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SMART2, an extended version of the dynamic soil acidification model SMART, was
tested with data from a forested catchment in Finland. The catchment belongs to the
network of the Integrated Monitoring Programme and is situated in North Karelia (Eastern
Finland). The aim of the study was to predict the long-term acidification of soil and
runoff water at the study site under different scenarios of future sulphur and nitrogen
deposition. Another objective was to study the model behaviour by comparing the re-
sults obtained with this extended version to those of SMART. Compared to previous
SMART model calibrations, only the nitrate concentration in surface water was clearly
closer to the mean observed value. For the specific purposes of the current study, the
results did not indicate any great advantage in using the more complex model version
SMART2. The scenario runs with both models showed a decline in soil base saturation
and surface water pH in response to the rapid increase in acidifying deposition that
started in the 1960s. The studied reduction scenarios will result in the cessation of
environmental deterioration and the onset of recovery. However, the timing of the re-
sponse depends on the stringency of the chosen abatement strategy.

Introduction

Both steady-state and dynamic models were de-
veloped to predict soil, lake, stream, and ground
water acidification (e.g., Cosby et al. 1985, De Vries

et al. 1989, Warfvinge and Sverdrup 1992). For
the calculation of critical loads, i.e. quantitative es-
timate of exposure to one or more pollutants, be-
low which significant harmful effects on specified
sensitive elements of the environment do not oc-
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cur according to present knowledge (Nilsson and
Grennfelt 1988), and their exceedance, steady-state
models are presently being extensively employed
under the framework of the Convention on Long-
range Transboundary Air Pollution (LRTAP) of
the United Nation’s Economic Commission for
Europe (UN/ECE). These models do not take into
account time-dependent processes or finite pools,
which could buffer excess acidity for a limited time
period. They can be applied with a limited amount
of information and are suitable for mapping pur-
poses on a regional scale (Posch et al. 1997).

Dynamic models are used to predict the gradual
chemical response of a receptor to changing depo-
sition and land use practices. Forest soils and lakes
are the most common receptors investigated with
respect to acidification. Various buffer and adsorp-
tion/desorption mechanisms are included in soil
acidification models, and the changes in finite ele-
ment pools over time are calculated. It is important
to know the temporal development of acidification
in order to determine the timing of necessary meas-
ures for emission control, and to assess the dynamic
response of a potential critical load exceedance.
Dynamic models have also been applied on a re-
gional scale (e.g., Jenkins et al. 1990). For a re-
gional application, however, derivation of the large
number of required input data presupposes the use
of transfer functions or statistical distributions. This
kind of data derivation increases the uncertainty.
For the sake of developing and assessing emission
reduction policies, site-specific applications em-
ploying measured data are useful complements to
regional or national mapping and modelling efforts.

A dynamic acidification model called SMART
(Simulation Model for Acidification’s Regional
Trends) (Posch et al. 1993) has been shown to
successfully reproduce, at the catchment scale, the
current soil and water chemistry (Posch et al. 1989,
Kämäri et al. 1995). However, it is likely that the
nitrogen deposition input to forests, which varies
as a result of emission control strategies, affects
the dynamics and availability of nitrogen in the
soil. This has an influence on soil acidification
through the charge balance of the soil solution
and thus on the other abiotic site factors, such as
pH. SMART, as a simple acidification model, does
not take into account all the nitrogen processes in
the soil, and the processes included in SMART
do not depend on the abiotic site factors. How-

ever, changes in abiotic site factors may pose a
threat to the structure and functioning of ecosys-
tems (Kros et al. 1995). Therefore, in order to
improve the acidification studies with respect to
nitrogen and to study the ecosystem feedback to
emission strategies, a model with a more detailed
description of the nitrogen cycle related to abi-
otic site factors was needed.

The first aim of the present study was to test
the SMART2 model (Kros et al. 1995), an ex-
tended version of SMART that includes a descrip-
tion of the nutrient cycle, and to calibrate it to a
data set derived from a monitored forested catch-
ment in Finland. The calibration results were then
compared to the results obtained from a previ-
ously conducted SMART calibration in the same
catchment (Forsius et al. 1998). The site belongs
to the Integrated Monitoring Programme (ICP
IM), which is one of the monitoring activities es-
tablished under the UN/ECE LRTAP Convention
for the Assessment and Monitoring of Air Pollu-
tion Effects (Kleemola and Forsius 1996). In the
comparison, emphasis was placed on studying the
effects of more detailed descriptions of nitrogen
processes. The second aim of the study was to
use the calibrated model to predict the long-term
acidification of the soil and the surface water in
the Hietajärvi catchment (Eastern Finland), given
different scenarios of future sulphur and nitrogen
deposition. The site-specific deposition scenarios
used in the study were based on agreed and sug-
gested measures for emission reductions of the
UN/ECE and the EU (UN/ECE 1994, EC 1997).

Materials and methods

Site description

The area of the Hietajärvi (63°10´N, 30°43´E)
forested catchment is about 540 hectares. Two
lakes, Iso Hietajärvi (83 ha) and Pieni Hietajärvi
(2.4 ha) are located in separate subcatchments. In
the present study, only the Iso Hietajärvi sub-
catchment (464 ha) was included. The soils have
developed on the 2 500-million-year-old Archean
acidic granitoid base. In the area, some eskers and
esker-like remnants of glaciofluvial deposits oc-
cur. More than one third of the area is covered by
fibric histosols (Sphagnum peat), the remaining
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area being mainly haplic and ferric podzols (till).
The forests are mainly mature or old, but some
young planted stands are also present. The domi-
nant tree species is Scots pine (Pinus sylvestris)
(64% of the forest). Norway spruce (Picea abies)
(26%), downy birch (Betula pubescens), silver
birch (Betula pendula), and aspen (Populus
tremulus) (10% in all) also occur. In Hietajärvi,
the last major forest fire occurred 130–200 years
ago. Precipitation chemistry is measured at the
site, and the runoff water quality is measured at
the outlet of Iso Hietajärvi (Bergström et al. 1995).
A palaeolimnological study carried out at the site
(Simola et al. 1991) indicated that pH has been
slowly decreasing, but has remained in the range
of 6.4–6.8 during this century. The soil param-
eters used in the SMART2 model calibration are
presented in Table 1.

Modelling concept

A linked model system was used to estimate the
effects of the emission scenarios (Fig. 1). Histori-
cal sulphur depositions were available from the
study by Mylona (1993), average nitrogen histo-
ries were estimated on the basis of the work by
Sverdrup et al. (1995) and Asman and Drukker
(1988), and the non-marine, dry deposition com-
ponent of base cations was assumed to follow the
historical sulphur deposition curve. Four future
emission scenarios (see Table 2) of the EU Acidi-
fication Strategy (EC 1997) were formulated us-

Table 1. Main characteristics of the Hietajärvi
catchment (Bergström et al. 1995) used in the SMART
and SMART2 model applications
————————————————————————
Variable Value
————————————————————————
Latitude 63°09´N
Longitude 30°40´E
Total catchment area 4 640 000 m2

Lake area 830 000 m2

Mean lake depth 3.6 m
Peatland 35%
Standing tree volume 7.8 kg m–2

Soil thickness 0.80 m
Bulk density of organic layer* 0.10 g cm–3

Bulk density of mineral soil layer 1.32 g cm–3

Cation exchange capacity (CEC):
organic layer* 228.6 meq kg–1

mineral soil layer 3.76 meq kg–1

C/N ratio in the organic layer 38.0
Organic matter content in the

mineral topsoil 0.014 kg kg–1

Precipitation surplus (av. 1988–1993) 420 mm a–1

Bulk deposition in 1991
SO4

2–-S 24.4 meq m–2 a–1

NO3
–-N 12.1 meq m–2 a–1

NH4
+-N 10.2 meq m–2 a–1

Throughfall deposition in 1991
SO4

2–-S 29.8 meq m–2 a–1

NO3
–-N 11.9 meq m–2 a–1

NH4
+-N 9.7 meq m–2 a–1

————————————————————————
* not needed in SMART

Fig. 1. Flow chart of model interactions.

ing the RAINS optimisation model (Amann et al.
1996) of the IIASA institute. Current and future
depositions at the site were derived from coun-
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try-level emissions using the DAIQUIRI model
(Syri et al. 1998), on the basis of ten-year aver-
aged transport matrices and emissions for 1985–
1995 provided by the EMEP/MSC-W in Norway
(Barrett et al. 1995). DAIQUIRI produces site-
specific deposition values as a function of time
by quadratic interpolation from the 150 × 150 km
gridded results of Mylona (1993) and Barrett et
al. (1995), thus giving the historical, current and
future deposition (for a particular year) as output.

The outputs of DAIQUIRI were used to de-
rive the site-specific historical and future scenarios
for deposition (from 1800 to 2010) by the meth-
odology, later called the DEPUPT model, de-
scribed by Johansson et al. (1996) and Alveteg et
al. (1998). The DEPUPT model divides the depo-
sition of each compound into different compo-
nents (wet and dry deposition, and anthropogenic
and sea salt components) using measured bulk and
throughfall deposition. The forest filtering of dry
deposition, linearly correlated to canopy size, is
taken into account. In order to estimate the tem-
poral development of the canopy, DEPUPT cal-
culates the potential forest growth from a logistic
curve, but slows down the biomass accumulation
if nitrogen via atmospheric deposition and min-
eralization are not sufficient, thus maintaining the
nitrogen content of the tree stand constant. Forest
growth was scaled to the estimates of volume and
increment of standing biomass for Hietajärvi.

The estimated future depositions are shown
in Fig. 2 according to four emission scenarios: (1)
Current Reduction Plans (CRP) incorporates of-

ficially adopted or internationally announced ceil-
ings on national emissions, (2) Reference scenario
(REF) selects the more stringent outcome of CRP
and national or international legislation for each
country, (3) B1 aims to reduce the areas not pro-
tected from acidification by at least 50%, and (4)
the Maximum Technically Feasible Reduction
(MFR) illustrates the potential of full application
of current control technology. The reduction tar-
gets by different scenarios are presented in Table 2.
The site-specific deposition scenarios prepared
with DEPUPT and average soil and vegetation
data for the catchment were used as inputs to the
dynamic acidification model SMART2. The
model was calibrated to measured current runoff
water chemistry data and to the estimates of
present standing biomass volume and increment
and the assumed maximal amount of biomass. The
calibrated model was used for the assessment of
future ecosystem responses.

Soil base saturation (BS) and surface water pH
were chosen to demonstrate the effects of reduc-
tion scenarios on the ecosystem response, since both
are considered to be key variables regarding acidi-
fying processes. BS is a measure of the relative
amount of base cations (Na, K, Ca, Mg) that are
adsorbed on the cation exchange sites at the sur-
faces of the solid soil particles. A decline in BS
may imply that the conditions for forest growth are
deteriorating. Runoff water pH reflects the balance
of the acid vs alkalinity generating processes in
water. A decline in pH usually leads to a deteriora-
tion of the conditions for fish spawning and growth.

SMART2 model description

The SMART2 model (Kros et al. 1995) is an ex-
tended version of the SMART model (De Vries
et al. 1989), developed to estimate long-term
chemical changes in the soil and soil water in re-
sponse to changes in atmospheric deposition.
SMART is a simple one-compartment model that
only includes geochemical buffer processes. The
output of the model is the soil base saturation and
the concentrations of the major anions and cati-
ons in soil solution and runoff water. A simple
lake module describing the retention of sulphate,
nitrate and ammonia, as well as inorganic carbon
equilibria, is included (Kämäri et al. 1994).

Table 2. Percentage average changes in emissions
by the year 2010 in relation to 1990 in Europe (Amann
et al. 1996) (the numbers may vary from one country
to another) and changes in deposition in Hietajärvi
derived by the DEPUPT model under four different
reduction strategies.
————————————————————————

CRP REF B1 MFR
————————————————————————
Europe (%):
SO2 –40 –58 –67 –91
NOx –21 –36 –43 –72
NH3 –16 –16 –22 –46
Hietajärvi catchment (%):
SO2 –21 –44 –46 –79
NOx –15 –29 –32 –61
NH3 –70 –70 –71 –79
————————————————————————



225BOREAL ENV. RES. Vol. 3 • SMART2 application to a forested catchment in Finland

The model structure is based on the anion mo-
bility concept, by incorporating the charge balance
principle (Reuss et al. 1987). SMART consists of
a set of mass balance equations, describing the soil
input-output relationships for the cations (Al3+, BC2+

(= Ca2++Mg2+), K+, Na+, NH4
+) and strong acid ani-

ons (SO4
2– NO3

–, Cl–), and a set of equilibrium equa-
tions that describe the equilibrium soil processes.
The soil solution chemistry depends solely on the
net element input from the atmosphere and the
geochemical interactions (Al hydroxide weather-
ing, cation exchange, HCO3

–-dissociation, sulphate
adsorption) in the soil. The concentrations of HCO3

–

and Al3+ are determined by means of an equilib-
rium, constant with H+, the concentration of which
is given by the charge balance equation. The cation
exchange reactions (H+, BC2+, Al3+) are described
by the Gaines-Thomas equations. Sulphate adsorp-
tion/desorption reactions are described by a
Langmuir isotherm. The weathering rate of base
cations from silicates is independent of soil pH.
Dissociation of organic anions is described as a
function of pH.

SMART forms the integral part of SMART2,
but additions including a two-layer soil structure,
forest growth, biocycling processes and some
changes in the description of hydrological proc-
esses have been made (Kros et al. 1995). The
upward seepage of water and lateral water flux
have been included. Ion transport by seepage water
can be taken into account in the calculation of
soil water concentrations. Transpiration and in-
terception fractions of precipitation have also been
included. The soil compartment is divided into
organic and mineral layers, and SMART is ap-
plied to each layer separately.

In SMART applications, nutrient uptake has
to be given as an input, while in SMART2 nutri-
ent uptake is described as a demand function con-
sisting of maintenance uptake in the leaves and
growth uptake in the stems. The growth uptake is
proportional to the forest biomass accumulation,
calculated using a logistic growth function. Main-
tenance uptake is dependent on the direct leaf
nutrient uptake, foliar exudation and the leaf nu-
trient content. The foliage can take up ammonium

Fig. 2. Historical and future deposition scenarios for the Hietajärvi catchment, according to the four scenarios
defined in Table 2.
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and protons and exude potassium, calcium, and
magnesium. If some of the nutrients in the soil
(and atmospheric deposition) are insufficient, the
leaf and stem nutrient content will be reduced (for-
est growth itself will not be affected).

Nutrients in litterfall and root decay are added
to the mineralizing organic pool, where a distinc-
tion is made between the rapid decomposition of
fresh litter (less than one year old) and slow de-
composition of old litter (more than one year).
Fresh litter that is not decomposed within one year
is moved to the old litter pool. Mineralization is
regulated by a mineralization factor or a rate con-
stant. The maximum rate can be reduced by low
pH, high C to N ratio or high ground water level.
Nitrification of NH4

+ and denitrification of NO3
–

are, as in SMART, described as rate-limited equa-
tions, but they are also regulated by factors that
are reduced by low pH and the height of the water
table. Immobilisation is calculated with the origi-
nal SMART and is dependent on the soil C to N
ratio. The equations added to SMART2 are pre-
sented in the Appendix.

Parameterization

The time-step in model applications was one year.
The value of measured yearly runoff from the
catchment was given as the precipitation surplus

for the years 1987 to 1993, and thus (evapo)-
transpiration and interception were set to zero.
Before 1987 and after 1993, the mean runoff was
used as constant precipitation surplus. Upward
seepage was not included.

The measurements of bulk and through fall
deposition were taken from the IM database
(Bergström et al. 1995). These measurements
were used to calculate the foliar uptake fractions
of ammonium and H+ and the foliar exudation frac-
tion of potassium according to De Vries et al.
(1994). The maximum amount of litterfall was
derived from litterfall measurements and the maxi-
mum amount of biomass from the biomass esti-
mates carried out by the Finnish Forest Research
Institute (METLA). The logistic growth rate con-
stant and the growth half time were set to give the
present annual biomass growth and the total
amount of biomass, which were estimated by the
National Board of Parks and Forestry during the
last forest inventory at the site. The nutrient con-
tents in the biomass compartments of different tree
species were taken from K. Rosén (unpubl.) and
L. Finér (1989). The average stem nutrient con-
tents for the whole catchment were calculated as
the weighted sum of the contents in different spe-
cies. An average nitrogen content in the leaves
(K. Rosén unpubl.) was used instead of minimum
and maximum leaf N contents. The reason for this
was that no clear correlation between leaf and
deposition N concentration was found in the meas-
urements. The fraction of reallocated nitrogen
from leaves to stems prior to litterfall was taken
from the literature (Finér 1989, Helmisaari 1990).

The mineralization fraction was taken from

Table 3. Parameters related to vegetation (Finér 1989,
Helmisaari 1990, METLA unpubl., K. Rosén unpubl.)
used in the SMART2 model application.
————————————————————————
Parameter Value
————————————————————————
Thickness of the root zone 0.60 m
Fraction of fine roots in organic layer 0.35
Maximum amount of litterfall 0.15 kg m–2 a–1

Ammonium foliar uptake fraction 0.30
Proton foliar uptake fraction 0.0
K foliar exudation fraction 0.45
N reallocation fraction for leaves 0.40
Ca + Mg content in leaves 0.55%
K content in leaves 0.50%
N content in leaves 0.80%
N content in stems and branches 0.16%
Ca+Mg content in stems and branches 0.21%
K content in stems and branches 0.06%
Logistic growth rate constant 0.044 a–1

Growth half-time 128  a
————————————————————————

Table 4. Variables taken from the literature (Kurka et
al. 1995, Finér 1989, Oliver et al. 1983) used in the
SMART and SMART2 model applications.
————————————————————————
Variable Value
————————————————————————
Nitrification factor 1
Denitrification factor 0.5
Mineralization rate constant of litter* 0.35 a–1

Nutrient cycling factor* 0.40
Total concentration of organic acids 0.05 eq m–3

3 parameters for modeling pKa:
a 0.96
b 0.90
c 0.039

————————————————————————
* not needed in SMART
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the measurements made by METLA (Kurka et al.
1995). Under optimal conditions, all the ammo-
nium in the soil was assumed to be nitrified and
ten percent of the nitrate was assumed to be
denitrified. The soil pH reduced dynamically the
nitrification and denitrification processes in ac-
cordance with the included reduction functions.
The reducing impact of pH was effective between
the pH values of seven and four (Schmidt 1985).
Below pH four, no denitrification was assumed
to take place. The influence of the mean height of
the spring water table on the mineralization and
nitrification processes was not taken into account,
because the moisture regime was assumed to re-
main stable with a yearly time step. The nutrient
cycling factor was derived from the literature
(Finer 1989).

The parameters derived by Oliver et al. (1983)
were used to calculate organic acid dissociation.
The calibration parameters were the partial pres-
sure of CO2 in the soil, the exchange coefficients,
the cation weathering rates, and the mass transfer
coefficients in the lake. Other soil chemical param-
eters were taken from the IM database (Bergström

et al. 1995). Physical and chemical properties of
the soil profile were given separately for the or-
ganic layer and the mineral soil and averaged into
a single profile, characteristic for the entire catch-
ment. The vertical averaging was realised by cal-
culating the profile-specific weighted sums of the
measurements, the weights being the relative thick-
ness and the bulk density of each layer (Posch
1997). The profiles were averaged horizontally over
the catchment by weighting the parameters of each
profile by the relative proportion of the total area.
All the parameters used in the model are presented
in Tables 1, 3, 4 and 5.

Calibration

The starting year of the simulations was 1860,
which is also the assumed year of the beginning
of vegetation growth after the last forest fire. The
SMART2 calibration was started by adjusting the
vegetation growth curve (Fig. 3f). The logistic
growth rate constant and the growth half-time were
set to values giving the correct present amount of

Table 5. Parameters obtained as a result of the model calibration
—————————————————————————————————————————————————
Parameter Unit SMART2 SMART

Organic/mineral
—————————————————————————————————————————————————
Soil parameters:
Ca + Mg weathering rate eq m–3 a–1 0.058/0.058 0.040
Na weathering rate eq m–3 a–1 0.015/0.015 0.023
K weathering rate eq m–3 a–1 0.030/0.030 0.008
Selectivity constant for:
Al-BC exchange – 10–1.8/100.8 1
H-BC exchange – 104.084/106.3 107.0

Gibbsite equilibrium constant – 109.085/106.7 108.2

Maximum SO4 adsorption capacity meq kg–1 0.0/2.5 3
Half-saturation constant for
SO4 adsorption  eq m–3 2 000/0.20 0.1
pCO2 in soil solution
(multiple of pCO2 in air) – 60/60 20

Lake parameters:
Gibbsite equilibrium constant
in lake – 1010 108.2

Net mass transfer coefficient for retention of
S m a–1 1.5 0.5
NO3 m a–1 12.0 5.0
NH4 m a–1 6.0 5.0

pCO2 in stream
(multiple of pCO2 in air) – 8.0 5.0
—————————————————————————————————————————————————
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biomass (78 t ha–1) and annual growth (3.5
m3 ha–1 a–1). After that, the calibration followed
the procedure outlined by Bleeker et al. (1994).
The model was calibrated to produce present-day
(1988–94) runoff water chemistry. The criterion
in accepting the calibration was that modelled
annual pH, Gran alkalinity, and ion concentrations
in runoff water would fall between the measured
annual minimum and maximum values. The re-
sults of the calibrated SMART2 were compared
to the SMART calibration results (Forsius et al.
1998), and to the yearly mean of the measure-
ments.

Results and discussion

Calibration and model comparison

The calibration criterion was met by the runoff
water pH and alkalinity, and the concentrations
of ammonium, nitrate, sulphate, chloride, and
monovalent base cations (Fig. 3a–e). Compared
to the corresponding SMART model calibration,
SMART2 showed a better fit to the yearly mean
of the measured nitrate concentrations in runoff
water (Fig. 4a). The dynamics of the nitrate con-
centration also behaved differently in the two
models. With SMART, the NO3

–-concentration
followed the shape of the NOx deposition curve,

but with SMART2 the concentration reflected the
effect of the simulated uptake of nitrogen by the
forest. This can be seen, for instance, as a decrease
in growth after the beginning of the period of rapid
forest growth in the 1920s. The forest growth
curves simulated with DEPUPT and SMART2
were very similar, but there was some discrep-
ancy in the nutrient uptake due to different up-
take approaches. This may explain some of the
discrepancies in ion concentrations between the
two models.

Both models fitted well to the mean of the
measured base cations in runoff water, but a clear
difference in the dynamical behaviour of divalent
base cations was seen (Fig. 4d). The SMART
simulation again followed the deposition curve,
while SMART2 gave a slight fall during the rapid
uptake period followed by a much more pro-
nounced decrease than SMART. The historical
runoff water pH was very similar in both
simulations; decreasing, as expected (Fig. 4c).
SMART2 predicted lower present values, which
were also slightly lower than the pH estimated in
the palaeolimnological study (Simola et al. 1991).
The historical soil base saturation was higher in
the SMART2 simulations but the decrease be-
tween 1950 and 1990 was also much stronger,
leading to lower levels by the year 2000 (Fig. 4f).
In general, SMART2 had the tendency to show
more response to changes than SMART, but it

Fig. 3. The fit of the SMART2 and SMART calibration to the six year measurements of (a) nitrate, (b) ammonium,
(c) pH, (d) divalent base cations, and (e) monovalent base cations. The calculated forest biomass accumulations
by SMART2 and DEPUPT is shown in (f).
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was difficult to give a preference to either cali-
bration.

Nitrogen dynamics

The mineralization of fresh litter turned out to be
problematic in Hietajärvi. It is dependent on the
C to N ratio of the leaves and microorganisms
(internal parameter). Because the simulation was
started at the point when all the forest was as-
sumed to be burnt, we had to assume that the soil
organic nutrient pool had been fully depleted. This
was done in order to prevent the consequent oc-
currence of the very high nutrient leaching from
the soil because the model does not calculate the
growth of ground vegetation that strongly binds
the nutrients released from the trees to the soil.
For growing leaves, constant (average) nitrogen
(0.8%) and carbon (50%) contents were used. This
led to a high C to N ratio that impeded the miner-
alization of fresh litter. Therefore, litter was treated
as one pool with one single mineralization rate.
The mineralization from litter was therefore simu-
lated starting from the second year after litterfall.
To prevent a too high accumulation of nitrogen in
the organic nitrogen pool, the old litter minerali-
zation rate was set high (Table 4).

With SMART2, nitrogen concentrations in
both the soil and runoff water were very dynamic

throughout the simulation period. This was partly
due to the pH and C to N ratio dependent proc-
esses in the soil, and partly due to the sensitivity
to changes in nitrogen deposition. A decrease in
deposition after the year 1990 was reflected in all
nitrogen related processes. This had an immedi-
ate influence on the nitrate concentration in run-
off water (Fig. 4a) and a delayed influence on ni-
trogen related to the vegetation. The mineraliza-
tion flux, litterfall flux, and nitrogen root uptake
all slowed down, and the nitrogen content in the
leaves decreased between the years 2000 and
2040, after the start of the decrease in nitrogen
deposition (Fig. 5).

Scenario analysis

Our model results show the start of a decline in
soil base saturation and runoff water pH in the
1960s when the level of acidifying deposition
starts to increase rapidly (Fig. 6). The decline
continues through the years of high deposition and
even into the 21st century. According to the
SMART2 model, a delayed recovery of the eco-
system will take place after the implementation
of the reduction strategies, the response being
dependent on the stringency of the applied strat-
egy. Model outcomes that give the shortest lag to
the turning point (with MFR strategy around the

Fig. 4. Comparison of the calibrated SMART2 and SMART models to the observed mean of: (a) nitrate, (b)
ammonium, (c) pH, (d) divalent base cations, (e) monovalent base cations and (f) base saturation. Model results
are calculated with the CRP scenario.
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year 2020) suggest that the effects of reduction
strategies will not be observed before 2010, the
year when the chosen reductions should be at-
tained.

If the ecosystem response is studied for an
extended time period, with a hypothesis that at-
mospheric deposition and nutrient uptake would
remain constant, it is evident that pH and base
saturation would stabilise (Fig. 6a and b). With
the MFR strategy they would return to the level
of 1860, but, with the B1, REF and CRP strate-
gies ecosystem deterioration would be permanent
to a certain extent.

Conclusions

Calibration of the SMART2 model to the desired
accuracy was achieved. Compared to the previ-
ous SMART model calibration, neither version
of the model appeared to be preferable for the pur-
poses of this study. However, the SMART model
requires the determination of a considerably
smaller number of parameters. On the other hand,
if the soil nitrogen status or the relationship be-
tween the soil and nutrient uptake by the growing
vegetation are of interest, only SMART2 is appli-
cable. In general, SMART2 behaved more respon-
sively and can be considered to be more sensitive
to changing conditions.

The SMART2 model results show a decline
in base saturation and runoff water pH in response

Fig. 5. Calculation results
for nitrogen (a) minerali-
zation, (b) litterfall, and
(c) root uptake fluxes and
(d) nitrogen content in
leaves according to the
CRP scenario.

Fig. 6. (a) Stream water pH and (b) soil base saturation
scenarios calculated by SMART2.
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to the rapid increase of acidifying deposition that
started in the 1960s. The decline is stopped and
reversed assuming any of the reduction scenarios.
If future trends are studied on very long time scale
(up to the year 2300), assuming constant input
and uptake shows that the environmental improve-
ment will be stabilised, but the final level of BS
and pH will depend on the chosen strategy. The
more ambitious the strategy is, the faster and more
complete will be the recovery.
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Appendix. Equations added to the SMART2 model
—————————————————————————————————————————————————
Mass balances

d/dt(θ × Trz × [SO4] + rrz × Trz × ctSOac)(z) = SO4td – P × [SO4](z)
d/dt(θ × Trz × [NO3])(z) = NO3td + frru(z) × (NH4ni – NO3ru – NO3de) – P × [NO3](z)
d/dt(θ × Trz × [NH4])(z) = NH4td – NH4fu + Nmi – frru(z) × (NH4ni – NH4ru) – P × [NH4](z)
d/dt(θ × Trz × [BC2+] +rrz × Trz CEC × frBC2+

ac)(z) =
BC2+

td + BC2+
fe + BC2+

mi – frru(z) × BC2+
ru + BC2+

we × z – P × [BC2+](z)
d/dt(θ × Trz × [K])(z) = Ktd + Kfe + Kmi – frru(z) × Kru + Kwe × z – P × [K](z)
d/dt(θ × Trz × [Na])(z) = Natd +Nawe × z – P × [K](z)

Nitrification and denitrification
NH4ni = frnimx × rfnipH × (NH4in – NH4ru – NH4im + NH4mi)
NO3de = frdemx × rfdepH × (NO3in – NO3ru – NO3im + NH4ni)

Nutrient uptake
Xru = (Nlf – Nfu + Ngu) × Xin / Nin X = NH4, NO3

Xru = Xlf + Xfe + Xgu X = BC2+, K
Xgu = (Amst(t) – Amst(t – i)) × ctXst X = NH4, NO3, BC2+, K
Amst(t) = Amstmx/(1 + exp(– kgl × (t – t0.5)))
Amlf = Amlfmx × Amst/Amstmx

Litterfall and root decay
Xlf = (1 – frXre) × Amlf × ctXlv X = N, BC2+, K
Xrdms(z) = frru(z) × Xlf × nfc × (1 – frrtlt) X = N, BC2+, K
Xmi = kmimx × rfmipH × rfmiCN × Amlt × ctXlt X = N, BC2+, K
rfmiCN = 1– (CNl–CNmo)/DAmo × CNmo CNmo < CNl < (1 + DAmo) × CNmo

rfmiCN = 1 CNl < CNmo

rfmiCN = 0 CNmo > (1 + DAmo) × CNmo

Xmi(z) = Xmi + Xrd ms(z) X = N, BC2+, K
RCOOmi = Nmi + BCmi

2+ + Kmi

Canopy interactions
Xfu = frXfu × Xtd X = NH4, H
Xfe = frXfe × (NH4fu + Hfu) X = K, BC2+

—————————————————————————————————————————————————
Continues
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Appendix. Continued.
—————————————————————————————————————————————————
Parameter Description Unit
—————————————————————————————————————————————————
θ Volumetric moisture content of soil m3 m–3

rrz Bulk density in root zone kg m–3

Amstmx Max. amount of stems and branches kg ha–1

Amlfmx Max. amount of litterfall kg ha–1 a–1

Amlt Amount of litter kg ha–1

ctSO4ac Sulphate concentration at adsorption complex mmol kg–1

ctXst Nutrient content in stems and branches %
ctXlv Nutrient content in leaves %
CNmo C/N ratio of micro-organisms –
CNl C/N ratio of litter –
DAmo Dissimilation/assimilation ratio of microbes –
frdemx Maximum denitrification fraction –
frnimx Maximum nitrification fraction –
frrtlt Fraction of roots in litter layer –
frru Cumulative transpiration fraction –
frXfe Foliar exudation fraction of ion X –
frXfu Foliar uptake fraction of ion X –
frXre Reallocation fraction of ion X for leaves –
kgl Logistic growth rate constant kg ha–1 a–1

kmimx Maximum mineralization rate of litter a–1

nfc Nutrient cycling factor –
P Precipitation surplus m a–1

RCOOmi Flux of organic anions mol m–2 a–1

rfdepH Reduction factor of denitrification for pH –
rfmiCN Red. factor of mineralization rate for N conc. –
rfmipH Reduction factor of mineralization rate for pH –
rfnipH Reduction factor of nitrification for pH –
t Time a
t0.5 Half-life time of logistic growth function a
Trz Thickness of the root zone m
[X] Concentration of ion X mol m–3

Xde Denitrification flux of ion X mol m–2 a–1

Xfe Foliar exudation flux of ion X mol m–2 a–1

Xfu Foliar uptake flux of ion X mol m–2 a–1

Xgu Growth uptake flux of ion X mol m–2 a–1

Xim Immobization flux of ion X mol m–2 a–1

Xin Input flux of ion X mol m–2 a–1

Xlf Litterfall flux of ion X mol m–2 a–1

Xmi Mineralization flux of ion X mol m–2 a–1

Xni X nitrification flux mol m–2 a–1

Xrdms Root decay flux in mineral soil layer mol m–2 a–1

Xru Root uptake flux of ion X mol m–2 a–1

Xtd Total deposition of ion X mol m–2 a–1

Xwe Weathering flux of base cation X mol m–2 a–1

z Depth m
—————————————————————————————————————————————————



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00083
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


