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Summary
Air pollution and the related soil acidification can cause extensive damage to forested ecosystems. So far,
pollution abatement strategies were based on the concept of criticalload, the criticalload being defined as a
quantitative estimate of the load of acidity that an ecosystem can withstand in the long fUll. The criticalload
and the related steady-state models do not, however, offer any information on the temporal evolution of the
soil chemical variables. In order to investigate the dynamics of soil chemistry and predict the recovery rates
after a drop in the acid load, dynamic models have to be applied. In this study dynamics of soil acidification
for two sites in the Republic of Croatia have been assessed with the SAFE (Simulated Acidification in
Forested Ecosystems) mode!. SAFE is a dynarnic biogeochemical model that calculates the temporal
evolution of soil chemistry on the basis of atmospheric deposition and data on soil properties and nutrient
cycling. The indicators of soil acidification investigated with SAFE were the pH of the soil solution, the base
saturation and the molar ratio of base cations and aluminum (Mg+Ca+K/Al) in the soil solution. Simulation
results show that the soil at the sites did acidify and that base saturation dropped significantly from preindustriai leveis. However, the base cations to aluminum molar ratio did not exceed the criticallimit (1) at
any point in time throughout the simulation period at both simulated sites. It can be concluded that the forest
stand at the two sites modelled with SAFE did not nor will experience any adverse effects. Due to the lack of
site-specific data the results presented in this paper should be regarded onlyas tentative. This modelling
exercise pointed out that the current data set in Croatia would have to be complemented with data on cation
exchange capacity and base saturation if dynamics of soil acidification are going to be assessed regionally.

Keywords: acidification, soil, SAFE, Croatia
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1 Introduction
Anthropogenic emissions of sulphur and nitrogen compounds and the resulting acidifying deposition, the socalled "acid rain", have been recognised as serious environmental threats since the 1970'ies; at that time,
Scandinavian researchers realised that acid deposition can cause acidification and advers e effects to
freshwater ecosystems. In 1982, during the Stockholm Conference on Acidification of the Environment,
scientists presented evidence that such deposition could affect various chemical variables in the soil solution
too, influencing tree growth and causing other damage to forested ecosystems (Bäckstrand, 200 l).
It must be stated, however, that ecosystems can abide a certain amount of acidifying substances; this amount
is characterized as the criticalload. According to Nillson and Grennfelt (1988) the criticalload is defined as
"a quantitative estimate of an exposure to one or more po/lutants below which significant harmful effects on
specified sensitive elements of the environment do not occur according to present knowledge". In forested
ecosystems, the response to acid deposition will depend, mainly, on soil properties and forest management
practices (Walse, et al., 1996); those factors, among others, delineate the load of acidity that an ecosystem
can tolerate with out experiencing any known adverse effect. From the facts mentioned above, it is obvious
that depositions of acidifying substances have to stay below critical load limits if ecosystems are to be
protected from damage and managed in a sustainable fashion.
Since air pollution, including the emissions of sulphur and nitrogen compounds, has a transboundary
character a strong need was felt to develop and coordinate the plans for the reduction of pollutant emissions
on an international level. As a result, the Convention on Long Range Transboundary Air Pollution
(Convention on LRTAP) was established. The Convention, signed in November 1979 and entered into force
in March 1983, was the first internationallegally binding instrument that considered air pollution problems
on a European level. The critical load concept proved as a valuable tool for translating emission reduction
plans into pollution abatement strategies and policies and was, therefore, introduced under the patronage of
the LRTAP Convention as an instrument for formulating effect-based pollution abatement protocols such as
the 1999 Gothenburg protocol (UN/ECE, 1999).
The countries that signed and ratified the convention, including Croatia, became legally bounded to deliver
data on critical loads to the Coordination Centre for Effects (CCE) in the Netherlands, which is offering
scientific and technical baclrup to the Working Group on Strategies and the Working Group on Effects in
their work on the reduction of atmospheric pollution.
So far, several methods for calculating critical loads of acidity were devised. The Simple Mass Balance
(SMB) method (Posch, et al., 1997) is the official methodology requested by the Coordination Centre for
Effects in the Netherlands for calculating criticalloads of acidity. In Croatia four quadrants of the EMEpl
grid (50x50 km) were mapped using the 5MB method (Jelavic, et al., 1998; Jelavic, et al., 1999). The four
quadrants that were mapped include the central-western and the north-western part of the Republic of
Croatia. It must be stated, however, that the 5MB method is a relatively primitive way of calculating critical
loads. It is extremely important that critical loads of acidity are calculated as accurately as possible due to
enormous costs involved in the reduction of pollutant emissions. That justifies the lise of more sophisticated
and accurate models such as the steady-state2 biogeochemical model PROFILE (Warfinge and Sverdrup,
1992).
The drawback involved in the computation of criticalloads is that the calculation is based on a long-term
perspective. The criticalloads are calculated with steady-state models that compute soil chemistry at a state
that will eventually be reached if important driving forces in the system, such as deposition, would be kept
constant.
l CD-operative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in Europe.
2 In open systems the change in concentration due to chemical reactions will be counteracted by the inflow and outflow
from the system; as a resfilt, at a steady-state, the chemical variables in the soil will remain uniform through time.
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The critical load of acidity, therefore, only gives infonnation if the chemical criterion in the soie will
become violated in the long-tenn perspective; however, an exceedance of the critical load will not
necessarily trans late immediately into a violation of the chemical criterion. There are a number of delay
mechanisms at work that can create a time-gap between an exceedance of the criticalload and the violation
of the chemical criterion; this time-gap is defined as the Damage Delay Time (DDT). By the same rationale,
a decrease in deposition will not be immediately followed by a response of the soil chemical variable; the
time the soil variable will need to recover to safe leveis, after a decrease in acid deposition, is tagged as the
Recovery Damage Time (RDT).
In order to backeast and forecast how the chemical criterion in the soil changes in time as a function of
acidifying deposition, and what will the DDT and RDT eventually be, dynamie soil chemistry mode1s are
needed. In that respect, dynamie models can be used to test the soil response to different emission reduction
strategies for Europe created with the RAINS4 mode1 (Aleamo, et al., 1990). On those grounds optimal
pollution cutback policies can be devised yie1ding to a much more efficient management of natural
resources. Therefore, dynamie models can be viewed as a tool for integrating the social, economic, and
environmental spheres of sustainability.
Up to now, various dynamie models were developed such as the modeIs MAGIC5 (Cosby, et al., 1985),
SMART6 (De Vries, et al., 1989) and SAFE7 (Warfinge, et al., 1993). In this study the dynamics of forest
soil chemistry in Croatia was assessed using the SAFE model. In the literature both regional assessments
(Kurz, et al., 1998) and single-site applications (Sverdrup, et al., 1995; Walse, et al., 1998; Aheme, et al.,
1998) have been reported proving that the SAFE mode1 can be applied to a number of different locations.

2

Convention on Long-Range Transboundary Air Pollution and dynamie
modeling

As stated above, the Convention on Long-Range Transboundary Air Pollution was signed in 1979 and
entered into force in 1983. Since then various pollution abatement Protocols to the Convention were signed.
In the beginning, the protocols requested unifonn cuts in the emissions for all Parties that signed the
Convention. For example, the 1985 He1sinki protocol demanded a 30% cut in sulphur emissions or their
transboundary fluxes by 1993, compared to leve1s in 1980 (UN/ECE, 1985). Since the ecosystem can tolerate
a certain amount of acidifying pollutants an effect-oriented approach has been devised in the late 80'ies; it
was decided to introduce the critical load concept for fonnulating pollution abatement policies. The 1994
Oslo Protocol on further reduction of Sulphur Emissions required from the Parties to "controi and reduce
sulphur emissions in order to protect human health and the environment from adverse effects, in particular
acidifYing effects, and to ensure that, as far as possible, without entailing excessive costs, depositions of
oxidized sulphur compounds in the long term do not exceed criticalloads for sulphur" (UN/ECE, 1994). The
Protocol requested reducing the current gap between deposition and the criticalload by 60%. The 60% gap
c1osure was based on the 5% percentile meaning that such a reduction would proteet 95% of the ecosystems,
whereas 5% of the most sensitive ecosystems would be sacrificed (Bäckstrand, 2000). However, as already
mentioned, the criticalload concept has its drawbacks since it does not offer any infonnation on the temporal
evolution of the soil chemical status.
Since dynamie models offer insight into the temporal evolution of soil chemical parameters, they can and
should be utilized as a tool in the decision-making processes. They can be employed to test the ecosystem

3 This criterion, as it will be seen later, enables a connection between soil solution chemistry and damage to the tree
stand.
4 Regional Acidification Information and Simulation mode!.
5Mode! of Acidification of Groundwaters in Catchments and Derivatives.
6 Simulation Mode! for Acidification's Regional Trends.
7 Simulated Acidification in Forested Ecosystems.
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response to different pollution abatement strategies and the eventual recovery rates after a drop in the acid
load. In thai respect, dynamic assessments can provide answers on the temporal evolution of soil chemistry
as a consequence of pollution abatement protocols to the Convention on Long-Range Transboundary Air
Pollution, such as the 1999 Gothenburg Protocol. In addition, according to the Expert Group on Dynamic
Modeling (UN/ECE, 2000) "dynamic models can be used to provide targets, based on chemical/biological
criteria, to be achieved within a given timescale, for integrated assessment models (IAM}". Furthermore,
dynamic models can be osed to evaluate different monitoring programmes under the Convention such as the
programme of monitoring forest conditions in Europe8. This is why the Working Group on Effects stressed
the importance of dynamic modeling in the draft of the medium-term and long-term work-plan of the effect
oriented activities.
In addition to the above, dynamic mode Is could be osed to shift pollution abatement objectives. The critical
load concept, so far osed for formulating pollution abatement strategies, does not lake into consideration the
rast, present and future status of soil chemistry and it therefore cannot offer information on the current soil
chemical status with respect to acidification; also, it does not offer insight if the ecosystem encountered
irreparable damage or not (Grennfelt, et al., 2001). On the contrary, dynamic models offer such information
and can be osed to forecast the effects of pollution abatement strategies. Since sustainability inc1udes
"meeting the needs of the present generation without compromising the ability offuture generations to meet
their needs" (WCED, 1987), dynamic assessment of ecosystem damage and recovery could secure a more
sustainability-oriented approach to atmospheric pollution prevention.

3

Dynamie modeling in Croatia

The forested area in Croatia covers 36% of the total area of the republic (Hrvatske sume, 2001); 95% of the
area consists of natural forests with more than 60 forest communities thai display a great diversity of plant
and animal life (Strategic Planning Office of the Republic of Croatia, 200 l). In addition to the intrinsic valne
of such forests, the forestry sector in Croatia generates 200 million US$ yearly and it has more than 10,000
people currently employed in it (Strategic Planning Office of the Republic of Croatia, 2001). From the
above, it can be clearly seen thai the forestry sector plays a very important social, environmental and
economic role in the overall developmental strategy of Croatia. It goes per se thai such an important natural
resource should be managed in sustainable fashion and preserved from damage.
Nevertheless, approx. 26% of the forest area in Croatia has been already severely damaged. The state owned
enterprise "Hrvatske sume" Inc., which manages 86% of the forested area in Croatia, states thai the forest
decline, especially in the Region of Gorski Kotar (central-western part of the Republic of Croatia) is to be
attributed, among other factors, to air pollution and the related acidification of forest soils (Hrvatske sume,
2001).
As stated in the introduction, currently, only four quadrants of the EMEP glid thai cover the central-western
and northem part of Croatia where mapped and an exceedance in the criticalload has been reported just for
two sites in the region of Gorski Kotar in central-western Croatia (Jelavic, et al., 1999). Ideally, dynamic
assessments should be carried out at the sites where the criticalload of acidity has been exceeded in order to
investigate the recovery rate of the ecosystem after the acid load has plummeted. However, before drawing
any conclusions on the importance of dynamic modelling of soil acidification in Croatia two things have to
be realised: 1) not all the area of Croatia was mapped, and 2) criticalloads were calculated with the steadystate mass balance (SMB) method. With respect to the mapped area, only the northwestern and the centralwestern part of the country were mapped. There is a mapping project thai aims at completing the criticalload
map for the whole region of Croatia starting at the beginning of 2002 (EKONERG, 2001); a possible
outcome of the project could be thai there are additional sites where the criticalload has been exceeded. In
8 International Cooperative Programme on Assessment and Monitoring of Air Pollution Effects on Forests.
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addition, critical loads were mapped using the 5MB method. Since the method is not very accurate, critical
loads of acidity, at some sites, could be overestimated. As a result, the exceedance area could be much larger
than the one currently reported. It is, therefore, important to investigate if Croatia has the necessary
information to confine the input data set required by dynamic models that could be osed to test the recovery
rates at sites where the critical load has been exceeded and, on those grounds, devise effective forest
management practices such as deciding to minimize harvesting and the related net uptake of base cations
during the recovery period of the ecosystem.

4

Objective and scope

The scope of this study was to analyse the possibilities of applying the dynamic biogeochemical model
SAFE to a number of sites in the Republic of Croatia. As stated above, the sites thai should be investigated
with dynamic models are sites where the criticalload has been exceeded. However, data available for such
sites in the region of Gorski Kotar were not large enough to confine all the input data needed to operate the
mode!. Nevertheless, for two sites in the region of Mountain Medvednica extensive soil analysis were
performed by the Croatian Geological Institute making it possible to confine the input data needed by SAFE;
this is why the sites were chosen and modeled altough the critical load of acidity at the sites was not
exceeded.
The sites are quite similar in terms of soil characteristics and vegetation. In addition, they are located in the
proximity to each other. For investigating the opportunities for performing dynarnic simulations it would be
enough to simulate only one site. However, since soil data needed to confine the model existed for two sites
in the region it was decided thai both sites should be simulated. It must be noted thai the intention of this
study was not to produce absolutely accurate results in terms of the simulated dynarnics of soil acidification
bot to obtain a "snapshot" of the possibilities offuture applications of the SAFE model in this region.

.
..
.

In relation to the above, the objectives of this study were:
To deterrnine if minimum input data requirements are fulfilled for applying the dynamic soil
chemistry model SAFE in the Republic of Croatia;
To determine what data are still missing if SAFE simulations are to be performed on alarger scale;
To collect the relevant available data and ron the actual simulations;
. To describe and analyse various time-aspects of soil acidification and recovery for the chosen
ecosystems;
To offer tentative recommendations for future work on mapping of critical loads and dynamic
modelling in Croatia.

5

Disposition

This thesis will be divided into two main parts. In the flest part, a small background on the main atmospheric
pollutants and their acidifying properties will be given; the mechanism and deleterious effects of acid
deposition will be briefly analys ed and discussed. The chernical criterion osed to connect soil solution
chemistry and advers e effects on the forest stand will be presented and explained followed by a description
of the model set-up osed in this exercise.
In the second part, the two sites modelled with SAFE are described in terms of location, soil characteristics
and vegetation. Following the site description, the input data collection is depicted and assumptions and
generalisations in terms of data gaps closure are documented. After the presentation of input data osed, the
results from SAFE simulations are described and analysed. A chapter discussing the uncertainties related to
input data follows the result part. The thesis is ended with a brief discussion of the results in relation to the
defined scope. Following the discussion part, prospects on future work and the most important points thai
can be drawn from this study are indicated. Finallya take-home message is given and briefly commented
upon.

4

LUMES 2000/2001- Master's Thesis

6

Luka Traven

Background

6.1 Atmospheric pollutants and their acidifying properties
The main air pollutants thai cause acidification of forest soils and other ecosystems are nitrogen and sulphur
compounds. Sulphur and nitrogen, in their elemental form, do not have any acidifying ability. In order to
cause acidification they have to be transformed into specific compounds. Those compounds are generated,
mainly, through oxidation of sulphur and nitrogen contained in the fuel (primarily coal and oil) during
various combustion processes. The pollutants thai are formed, known as primary pollutants, are sulphur and
nitrogen oxides; those pollutants are oxidised in the atmosphere to sulphuric and nitric acid. The latter
substances are called secondary pollutants. Sulphuric and nitric acids dissolve in wafer droplets and reach the
ground with rainfall, snow or fog causing acidification. This tyre of deposition is called wet deposition. Dry
deposition, on the contrary, is the direct transfer of gasses and particles to the vegetation, soil, wafer or snow.
Ammonia (reduced nitrogen) has a different mechanism through which it causes soil acidification thai is
related to the process ofnitrification in the soil (Sverdrup and Warfinge, 1995a).
The main anthropogenic sources of primary pollutants are power stations, various industrial facilities and the
transport sector. In the following sections, a short overview of the mechanisms of formation of primary and
secondary pollutants is briefly pointed out.
6.1.1

Sulphur

Sulphur develops its acidifying properties mainly through oxidation during various combustion practices. As
a final product the sulphate ion (S04z) and two protons (Fr) are generated. These substances return to the
earth' s surface, to a great degree, in the form of rain or snow causing damage to sensitive ecosystems. The
processes through which sulphur develops its acidifying properties can be represented by the following
chemical reactions (adapted from Sverdrup and Warfinge, 1995a):
Combustion: S + Oz ---7SOz

(4.1.1.1)

Atmospheric oxidation: SOz+ O ---7S03

(4.1.1.2)

Dissolution in droplets: S03 + HzO ---72H++ sol-

(4.1.1.3)

6.1.2 Nitrogen
Nitrogen substances thai can cause soil acidification are:
. Oxidised nitrogen (NOx);
Reduced nitrogen (NHy).

.

NOx are formed during combustion processes; in the processes thai include fossil fuels the nitrogen source is
the organic nitrogen in the fue!. Another source of NOx can be diesel engines; in diesel engines the high
temperature leads to the formation of NOx. The nitrogen source, in this case, is the atmospheric nitrogen.
NOx then proceed through various oxidation reactions thai resfilt in the formation ofnitric acid thai dissolves
in wafer droplets and is deposited through rain, fog or snow - on earth's surface. The reactions involved can
be represented by the following equations (adapted from Sverdrup and Warfmge, 1995a):

-

Combustion: Nz + Oz ---72NO

(4.1.2.1)

Oxidation I: NO + 03 ---7NOz + Oz

(4.1.2.2)

Oxidation II: NOz + HO ---7RN03

(4.1.2.3)
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(4.1.2.4)

Reduced nitrogen is mainly present in the form of ammonia (NH3). Ammonia originates from different
sources such as volatilisation from animal waste, synthetic fertilisers, biomass burning, and fuel combustion
(Bouwman, et al., 1997). As stated above, the acidifying property of ammonia is not re1ated to atmospheric
reactions. Ammonia can even act as a base and therefore neutralise the incoming acidity; the main
mechanism by which NH3 is causing acidification is through nitrification in the soil. The processes can be
described as (adapted from Sverdrup and Warfinge, 1995a):
Neutralisation: 2NH3 + H2SO4---> (NH4)zS04

(4.1.2.5)

Nitrification in soil: (NH4)zS04 + 402 --->4H+ + 2N03- + 2H2O + SO/-

(4.1.2.6)

In addition to the ionic species mentioned above, the atmospheric deposition contains other ions such as base
cations Na+, K+, Mg+ and Ca2+,as well as the allians cr and HC03- that affect the acidity of atmospheric
deposition.

6
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6.2 Effects of acid deposition on the for est stand
In order to grow the forest tree stand needs nutrients. Sulphur and nitrogen compounds thai are converted
through oxidation processes to sulphuric and nitric acid can cause significant damage to forested ecosystems;
those compounds affect the nutrient status in the soil creating a nutrient disbalance thai results in defoliation,
thinning oftree crowns and reduced tree vitality. In the following paragraphs the different types ofnutrients
needed by the plant are described and the effects of acid deposition on the nutrient status in the soil is
analysed by means of a causalloop diagram9(CLD).
The nutrients needed by the plants can be grouped inta two major categories. The nutrients required in large
amounts by the plant are generally referred to as macronutrients. This group ofnutrients includes carbon (C),
oxygen (Oz), hydrogen (Hz) and nitrogen (Nz) (they constitute more than 1% each of dry weight).
Macronutrients thai constitute 0.2 - 1% of dry weight include, among others, sulphur (S), chlorine (Cl),
calcium (Ca), magnesium (Mg) and potassium (K). Nutrients thai are needed in lesser amounts (less than
0.2% of dry weight) are called micronutrients. Among others, they include aluminum (Al), boron (B), and
bromine (Br). Same ofthe micronutrients, when present in high concentrations in the soil, can be toxic to the
plant; aluminum, for example, in high concentrations can damage plant roats; as a result, nutrient uptake will
be affected and plant growth inhibited (Matzner, et al., 1986).
Acid deposition affects the chemical status of Ca, Mg, K and Al in the soil. Below, the causal relationships
between the variables involved in this mechanism are represented in the form of a CLD.
acid deposition
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Figure 1: Causalloop diagram of the main causes and effects of acid deposition.

-

9 In a causalloop diagram an arrow with a + sign denote that the cause and effect chaRge in the same direction; a sign
indicates the change in opposite direction. B staDds for a balancing loar whereas R staDds for a reinforcing loar.
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As it can be seen from the CLD, the main forces that drive soil solution chemistry are: l) the externai acid
load, 2) cation exchange reactions, 3) mineral weathering, 4) uptake ofbase cations, nitrogen and aluminum
from the soil solution and 5) mineralisation of organic matter.
As acid deposition increases, the pH1Oof the soil solution will decrease; as a result, aluminum concentration
in the soil solution will increase. An increase in the aluminum concentration will affect the charge balance of
the soil solution causing soil solution pH to rise again. On the other hand, an increased amount of protons in
the soil solution will drive base cations and aluminum bound to the cation exchange complex into the soil
solution; as a result soil solution concentration of base cations and aluminum will increase. The base
saturation (% of the cation exchange complex occupied by base cations) will, obviously, decrease. An
increase in the concentration of base cations in the soil solution will affect the charge balance in the soil
solution causing an increase in the pH. According to the above mechanism, acid deposition because of the
cation exchange capacity of the soil - will not cause an immediate response in terms of a lowered pH of the
soil solution; the reaction of the soil solution pH will, therefore, be delayed. It can be concluded that the soil
with a high initial base saturation will take a longer time to reach a lower pH and recover from acidification
than a soil with a low initial base saturation. By the same validation a soil with a low initial base saturation
will take a shorter time to reach a lower pH and a shorter time to recover from acidification.

-

Dissolved organic carbon (DOC) in the soil solution and mineral weathering are also important driving
variables that will affect the charge balance in the soil solution and the related pH. As DOC increases the
concentration of protons in the soil solution will increase causing a decrease in pH. An increase in mineral
weathering, on the other hand, will yield to an increase in the concentration of base cations in the soil
solution. The weathering rate of minerals is positively affected by soil moisture, a high CO2 pressure in the
soil solution and a high Jr concentration. Since weathering is a product-inhibited reaction, as base cations
and aluminum build up in the soil solution the weathering rate will decrease.
Base cation and nitrogen uptake and mineralisation will also affect soil solution chemistry. As uptake ofbase
cation increases the concentration in the soil decreases reducing, in torn, the uptake. Nitrogen uptake, on the
other hand will affect the charge balance in the soil; as a result the pH will increase. Mineralisation of
organic matter in the soil will cause an increase in the concentration of base cation in the soil solution
affecting the charge balance and the related pH.
As a result of the processes described above, acid deposition will, eventually, affect the amount of base
cations and aluminum in the soil solution. If the acid load is high enough, the base cations will build up in
the soil solution and be leached from the soil solution reducing nutrient availability; as a result, the forest tree
stand would be adversely affected. In addition, an increased uptake of aluminum from the soil solution since aluminum is toxic in high concentrations - will also contribute to the forest decline.

6.3

Chemical criterion and the criticallimit

Dynamic modelling of soil acidification is carried out in order to predict when will the forest stand encounter
advers e effects and what will the recovery rate arter a drop in the acid load be. In order to accomplish that a
chemical criterion that connects the atmospheric input to biological effects is needed. According to Aherne et
al (200 I) the chemical criterion can be defined as "the chemical measure affected by atmospheric deposition
that is used to prediet the risk of damage to the biological indicator"; the same study defines the criticallimit
as "the most unfavorable value that the chemical criteria may attain without long-term harmfUI effects to
ecosystem structure and function". The above definitions very clearly illustrate and describe the concepts of
chemical criterion and criticallimit and the link to the concepts of criticalload and forest damage.

10Negative

logarithm

of the H+ concentration.
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The criterion commonly used to translate acidifying deposition to forest damage is the molar ratio of base
cations and aluminum in the rooting zone. The conceptual idea behind the lise of the base cation to
aluminium molar ratio is thai an increase in base cations concentration in the soil solution will foster tree
growth and alleviate aluminum toxicity, whereas an increase of aluminium concentration in the soil solution
will reduce tree vitality. Current evidence suggests thai aluminum is toxic to the plants; the toxic aluminum
species are Ae+, AI(OH)2+,Al(OHh2+ and AI(OHk (Boudot, et al., 1994). Conversely, it has been shown
thai base cations such as Ca, Mg and K can mitigate the toxic effects of aluminum (Cameron, et al., 1986). In
thai respect, the ratio of aluminum and base cations in the soil solution could be considered as a valid
indicator of forest tree damage. This criterion has been accepted as a relevant criterion for the establishment
of criticalloads under the Convention on Long-Range Transboundary Air Pollution (Posch, et al., 1997).
The base cations to aluminium molar ratio, in SAFE, is defined as (adapted from Walse, et al., 1996):
[BC]

(4.3.1)

[Ca2+] + [Mg2+] + [K+]

[Al]

Alinorganic

where Alinorganic
is defined as

(4.3.1)

3x[Ae+]+ 2 X [AIOH2+] + [AI(OH)/]
Alinorganic=

3

A review of literature data on the response of plants to soil solution composition was compiled by Sverdrup
and Warfinge (1993). What was shown is thai there is no universal threshold Be/Al value; the threshold
values will be different for different plants. The following table, adapted from Sverdrup and Warfinge
(1995a), shows threshold values for different tree species.
Tree species
Spruce (Picea abies L.)
PiDe (Pinus sylvestris L.)
Birch (Betula pendula L.)
Beech (Fagus sylvatica L.)

High risk
0.4
0.1
0.8
0.6

Intermediate risk
0.9
0.6
1.0
0.8

Low risk
1.5
1.5
2.5
1.5

Table l: Three alternative sets of[BC]:[AI] ratios for different tree species
In this modelling exercise, the base cation to aluminum molar ratio has been used as the relevant chemical
criterion for connecting acidifying deposition and forest damage; it was assumed thai, in case the ratio attains
values below unity (l) anywhere in the rooting zone, the ecosystem will start encountering advers e effects.
However, there are other criteria thai can be used to connect soil chemistry and biological effects. Those
criteria, among others, incIude soil solution pH, acid neutralising capacity (ANC) and the aluminum
concentration in the soil solution (Aherne, et al., 2001).
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Model set-up and input data requirements

In order to be successfully applied, the SAFE modet needs to be integrated into some kind of a modet set-up.
According to Alveteg and Sverdrup (2001) the modet set-up is defmed as "a scheme in which some mode/
input data are derived using other mode/s". In this modeling exercise other models used to provide data
needed for SAFE were the MAKEDEP (Alveteg, et al., 1998), UPPSALA (Sverdrup and Warfinge, 1995b)
and initSAFE models.
The data thai SAFE needs can be grouped into three main data clusters: the constant input data, the
calibration input data and the time-series input data (obtained with the MAKEDEP calculation routine).
The first cluster - the constant input data

.
.

..
.
.
.

..
..

- includes:

Soillayer height;
Soil moisture content;
Soil bulk density;
Soil surface area;

Partiai CO2 pressure in the soil solution;
Amount of precipitation entering and leaving each soillayer;
Uptake of base cations and nitrogen in each soillayer;
Dissolved organic carbon in the soil solution;
Gibbsite solubility constants;
Cation exchange capacity (CEC);
Mineralogy.

The second cluster is the calibration input data; it consists of the measured base saturation. The calibration of
the modet is performed by varying the initial value of the base saturation until there is maximum possible
agreement between recent measurements of base saturation and modet calculations.

.
.

The third cluster includes the time-series input data; it contains:
Time-series of precipitation and temperature;
. Time-series of deposition;
Time-series of nutrient uptake and cycling.
The following diagram represents the modeling procedure, the MAKEDEP input data, the SAFE data
clusters and the models used (adapted from Alveteg, 1988).
Soil data
Deposition data
Biomass data
Nutrient content data

---

~

Reorganisation

Deposition trends
Harvesting trends

-MAKEDEP

+
Calibration input

7

constan~ in put~e-

initSAFE

~
series input

IniO" <o{dioono
SAFE

.

SAFE output

Figure 2: Schematic diagram ofthe modet set-up
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As it can be seen from the diagram, the first step in the mode!ing procedure is to collect different input data
needed to operate the SAFE and MAKEDEP mode!s. Data have to be organised according to the format
requested by the mode!s. Data are acquired, usually, through various sources; they inc1ude field
measurements, literature surveys, etc. or they can be derived from other data (for e.g. data on mineralogy can
be derived from the chemical analysis using the UPPSALA mode!). Data and data sources used in this
assessment are documented in the chapters that follow.
The second step is to "feed" the needed input data into the MAKEDEP reconstruction mode!. The
MAKEDEP calculation routine reconstructs and projects the time-series of deposition, nutrient uptake and
cyc1ing. It uses deposition trends to scale the actual deposition measured for a certain rear to all years inside
the simulation period. The time-series of nutrient uptake and cycling are reconstructed using a logistic forest
growth curve together with the required input data on forest stand biomass and nutrient content. The output
from the MAKEDEP mode! is used as input for initSAFE and SAFE models.
The initSAFE mode! calculates the initial state; it prints out a file that contains initial conditions. The
simulations are started very early - usually in 1800; it is important to start the simulations so early since it is
assumed that at the time the acidification did not hit in. As a result, soil chemistry was supposed to be at a
steady-state. In other words, the simulation is started from stable conditions. In this war, we can be more
certain that the changes in soil chemistry will reflect the changes in the externalload (load of acidity) and not
the unstable initial conditions (Alveteg, 1998). The initSAFE mode! calculates this initial steady-state.
The file with initial conditions created by initSAFE is used by the SAFE mode!. The SAFE mode! is a
dynamic soil chemistry mode! created in order to investigate the result of acid deposition on forested soils; it
includes the following processes (Alveteg, 1998):
. Deposition, leaching and accumulation of dissolved chemical components;
. Weathering of soil minerals;
. Cation exchange reactions;
Uptake and reactions of nitrogen compounds;
Uptake of nutrient cations;
Equilibrium reactions occurring in the soil solution.

..
.

In the mode!, the soil profile is divided into compartments according to the naturally occurring soil layers.
Each soillayer is considered to be homogeneous with a perfectly mixed soil solution. SAFE uses the initial
conditions created with initSAFE, together with the MAKEDEP output files, and it reconstructs and projects
the change of soil chemistry in time. After the data are process ed and the dynamics of soil chemistry
simulated the results have to be plotted and analysed.
The whole chain of the different steps mentioned above is called the assessment.
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8

Sites

In order to perform the simulations two sites in the region of Mountain Medvednica, Croatia, have been
chosen and modeled. The sites were chosen on the basis of data availability at those sites extensive soil
analysis was performed for each layer inside the soil profile by the Croatian Geological Institute (Galovie,
1998) thus making it possible to confme the input data needed for the SAFE model.

-

8.1

Mountain Medvednica

Mountain Medvednica is located between the Zagreb urban region and the region known as the Croatian
Mountain Range.
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Figure 3: Map ofCroatia with the location of mountain Medvednica
The mountain is comprised of two entities: the mountain Zagrebacka Gora and the mountain Zelinska Gora.
The mountain Zagrebacka Gora is a very compact mountain block and it peaks at a height of 1035 m
(Sljeme); the mountain Zelinska Gora is not so compact and it peaks at a lower height (574 m - Drenova).
The mountain complex extends in the north-eastem direction for forty kilometres and it is fifteen kilometres
wide. The mountain is lined by the Krapina, Sava and Zelina rivers.
Mt. Medvednica is characterised by a mixed beech (Fagus sy/vatica L.) and spruce (Picea abies L.) forest in
the upper mountain belt and by a mixed oak (Quercus petrea L.) and hombean (Carpinus betu/us L.) forest
in the lower mountain belt. Although Mt. Medvednica is not inhabited by humans it is situated near the
Zagreb urban region. Thus, the anthropogenic influence can be considered substantial.
The sites of interest, Brestovac and Grohot, are situated in the region of the entities Zagrebacka Gora and
Zelinska Gora respectively. The sites are similar in terms of vegetation and soil characteristics. The map
below shows the approx. location of the modeled sites.
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Figure 4: Map of mountain Medvednica with locations of the sites
8.1.1

Brestovae

(B)

The site Brestovac is located in the entity of Zagrebacka Gora (45°45'N; 15°45'E). The soil profile is
. characterised by the following soillayers: A - Bw - C (FAO, 1990). The depth of the layers is 14, 19 and 37
cm respectively. The soil type is Dystric Cambisol (FAO-ISS-ISRlC, 1998). The soil has low day and high
sitt content. The organic content is relatively high in the uppermost soillayer (6%); in the second and third
soillayer the organic content is low «1%). The soil total depth is 70 cm. The measured base saturation in
1998 was 15,32% in the uppermost soillayer and 31.35% in the Bw larer. The forest, at the site, is a mixed
forest ofbeech (Fagus sylvatica L) and spruce (Picea abies L).

8.1.2

Grohot (G)

The site Grohot is located in the entity Zelinska Gora (45°45'N; 16°15'E). The soil profile is comprised of
layers A - Bw - BwC (FAO, 1990). The depth of the soil horizons is 9, 57 and 22 cm respectively. The soil
type is Dystric Cambisol (FAO-ISS-ISRlC, 1998); the soil is characterised by a high sitt content, which
varies from 66% in the uppermost larer to 44% in the lowest larer (BwC). The organic content is approx.
10% in the first soillayer; it drops below 1% in the second and third soillayer. The base saturation is low
compared to the site Brestovac (6.98%, 4.36% and 6.87% in the three respective layers). A beech (Fagus
sylvatica L) forest characterises the site.
More information on soil properties at the Brestovac and Grohot sites can be found in Galovie (1998).
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Data collection

9.1 Climate and hydrology data
The data set associated with hydrology and climate that SAFE needs in order to perform the calculations
includes:
The amount ofprecipitation that enters the soil (infiltration);
. Data on soil moisture;

.
..
.

Uptake ofwater from each soillayer;
Runoff;
Temperature.

When conducting this modeling exercise we assumed that all the precipitation that reaches the soil surface
enters the first soillayer; thus, no surface runoff was considered. For soil moisture default data given in
Warfinge and Sverdrup (1995a) were used. The runoff at the different sites was derived from the study
"Mapping Critical Loads of Acidity for Forested Ecosystems ofNorthwestem Croatia" (Jelavic, et al., 1998).
The uptake of water from each soil layer has been evenly distributed among the three soil layers. The
temperature was set at a long-term (30 years) average measured air temperature at a nearby site (Puntijarka);
data on precipitation and temperature were obtained from the Croatian Hydrometeorological Institute. The
climate and hydrology data used are summarised in table 2 and 3.
Site
Brestovae
Grohot

0.900
0.900

0.124
0.148

6.200
6.200

Table 2: Climatic and hydrological input data

9.2

Soil data

The soil data set was obtained from the Croatian Institute for Geological Research. As mentioned before, the
data were derived from soil analysis performed on soil profiles at the sites Brestovac and Grohot in the
region of Mt. Medvednica (Galovie, 1998). It must be stated that it was not possible to confme site-specific
data for all soil input data; in that respect, for the apparent gibbsite equilibrium constant, the concentration of
dissolved organic material in the soil solution and the partiai pressure of carbon dioxide in the soil solution,
default values compiled by Sverdrup and Warfmge (1995) were used. The surface area was derived from
particle size distribution Il. The uptake of base cations (Bc) and nitrogen (N) was assumed proportional to the
amount of fine root biomass in the soil; the amount of fine root biornass, generally, decreases with depth so it
was assumed that the distribution of roat biomass and the related percentage of the total uptake of Bc and N
is 40/40/20 in the respective layers (1, 2 and 3). The soil parameters used to operate the model are presented
in table 3.

II Asurface

= (Xclay8.0 +

Xsilt2.2 + XsandO.3) p/lOOO.
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Unit
1

Soi11ay.height.
Soi1moist. cont.
Soi1b. dens.
Surf. area
CO2 press.
%prec.ent.1ay.
%prec.1eav.1ay.
Cat.uptake
Nitr. uptake
DOC
pk gibbsite
CEC
Base saturation

m
%
kg/m3
106*m2/m3
Xatm
%
%
%ofmax
%of max
mg/1
kmo12/m3
meq/1 OOOg

%

0.14
0.20
300.00
0.68
10.00
100.00
70.00
40.00
40.00
50.00
6.50
34.50
15.32

Brestovae
2
0.19
0.20
1000.00
2.21
20.00
70.00
40.00
40.00
40.00
20.00
7.60
20.50
31.35

3
0.37
0.20
1200.00
6.19
20.00
40.00
14.00
20.00
20.00
5.00
8.60
37.50
31.35

1
0.09
0.20
300.00
0.77
10.00
100.00
70.00
40.00
40.00
50.00
6.50
45.00
6.98

Grohot
2
0.57
0.20
1000.00
3.29
20.00
70.00
30.00
40.00
40.00
20.00
7.60
15.50
4.36

3
0.22
0.20
1200.00
3.39
20.00
30.00
16.00
20.00
20.00
5.00
8.60
11.00
6.87

Table 3: Layer specific soil input data

9.3 Mineralogy
The mineralogy was derived, with the UPPSALA model from the total elemental analysis performed at the
site (Galovie, 1998). The following table represents a fraction of the total weight of different minerals at the
two sites used in SAFE.
Brestovae
Mineral

% oftot.
I

1

2

Grohot
3

1

2

3

K-Fe1d.

12.5

1.8

4.2

15.0

15.1

13.8

P1agioc1ase
A1bite

30.4

55.2

40.3

20.4

19.3

18.2

0.0

0.0

0.0

0.0

0.0

0.0

Homb1ende

1.2

21.1

6.5

8.3

1.4

0.3

Pyroxene

0.0

0.0

0.0

0.0

0.0

0.0

Epidote
Gamet
Biotite

0.7

3.5

1.5

0.5

0.3

0.0

0.0

0.0

1.1
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

15.5

4.3

6.5

18.0

18.1

16.5

2.1

0.0

6.1

0.0

0.0

0.0

Vermicu1ite

8.0

5.2

0.1

1.6
0.0

7.6

Apatite
Kaolinite
Ca1cite

6.9
0.0

9.5

0.0

0.0

0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

Muscovite
Ch1orite

Table 4: Mineralogy

data
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9.4

Atmospheric deposition data

Time-series of atmospherie deposition were obtained using the MAKEDEP ealculation routine. In order to
reeonstruet the historie deposition MAKEDEP fises general deposition trends; it seales the deposition valnes
given to the deposition trends that are speeified in the dep.hist file. Sulphur and nitrogen deposition trends
were partially obtained from Swiss data (Kurz, et al., 1998) (1700-1960) and partially derived from
International Institute for System Analysis (HASA) deposition hindeasts and foreeasts (1960 2010) for the
150x150 EMEP grid in whieh the sites Brestovae and Grohot reside (data not Jet published). From 2010
until21O0 it was assumed that the deposition trend for sulphur and nitrogen would remain eonstant. The base
eation deposition trend was assumed eonstant throughout the simulation period. The reeonstrueted relative
deposition eurves for sulphur and nitrogen are shown in figure 5.
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Figure 5: Relative deposition eurves for sites Brestovae and Grohot

9.5

Measured deposition data

Throughfall deposition valnes were obtained for the year 1997 from the Croatian Hydrometorological
Institute. There were no data on wet or dry deposition. Therefore, it was assumed that 90% of the throughfall
deposition is to be alloeated to wet deposition, whereas the rest (10%) is to be alloeated to the dry
depositionl2 (Fijan-Parlov, 2001). The deposition valnes where not measured at the sites that were modeled
but at a site nearby. Since both sites are in proximity to the site where the deposition was aetually measured,
it was assumed that the same deposition valnes apply to the modeled sites. The measured deposition valnes
are presented in table 5.

so/Brestovae
Grohot

0.79
0.79

Ca2+ Mg2+ K+ Na+ cr
NO)- NH/
(keq/ha*yr)
0.57 0.90 0.12 0.03 0.40 1.50 0.24
0.57 0.90 0.12 0.03 0.40 1.50 0.24

Table 5: Measured throughfall deposition

12Under the assumption that throughfaIl = wet dep. + dry dep.
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9.6 Nutrient uptake and cycling
The time-series of nutrient uptake and cycling were reconstructed and projected using the MAKEDEP
reconstruction model.
There was a lack of site-specific data needed for operating the MAKEDEP model. However, an average
volumetric content of wood per forested area (Croatian Ministry of Environment, 2001) for Croatia as well
as data on tree density of various species (Burschel, et al., 1993) was available. It was assumed that the
average volumetric content of wood per forested area applies to the modelled sites. In the cage of the mixed
beech and spruce forest, it was assumed that 50% of the wood volumetric content is to be allocated to beech
and 50% to fil; on the basis of this and the information on tree density the relative biomass per forested area
for each species was derived. 90% of the biomass was allocated to the stem whereas 10% of the biomass was
allocated to the canopy13.
Data on the nutrient content were compiled from literature (Leonardi, et al., 1996; Kubin, et al., 1983). The
relative biomass was used to scale the nutrient content of each species. The nutrient content was then added
and entered as a single input valne in MAKEDEP. The literfall yearly rate for coniferous forests was
assumed to be 0.2; for deciduous trees the litterfall yearly rate was 1.
In the following table, the data set used to reconstruct nutrient uptake and cycling is given.

Planting year
Yearly harvest
Total biomass
Nutrient conc. in the stem
N
Ca
Mg
K
Nutrient conc. in the canopy
N
Ca
Mg
K

%
kg dw/m2
glkgdw

Sites
restovac
Grohot
1700
1700
1.5
1.5
9.335
11.196
0.200
0.800
0.200
1.000

3.320
2.080
0.520
4.600

9.300
6.100
1.100
9.300

9.800
5.820
1.020
8.020

g/kgdw

Table 6: Biomass input data
The MAKEDEP simulation was started in 1700 since a mature forest was needed at the beginning of the
SAFE simulation period (1800).
Regarding the harvest rate at the modelled sites, it was assumed that an average harvest valne for Croatia
measured for 1989 applies to Brestovac and Grohot. In addition, it was assumed that harvest practices started
in 1930 and were constant until the end of the simulation period.
The quaiity of input data used in MAKEDEP to reconstruct the nutrient uptake and cycling is c1early
something that needs to be improved in the future modelling exercises.

I3Under the assumption that total biomass = stem biomass + canopy biomass.
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10 Simulation results
The simulated period inc1udes the time spaD between 1800 and 2100. All three layers inside the soil profile
were simulated. For the site Brestovac information on base saturation for the third soillayer was missing;
therefore, it was assumed that the measured base saturation in the third soillayer has the same valne as the
base saturation in the second soillayer.

.
.
.

The trends in soil acidification were investigated by means of the following indicators:
pH in the soil solution;
. base saturation;
molar ratio of base cations and aluminum in the soil solution.
The reasons why those indicators were chosen are:

.

.

The pH in the soil solution allows us to reconstruct and predict will the soil become acidified and
what will the rate of acidification, eventually, be.
The simulated base saturation offers insight inta the exchangeable pool of nutrients in the soil. If the
acid load is high enough, the base cations will be driven from the cation exchange complex inta the
soil solution; as a result, base saturation will plunge. In that respect, the base saturation can be
considered as a valid indicator of soil acidification and recovery.

-

The molar ratio of base cations and aluminum integrates the evolution of two variables the base
cation concentration and the aluminum concentration in the soil solution. In this modeling exercise,
this was the chemical criterion used to connect the soil chemical status and forest damage; if the ratio
drops below l anywhere in the rooting zone it has been assumed that the forest stand at the site will
start experiencing adverse effects.
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Brestovae

10.1.1 pH in the soil solution
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Figure 6: Simulated change of soil solution pH at the Brestovae site
Soil acidification at the Brestovae site started in 1830 and it lasted up to 1980. The decrease in pH is most
pronounced during the period between 1950 and 1980 - a period characterized by a high acid load. At the
beginning of the simulation period the pH in the soil solution in the uppermost soil horizon had a value of
5.0. From that time until1985 there was a constant drop in soil solution pH. The lowest pH value (3.6) was
reached in 1984. The rate of decline was 0.032 units annually. In 1985, arter a drop in the acid load (Figure
7), the pH in the soil solution started to increase gradually, indicating that the ecosystem started undergoing
recovery. The pH in the uppermost soillayer levels out at 3.8 in 2030. In the second soillayer the pH will
not fluctuate as much and will only slightly drop from 6.6 in 1800 to 6.0 in 2100. Soil solution pH in the
third layer will remain fairly constant throughout the simulation period.
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Figure 7: Simulated change of pH in the atmospheric deposition at the Brestovae site
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10.1.2 Base saturation
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Figure 8: Simulated change in the base saturation at the Brestovac site
The decrease in base saturation is most pronounced in the uppermost soil layer. In this layer the base
saturation started to drop in 1840 and it kept on decreasing until 1990; a more drastic decrease can be
observed in the period between 1950 and 1990 due to a high acid load. The base saturation during the
simulation period ranged from an exceptionally high valne of 80% to a very low valne of 15%. The base
saturation in the flest soillayer levels out in 2030 at approx. 20%. The time needed for recovery, arter a drop
in the acid load, is approximately 40 years (1990-2030). In the second soillayer the simulated base saturation
had an initial valne of 20%. The decrease, in the second layer, is especially accentuated in the period arter
1980. The base saturation in the second layer is expected to decrease even arter 2100. The base saturation in
the third layer will remain fairly constant unti12062; after that it will start to drop slowly.
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10.1.3 Molar ratio ofbase cations and aluminum
In the following graph only the change in the Bc:AI ratio in the uppermost soillayer is plotted; the ratio in
the second and third soillayer doesn't approach the criticallimit (the value stays above 1000). The reason is
a much higher input of base cations to the soil solution, in the second and third soillayer, through mineral
weathering compared to the first soillayer. The average input of base cation to the layers is 0.07, 0.68 and
2.14 kEq/ha/yr in the respective layers (1, 2 and 3).
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Figure 9: Simulated change in the molar ratio of base cations and aluminum for the uppermost soillayer at
the Brestovae site
The molar ratio of base cations to aluminum in the first layer decreased by several orders of magnitude
during the simulation period. According to SAFE simulations, at the Brestovae site the criticallimit (1) will
not be reached at any point of time. The base cation to aluminum molar ratio has droppe d until 1986. The
lowest value, reached in 1986, is 5.32. Afterwards, the ratio increased and willlevel out at a value of 18 in
approx. 2030. It can be concluded that, under the current atmospheric deposition scenario, the tree stand at
the Brestovae site will not encounter any adverse effects at any point in time throughout the simulation
period.
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10.2 Grohot

10.2.1 pH in the soil solution
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Figure 10: Simulated change of soil solution pH at the Grohot site
The soil pH at the Grohot site, in the uppermost layer, will start to decrease in 1810 and it will keep on
plummeting until1982; the drop is most accentuated in the period arter 1950. During this period, the pH will
change from 5.01 to 3.58; the rate of change is 0.031 units annually. After a drop in the acid load in 1978
(Figure 11) the ecosystem will start slowly to recover. The pH will level out at the valne of 3.8 in 2020. The
change in the pH in the second soillayer will not be so evident. The soil solution pH in this layer will not
change much throughout the simulation period; according to the simulations, it will drop from 7.01 in 1800
to 6.58 in 2100. In the third layer a more or less constant drop in the pH of the soil solution can be observed;
it drops from 7.29 in 1850 to 6.98 in 2100.
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11: Simulated change of pH in the atmospheric deposition at the Grohot site
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10.2.2 Base saturation
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Figure 12: Simulated change in the base saturation at the Grohot site
The base saturation in the uppermost larer, at beginning of the simulation period, was 77 %. It started to be
depleted in 1850 (approx.) and it reached the value of 4% in 1981. After a drop in the acid load, the base
saturation started to increase; the base saturation at the Grohot site will Teach a value of 8% in 2020 and it
will star so till the end of the simulation period. In the second and third larer the base saturation will start to
decrease in 1975; it will keep on declining until 2020. The base saturation, arter a drop in the acid load, in
larer 2 and 3 will level out at 3.8% and 5% respectively.
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10.2.3 Molar ratio ofbase cations and aluminum
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Figure 13: Simulated change in the molar ratio of base cations and aluminum for the uppermost soillayer at
the Grohot site
The molar ratio of base cations and aluminum was plotted just for the [mt layer since the value in the second
and third layer stays weIl above the criticallimit due to a high input of base cations through weathering. The
average input of Be to the soil solution through weathering is 0.09, 1.0175 and 0.343 kEq/ha/yr in the layers
1,2 and 3.
As it can be seen from the graph, the ratio drops by several orders of magnitude compared to historie leveis.
The decrease is accentuated especiaIly after 1950. The lowest value, of 4.01, was reached in 1978. However,
the ratio will start rising arter a drop in the acid load reaching a value of 31 in 2020. It can be concluded thai
the critical value will not be violated and thai the site Grohot as weIl as the site Brestovae will not
encounter any advers e effects under the current deposition scenario.
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11 Uncertainties
Uncertainties in this modeling exercise have different origins. In this charter only the uncertainties in terms
of input data are diseussed. They can be grouped as follows:
Uneertainties rooted in spatial variations of the soil characteristies;
Uncertainties related to the standardized data set used (Warfinge and Sverdrup, 1995a).
. Uneertainties in deriving the mineralogy;
Uneertainties in reeonstrueting time-series of deposition, nutrient uptake and eycling.

..
.

The uneertainties rooted in spatial variations arise from the faet that soil eharacteristies were analys ed at Olle
point in the forested area. Soil parameters at that speeifie point were assumed to be valid for the whole
forested area. It is understandable that there are spatial variations in the soil eharaeteristies and that
extrapolating data from a point souree to the whole area of the eeosystem in question will generate
systematie erfors in the modet output.
The standardized data for soil moisture, bulk density, dissolved organie earbon, partial pressure ofCOz in the
soil solution and the gibssite solubility eonstants were eompiled for Swedish soils; Croatian values eould
deviate from the data used.
The mineralogy was reconstrueted from total ehemical analysis using the Uppsala model. The Uppsala
modet was not ealibrated for Croatian soils; in that respeet the mineralogy cannot be eonsidered as being
eompletely aeeurate. The release of base eations from soil minerals through weathering is an important
souree of base eations; therefore it eonstitutes an important faetor for mitigating the effeets of soil
aeidifieation (Hodson, et al., 1996). Soil mineralogy is affeeting the weathering rates and as a result the
eoneentration of base eations in the soil solution would be affeeted also. From the above, it is obvious that
the weathering rates have to be ealculated as aeeurately as possible since this would affect strongly the BelAl
ratio in the soil solution and the result of no violation of the ehemieal eriterion in the soil. In that respeet, it is
extreme ly important that soil mineralogy is as precise as possible. In order to prediet how soil mineralogy
affeets the BelAl ratio in the soil solution a sensitivity analysis should be performed. Performing a sensitivity
analysis is beyond the seope of this pareT; however, a brief description of how sueh an exereise eould be
performed will be deseribed below.
To analyse how sensitive the output in terms of BelAl ratio is to the mineralogy used the simulations should
be performed with Olle mineral at a time being varied between the min. and max. values. The different
eonstrueted mineralogies should be all eonsistent with the total chemieal analysis. A similar exercise was
performed by Hodson et al. (1996) for the PROFILE mode!; PROFILE, as well as SAFE, uses a submodel to
ealculate weathering rates for different minerals using information on mineralogy, surfaee area and soil
solution ehemistry (Alveteg, 1998). The results from the study showed that the response in terms of
weathering rates is very sensitive to the specified mineralogy, in addition to other data sueh as soil
temperature, surface area, moisture eontent and soil bulk density. It eould be, therefore, expeeted that
uneertainties and erfors in mineralogy will have a strong impaet on the weathering rates and the status of the
chemieal eriterion (BeiAl) in the soil. Generally, it can be stated that if the mineralogieal composition of the
soil has been underestimated the ealculated weathering rates will be smaller and as a result the input of base
eations to the soil solution will also be smaller; as a result the calculated BelAl ratio would drar. By the
same rationale, if the mineralogy has been overestimated the weathering will be higher and as a result the
molar ratio of base eations and aluminum in the soil solution would be also higher. However, what would be
the magnitude of ehange and will a speeified variation in the rnineralogy cause a drop in the BelAl below 1
can be predieted only by aetually performing the simulations and quantifying the change.
When reeonstrueting and projecting time-series of deposition, nutrient uptake and eycling there was a lack of
site-specifie data. Deposition baekeasts (1800 - 1960) were derived using Swiss deposition trends that
probably differ from Croatian trends. Measured wet + dry deposition was extrapolated from a site nearby
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(puntijarka). Differences in wet deposition between sites may arise from different amount and/or frequencies
of rainfall and fog. On the other hand, since dry deposition depends on the filtering effect of the canopy,
differences in dry deposition may arise if the sites differ in terms of stand age and tree species composition.
The nutrient content was compiled from the literature. Nutrient content at the sites that were modelled could,
however, differ.
In relation to the biomass data, in this exercise, average biomass and harvest valnes for Croatia have been
assumed to apply to the modelled sites (Brestovac and Grohot). In addition, allocation of biomass between
stem and canopy was guessed. It is obvious that the situation at the simulated sites could differ substantially
from the valnes osed. In order to analyse the importance of biomass input data and the effects it could be
having on the result, 20 % variability was added to the biomass and the simulations were performed
accordingly. The modet output investigated is the base cations and aluminum molar ratio; the question that
was attempted to be answered was if a change in the biomass input data would affect significantly the result
of no violation of the chemical criterion in the soil (Bc:AI molar ratio) at the modelled sites. Different
biomass inputs could affect other modet outputs (pH in the soil solution, base saturation, etc.) in a different
ways than they affect the Bc:AI molar ratio. In that respect, it has to be noted that the purpose of the
following simulations was not to observe how sensitive the modet is to the biomass input parameters hut how
variations in those input data will affect the chosen chemical criterion in the soil. Only the uppermost soil
horizon was plotted since the change in the modet output, in terms of the molar ratio of base cations and
aluminum is not so accentuated in the second and third soillayer.
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Figure 14: Simulated change in the Bc:AI molar ratio in the uppermost soil larer according to different
biomass valnes at the Brestovac site
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Figure 15: Simulated change in the Bc:AI molar ratio in the uppermost soil layer according to different
biomass valnes at the Grohot site
As it can be seen, varying the biomass by 20% will not affect much the Bc:AI ratio in the uppermost soil
layer, at both sites. Therefore, even if the actual biomass valne at the site was underestimated or
overestimated the result will be unchanged meaning that there will be no violation of the critical valne of the
molar ratio of base cations and aluminum in the soil solution; thus, under the different biomass scenarios the
forest tree stand will not encounter damage.
Site-specific data on harvest history were also lacking. An average valne (1.5%) for Croatia calculated for
1989 has been assumed to apply to the modelled sites (Brestovac and Grohot). In order to observe how
different harvest practices affect the model output two additional scenarios were performed. The first
scenario was performed according to the harvest rate of 0.5% annually, whereas the second scenario included
a harvest rate of 5% annuallY'
-
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Figure 16: Simulated change in the Bc:AI molar ratio in the uppermost soillayer according to the different
harvesting scenarios at the Brestovac site
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Figure 17: Simulated change in the Bc:AI molar ratio in the uppermost soillayer according to the different
harvesting scenarios at the Grohot site
As it can be seen from the graph, the different scenarios in term of harvest rate will not cause the BclAl ratio
to plunge below 1. It can be concluded that even if the harvest rate is over or underestimated there will be no
adverse effects on the forest stand at both sites during the simulated period.

12 Discussion
As it can be clearly seen from this study, simulations with the dynamic soil chemistry model SAFE can be
performed in the Republic of Croatia. What has been presented in this report are two single site applications.
It must be realised, however, that if such mode1ling exercises are to be performed on a regional scale, the
current input data set will have to be complemented with additional information. Croatia has an extensive
soil database (Martinovie and Vrankovic, 1990) that is able to cover almost all soil input data needed to fUll
dynamic simulations. Some data needed, which are not included in the database, are data on soil moisture
and soil bulk density. It is possible to obtain those data from the Forestry faculty at the University of Zagreb.
In this study, due to the limited amount of time and political reasons it was not possible to get hold of such
site-specific input data and default valnes compiled by Sverdrup and Warfinge (1995a) were used instead.
On the subject on data regarding soil mineralogy it must be said that the geochemical map of Croatia
provides data on chemical composition of the soil at a depth of 20 cm. If the simulations are to be performed
on other sites it will be necessary 1) to calibrate the Uppsala model to Croatian conditions 2) to extrapolate
the mineralogy to alllayers inside the soil profile.
The input parameters that are missing and will be critical for performing additional simulations are the base
saturation and the re1ated cation exchange capacity (CEC). Those parameters are vital for performing
dynamic simulations since they dictate the changes of soil chernistry in time. The two single-site assessments
presented in this study were possible due to extensive soil analysis carried out for each soillayer inside the
soil profile at the sites Brestovac and Grohot at the Mt. Medvednica as a part of ms. Lidija Galovie master
thesis, developed under the patronage of the Croatian Institute for Geological Research. Such analyses were
not performed on alarger scale making it impossible, currently, to accomplish such modelling exercises at
other sites.
A propos the input data needed for reconstructing time-series of deposition, nutrient uptake and cycling it
must be noted that average valnes for Croatia were used. However, site-specific information exists in the
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National Forest Management Database; again, due to the limited time involved and political reasons it was
not possible to obtain those data. A positive point that can be drawn is that additional resources in terms of
funding will not be not needed in order to confine the MAKEDEP input data set.
The actual simulations performed at the two sites show that the soil will become acidified and that the
ecosystem will not fully recover arter a drop in acidifying deposition. An interesting thing is to observe the
dynamics of pH of wet and dry deposition and the dynamics of soil solution pH. As it can be seen, the pH of
the deposition does not drop at the beginning of the simulation period at both sites; on the other hand, during
the same period, the soil solution pH drops. The explanation of this observation lies in the fact that the
acidifying capability of ammonia is related to the process of nitrification in the soil and not to atmospheric
reactions. As a matter of fact, ammonia can even act as a base in aqueous solutions and neutralise the
incoming acidity - this why the pH of the deposition doesn't drop. Once ammonia reaches the soil, however,
it becomes nitrified and as a resfilt the soil becomes acidified.
The chemical criterion in the soil, however, will not be violated at any point in time at both sites (Brestovac
and Grohot). It can be concluded that those sites are not very likely to encounter any damage in the future. In
this respect, it has to be realised that the valne of 1 of the molar ratio of base cations and aluminum in the
soil solution has been chosen as the critical threshold. However, some tree species could encounter damage
even at higher valnes. In that respect, since the lowest valne reached by the variable was 5.32 in 1986 at the
site Brestovac, and 4.01 in 1978 at the site Grohot it can be argued that those sites, at that time, were at a low
risk of encountering adverse effects. After a drop in acidifying depositions the ratio will, however, rise again
to safe leveis.
What is interesting to observe is a comparison with the critical loads calculation performed at the sites.
Critical loads of acidity were computed with the Simple Mass Balance (SMB) method for sites Brestovac
and Grohot (Jelavic, et al., 1998). The resfilt from the 5MB application was that criticalloads of acidity are
not exceeded under the current deposition. The results obtained with the dynamic simulations confirm the
results obtained with the 5MB method. It would be interesting to simulate the dynamics of soil acidification
at sites were critical loads were exceeded and see 1) if the results from dynamic simulation would
substantiate the 5MB results and 2) when the exceedance in the criticalload would translate into a violation
of the chemical criterion in the soil. In Croatia, there are two such sites in the region of Gorski Kotar;
unfortunately, crucial information on base saturation and cation exchange capacity were missing and it was
therefore not possible to perform dynamic simulations at those sites.
The results presented in this report should be taken onlyas tentative; this is mainly due to a lack of some
site-specific data osed in the MAKEDEP calculation routine. By simulating the different scenarios in terms
of biomass and harvest history an attempt has been made to see how adding variability to input data that
were roughly estimated would affect the resfilt in terms of the molar ratio of base cations and aluminum. The
resfilt show that 20% variability in biomass input data and different harvest practices will not have a strong
impact on the chemical criterion in the soil and that the criterion will stay, according to all scenarios, above
the critical threshold for all sites.
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13 Prospects on future work
This study showed that Croatia has a very large soil and forestry database that could be osed to confme the
input data needed for the PROFILE mode!. Since the PROFILE mode! computes criticalloads with a higher
accuracy, it could and should be osed in addition to the 5MB method for computing criticalloads of acidity
for Croatian soils. In order to accomplish that, since PROFILE needs data on mineralogy, the Uppsala model
would have to be calibrated for Croatian soils and factors for extrapolating the mineralogy to alllayers inside
the soil profile should be also defined. Once this is accomplished it is just a matter of collecting the right
data, organizing them and running the mode!. After critical loads of acidity have been regionally assessed
with PROFILE a more accurate picture on critical load exceedances for the region of Croatia would be
obtained. On the basis of such assessment the sites with an exceedance of the critical load should be
simulated with dynamie models.

14 Conclusions
The most important conclusions that can be attained from this study are the following:

.

.
.
.

.

.

Dynamie soil chemistry simulations with SAFE can be performed in the Republie of Croatia;
In order to perform simulations on a regional scale the current data set will have to be
complemented with additional data on base saturation and cation exchange capacity (CEC);
The available input data set can be osed to confine the PROFILE mode! on a regional leve!; in
that respect the Uppsala mode! will have to be calibrated for Croatian soils and factors for
extrapolating the mineralogy to alllayers inside the soil profile would have to be devised.
The objectives with respect to future critical load calculations should be refined; critical loads
should be computed with the PROFILE mode! (in addition to the 5MB methodology) and sites
with an exceedance of the criticalload should be assessed by means of dynamie models.
The soil at both simulated sites has undergone acidification. The simulated decrease in pH and
bas e saturation is most marked during the period between 1950 and 1985. After 1985 there is a
halt in soil acidification; this time is consistent with the drop in acidifying depositions;
The chemical criterion in the soil solution will not be violated under the current deposition
scenarios at any point in time throughout the simulation period at both sites. The sites are,
therefore, not very likely to encounter any forest damage in the future. The forest tree stand will
be at the greatest risk between 1975 and 1990 when the chemical criterion in the soil will reach
the lowest leveis.

15 Take borne rnessage
Croatia has a long forestry and pedological tradition; therefore, it has a very large database that covers most
of the input data required by the PROFILE and SAFE modets. In that respect, it would be a pity not to assess
criticalloads regionally with the PROFILE mode! and complement the current data set with additional data
on base saturation and cation exchange capacity (CEC) for the sites where criticalloads have been exceeded
and ron dynamie simulations. Such assessment would aid in establishing Croatia further as a modem
European country able to apply the best science available and fulfil, at an early stage, all the future
requirements of the Convention on Long-Range Transboundary Air Pollution thus contributing strongly to
the principles of Sustainable Development.
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