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Modelling future soil chemistry at a highly polluted
forest site at Istebna in Southern Poland

using the ‘‘SAFE’’ model

Stanis1aw Ma1ek a,*, Liisa Martinson b, Harald Sverdrup b

a Department of Forest Ecology, Forest Faculty, Agricultural University of Cracow,

Al. 29-go Listopada 46, 31-425 Cracow, Poland
b Department of Chemical Engineering. Lund University, PO Box 124, 221 00 Lund, Sweden

Received 10 December 2004; accepted 31 January 2005

Soil recovery depends on future emissions, especially on base cation deposition.

Abstract

The multi-layer dynamic model SAFE was applied to the forested catchment Istebna (Southern Poland), to study recovery from
acidification. Environmental pollution in the area has been historically high. The model uses data from an intensive monitoring plot
established in 1999 in a spruce stand, which was planted in 1880. Observations showed that the soil was depleted of base cations. The

measured base saturation in 1999 was between 5 and 8% in the different soil layers. Model predictions assuming full implementation
of the UNECE 1999 Gothenburg Protocol and present day base cation deposition show that the base saturation will slowly increase
to 20% by 2100. Despite large emission reductions, Istebna still suffers from the very high loads of acidifying input during the past

decades. Soil recovery depends on future emissions especially on base cation deposition. The recovery will be even slower if the base
cation deposition decreases further.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cycling of elements in spruce stands under the effect
of industrial emission has been and still is the subject of
numerous studies in Poland. The studies have been
made on relatively small forest catchments such as
Brenna (Staszewski et al., 1999; Bytnerowicz et al., 1999)
but also on larger catchments of Czarna and Bia1a
Wise1ka (Wróbel, 1998). The goal of those studies was
to estimate the value and quality of deposition of
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elements and of their outflow from the catchment. The
development stages of the various stands were not
accounted for in the numerous studies except those by
Ma1ek (2002a,b, 2004). Dynamic soil chemistry models
are used to predict the impacts of future emission and
forest practices on soil and water quality. The most
commonly used dynamic soil chemistry models are
MAGIC (Cosby et al., 2001), SMART (deVries et al.,
1994), VSD (Posch et al., 2003) and SAFE (Warfvinge
et al., 1993).

The Istebna catchment is particularly heavily pol-
luted compared to other places in the area; the average
SO4-S through-fall deposition between 1999 and 2003
was as much as 17 kg/ha. The latest protocol within the
UNECE-LRTAP convention, the Gothenburg Protocol
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suggests a cut of S emissions in 2010 by 63% as
compared to 1990 (UNECE, 1999). Many soils in
Europe will, however, suffer from acidification for
decades to come (e.g. Martinson, 2004; Alveteg, 2004).
Observations in Istebna show that the present base
saturation is below 10% in the soil.

In this paper we model future soil chemistry at a
forest site in Istebna, Poland. The model output is com-
pared to time series of observations from 1999 to 2003.
Two scenarios are analysed, one in which we assume
that present day base cation deposition will remain
constant until 2100 and one where the base cation
deposition decreases by 50% after 2010.

2. Material and methods

2.1. Site description

The area of studies was not directly exposed to air
pollution and is located at a considerable distance from
the main industrial centres. The Potok Dupniański
catchment of coverage 1.6787 km2 is located in southern
Poland in the Silesian Beskid (latitude 49 �35#, longitude
18 �50#). The area of the catchment is covered by spruce
stands at different development stages, which grow on
the Istebna sandstone on dystric cambisols. The mean
annual temperature of the region during the 1995e2000
period was 6.6 �C (Feliksik and Dur1o, 2004). The
equipment for measuring water volumes and meteoro-
logical parameters in spruce stands and in an open area
and outflow from the catchment was installed in this
catchment in 1998 and was based on the ICP-Forest
Manual (UNECE, 1998) method.

2.2. Model description

The SAFE model (Warfvinge et al., 1993; Alveteg,
1998) is a process-oriented dynamic multi-layer soil
chemistry model. It includes process-oriented descrip-
tions of cation exchange reactions, sulphate adsorption,
chemical weathering of minerals, solution equilibrium
reactions involving carbon dioxide, organic acids and
Al-species as well as leaching and accumulation of dis-
solved chemical components. A full description of the
model and its data requirements can be found in Alveteg
(1998). In addition to horizon specific chemical and
physical soil characterisation, SAFE requires time-series
of input data quantifying atmospheric deposition, net
uptake of nutrients, litterfall, canopy exchange, net
mineralisation and precipitation inputs. The needed
input data are generated by the MAKEDEP model
(Alveteg et al., 1998). In SAFE, the base cations KC,
Mg2C and Ca2C are lumped and the model is calibrated
on base saturation, by a procedure in which the initial
base saturation in every soil layer is varied until
maximum possible agreement between measurements
and model calculation is achieved. Since soil solution
concentrations are not used for calibration, these can be
used for model validation.

2.3. Data acquisition

2.3.1. Deposition
Time series of throughfall and bulk deposition of

SO4
2�, NO3

�, NH4
C, Ca2C, KC, Mg2C, Cl� and NaC

were measured at the site between 1999 and 2003. Set-up
of the plot and number of samplers as well as collection
frequency was described in Ma1ek’s paper (Ma1ek,
2004). The average throughfall deposition between
1999 and 2003 (Table 1) was used and scaled to
historical and future deposition trends. For SO2, NOx

and ammonia the trends are from Schöpp et al. (2003)
and assume full implementation of the 1999 UNECE
LRTAP Gothenburg Protocol by the year 2010. Base
cation trends were taken from Sverdrup et al. (1996).
Apart from the anthropogenic deposition given by the
trends, the dry deposition, calculated by MAKEDEP,
varies with canopy volume. The resulting deposition of
sulphate, nitrate, ammonia and base cations are shown
in Fig. 1.

Table 1

The average throughfall deposition of base cations NO3
�, NH4

C, SO4
2�

between 1999 and 2003 in kg/ha per year

Element Average throughfall

1999e2003

NO3-N 6.25

NH4-N 10.1

SO4-S 15.4

K 12.9

Ca 21.0

Mg 3.05

Fig. 1. The total deposition between 1800 and 2100 used for modelling

the Istebna spruce site.
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2.3.2. Soil data
In order to calculate weathering, SAFE requires the

soil mineralogy in every layer. The mineralogy was
determined from total element analysis, according to the
method described in Warfvinge and Sverdrup (1995).
The surface area was calculated from texture according
to Warfvinge and Sverdrup (1995). The determination
of sulphate adsorption parameters by a series of batch
experiments on samples collected at the site is described
in Martinson and Alveteg (2004). The soil data used as
input to SAFE are listed in Table 2.

2.3.3. Soil solution data
Soil solution data from the Istebna site were used to

validate the performance of the SAFEmodel. Percolating

Table 2

The soil parameters in the different soil layers used in the SAFE model

simulation from Istebna catchment in 2003

Properties\layers Layer 1 Layer 2 Layer 3 Layer 4

Layer thickness (m) 0.08 0.11 0.35 0.3

Water content (m3/m3) 0.206 0.141 0.235 0.241

Dry density (kg/m3) 300 850 1026 835

Surface area (m2/m3) 110506 704478 909870 1289240

CO2 pressure (!atm) 2 5 10 20

% precipitation:

entry layer

100 80 60 60

% precipitation:

exit layer

80 60 60 60

DOC (mg/L) 50 20 5 0.5

log Kgibbsite 6.5 7.5 8.5 9.2

CEC (kmolc/kg) 6.31E-05 3.80E-05 3.80E-05 7.00E-05

Base saturation 1999

(fraction) 0.07 0.08 0.068 0.057

Sulphate adsorption

isotherm parameters

q e e 0.014 0.017

m e e 0.061 0.061

n e e 0.10 0.10

Mineralogy

(weight %)

K-feldspar 11 11 10.7 11

Plagioclase 3.8 3.8 3.5 4.1

Apatite 0 0.033 0.1 0.1

Muscovite 0 1.3 3.8 3.9

Vermiculite 0 3.1 8.5 9.4

These data are used by MAKEDEP to reconstruct the time-series of

nutrient uptake and circulation to be used as input to SAFE.

Table 3

The biomass in the different tree compartments and the measured

nutrient contents from Istebna catchment in 2003 year

Stem Branch Canopy

Biomass (kg/m2) 87 10 1

N content (g/kg) 0.17 5.6 7.8

Mg content (g/kg) 0.10 0.82 0.47

Ca content (g/kg) 1.04 3.0 2.8

K content (g/kg) 0.48 3.3 4.5
soil solution was sampled each month during the
1999e2003 period by four soil lysimeters at a depth of
20 cm by isolated gravity technique (Ma1ek, 2004).

2.3.4. Vegetation
TheMAKEDEPmodel simulates nutrient uptake and

cycling. The model uses information on the standing

Fig. 2. Modelled and observed base cation concentration (top), pH

(middle) and sulphate concentration (bottom) panel at 20 cm depth in

the Istebna catchment.
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biomass in different compartments and the nutrient
contents of each compartment at the site (Table 3). The
total content of elements in the plant material of Na, K,
Ca, Mg, was determined after wet mineralisation in
a HNO3 and HClO4 solution at a ratio of 1:4 with an
atomic absorption spectrophotometer (Varian AA-20).
Nitrogen was determined with an LECO CNS 2000
analyser. Adaptive nutrient data was used in SAFE
which implies that the base cation uptake distributing in
the defined rooting zone (in Istebna the top three layers)
would be limited when the concentration was low and
directed to a layer with more available base cations
(Martinson, 2004).

3. Results and discussion

The model predicts the observed soil chemistry
satisfactorily at 20 cm depth (Fig. 2). The fluctuations

Fig. 3. Historical illustration of the inflow and outflow of base cations

from the system. During the years of heavy acidifying input the

leaching of base cations was considerable in the Istebna catchment.

Fig. 4. Modelled base saturation in the different soil layers within the

rooting zone. The observed base saturation from 1999 is indicated.

This scenario assumes that the deposition of base cations will remain at

present day levels until 2100.
over time are larger in observed data compared to model
results. This can be explained by the fact that the model
input data are based on a yearly means and that the
precipitation and soil hydrology are the precipitation
and hydrology assumed to be constant through-out the
whole simulation period. Also by using the average
deposition for the years between 1999 and 2003 some of
the fluctuation seen in the observations are excluded.
The observed base cation concentrations vary consider-
ably between years, whereas the modelled, stays at
around 300 mmolc/L. The modelled and observed pH is
slightly less than 4 and the sulphate concentrations, both
observed and modelled are around 200 mmolc/L.

A base cation budget for the site shows that during
the years of high acidifying input, considerable amounts
of base cations were leached out from the system
(Fig. 3). The sources, i.e., weathering and deposition,
were far lower than the sinks, i.e. uptake and leaching.
The base cation leaching is observed when studying the
modelled and observed base saturation (Fig. 4). The
observed base saturation in 1999 was between 5 and 8%

Fig. 5. Modelled base saturation in the different soil layers within the

rooting zone. The observed base saturation from 1999 is indicated.

This scenario assumes that the deposition of base cations will decline

by 50% between 2005 and 2010, and thereafter be constant.

Fig. 6. The cumulative uptake of base cations by the spruce forest at

Istebna between 1880 (when it was planted) and 2010 as modelled by

MAKEDEP and used as input to SAFE. The base cations KC, Ca2C

and Mg2C are lumped as Bc2C.
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in the different soil layers. The modelled base saturation
in the 1800s was above 80% in most of the soil layers,
and decreases to observed values. Assuming that the
acidifying deposition stays at the Gothenburg Protocol
level and that the base cation deposition stays at the
present level, the base saturation will slowly increase and
reach approximately 20% in two of the soil layers.

In the observations from the site, there is evidence
that the base cation deposition may be decreasing in the
area (Ma1ek, 2002b). In order to investigate the role of
base cation deposition, a second scenario was run in
which the base cation deposition was reduced by 50%
between 2005 and 2010, compared to the original
deposition shown in Fig. 1. In this case the base
saturation hardly increases from today’s levels by 2100
(Fig. 5).

The standing biomass at the site is about 1000 m3/ha.
The cumulative uptake of base cations during the
present rotation, assuming that the stand was planted
in 1880 by the MAKEDEP model and used as input to
the SAFE model (Alveteg et al., 1998) is shown in Fig. 6.
Due to the effect of artificial spruce nonoculture on base
cation rotation, we have to consider using broadleaf
species in new forest generation in order to keep the
forest in this site.

4. Conclusions

1. Observations show that the soil is depleted of base
cations. The measured base saturation in 1999 was
between 5 and 8% in the different soil layers. Model
predictions assuming full implementation of the
UNECE 1999 Gothenburg Protocol and present day
base cation deposition show that the base saturation
will slowly increase to 20% by 2100.

2. Despite large emission reductions, Istebna catch-
ment still suffers from the very high loads of
acidifying input during the past decades. Soil
recovery depends on future emissions especially on
base cation deposition. The recovery will be even
slower if the base cation deposition decreases
further.

3. The present and future status of the soil must be
taken into consideration in the discussion of future
land use at the site or forest conversion.
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