important
conclusion from both models is that after an initial fast decrease of the nitrogen content in
the foliage, it takes several decades for the present high nitrogen contents to decrease.

6.5  Major uncertainties

A major uncertainty of the integrated models is found in the description of vegetation-soil
linkages. For example, process formulations for nutrient uptake from soil by roots are
entirely different for SoilVeg and ForGro. There is hardly any consensus on the
relationships between the nutrient status of the site and tree growth. The current
application also shows that the direct impact of air pollution on the forest is small, but it is
not yet possible to distinguish effects of water and nutrient deficiency from effects of soil
acidification. Another major shortcoming of the current (deterministic) approach is the
inability, as yet, to include known catastrophic effects on stand growth and vitality like
bacterial, fungal and insect infestations, bud damage due to frost, severe damage due to
drought, and damage due to wind throw. Events like these will very likely occur several
times within one rotation, and the susceptibility of the stand to such effects is related to the
nutrient (in particular nitrogen) status, and to the biomasses of foliage and roots. Given
these limitations, and acknowledging that we still cannot find experimental evidence for
various stress conditions in the field, any prediction of long-term effect of air pollution on
forests is bound to be uncertain.

6.6 Recommendations for future research

After application of the integrated models at the stand-level, some uncertainties still
remain, and new uncertainties arose. However, despite these uncertainties tremendous
progress was made. This exercise clearly shows that for further hypothesis testing and
validation of the models, there is a need to continue intensive monitoring programs, but the
balance between data acquisition in the various compartments of the ecosystem should be
emphasized. Moreover, much more attention should be paid to bridging the gap between
models and experimental data. Models should be used to select the most important
parameters to be monitored. Further, models can be used to set-up sampling strategies (in
particular sampling frequencies). Another major point of concern should be the issue of
quality control. The current exercise shows that both the models and the dataset were
poorly described. Perhaps the only way to guarantee that integrated data-sets become
available is by building databases, which are maintained by a small group of researchers.
Besides long-term monitoring of important model parameters, there is a need for
measurement campaigns aimed at reducing the uncertainty in the models. However, such
campaigns should be directed by the requirements of integrated models, and not follow a
disciplinary line. Besides intensive monitoring programs there is a need for extensive
monitoring on a larger number of locations. Such extensive monitoring programs are
mandatory for calibration of regional models. However, as with the intensive monitoring
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programs, much more attention should be paid to bridging the gap between models and
measurements. In extensive monitoring, the need for using models to set-up
measurements campaigns is even more evident than in intensive monitoring programs.

In the near future, the present models should be used to further explore available
manipulation experiments, and present site calibrations could be used to assess the
uncertainty of predictions for Speuld, and the deposition scenarios. Uncertainty analyses of
the models should be carried out after empirical incorporation of known ‘catastrophic’
effects (see §6.5), and should account for variability in weather.

6.7 Major conclusions

Major conclusions of this report are:

« The models could reproduce the general magnitude of measured quantities, but when it
came to derived properties, the models sometimes deviated strongly. These differences
could only be identified and not solved, as specific data to further test the underlying
process formulations were usually not available.

« The models were conclusive with respect to the response of aluminum chemistry to
reduced deposition, and inconclusive with respect to nutrient cycling and forest growth.
At present it is not clear whether the models are suitable instruments for long-term
prediction of effects of atmospheric deposition and air pollution on forests.

« A major uncertainty of the integrated models is found in the descriptions of vegetation-
soil linkages (e.g. nutrient uptake by roots).

« The present and preceding exercises confin the experimental findings that direct
effects of air pollution are small compared to indirect (soil mediated) effects.

o Results showed that the effects of high aluminum concentrations on fine-root
development were overshadowed by effects of drought and normal fine-root periodicity.
This confirms a critical literature survey by Sverdrup and Warfvinge (1993) who showed
that the aluminum concentration does not have any relationship with tree functioning.
Thus, the critical aluminum criterion should be regarded unreliable.

« Al models point at the importance of enhanced nitrogen deposition for forest
functioning. The models calculate above-critical nitrogen contents in the needles, and
low magnesium, calcium and potassium contents. This situation of nutritional
imbalances is enhanced by acidification effects, as acidification causes lower base
cation availability in the soil solution.

« The models showed that the role of nitrogen on forest growth is ambiguous: enhanced
nitrogen deposition may either increase or decrease forest growth.

« The scenario analyses showed a fast response of the sulphate and aluminum
concentrations in the soil solution after a decrease of the SO, deposition, time-delay for
the NO; concentration following a decrease in nitrogen deposition, and depletion of the
pool of secondary aluminum compounds in regions with high deposition. The models
also showed that it takes several decades for the situation of nutritional imbalances
(high nitrogen contents in the needles) to improve.

« Results of the yearly based model ReSAM and the daily based model NUCSAM show
general agreement. This implies that ignoring seasonal variation of weather conditions
does not have a large impact on the long-term response of soil solution chemistry to
deposition.
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« The present modelling efforts, together with results of an inventory of 150 stands imply
that an exceedance of critical A/BC ratios do not necessarily imply visible effects or
dieback of forests. However, it does mean that the long-term sustainability of forests is
affected, since an exceedance of these critical values causes the depletion of the pool
of secondary aluminum compounds.

« The current exercise clearly shows that for further hypothesis testing and validation of
the models, there is a need to continue intensive monitoring programs, but the balance
between data acquisition in the various compartments should be emphasized. For
further validation, the models should be applied to experimental manipulations.
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