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A dynamic soil model SMART2 has been developed to estimate long-term chemical
changes in soil and soil water in response to changes in atmospheric deposition. The
aim of this study was to rank the input parameters on the basis of their contribution to
model uncertainty in order to determine which additional data would best improve the
reliability of predictions. The Monte Carlo technique was used in combination with
regression analysis. The uncertainty study was conducted for stream water pH and NO3

concentration and for soil base saturation. Parameters defining nutrient mineralization
in soil and plant uptake of nitrogen and base cations were also studied. Nitrogen uptake
was mainly influenced by N concentration in stem and leaves, but also by parameters
defining N mineralization in soil and N denitrification. Weathering rates and nutrient
concentrations in vegetation appear to be the most important inputs explaining base
saturation of mineral soil, NO3 concentration and pH of stream water.

Introduction

Natural environmental systems are complex and
modelling of the biogeochemical processes may
lead to complex model structures and large num-
bers of parameters. Model parameters are often
difficult to determine because data available for
parameter estimation is often sparse in relation
to the model complexity. Uncertainty analysis
techniques can be used to evaluate the relative
influences of different parameters on model out-
put variables and to find out the key input pa-
rameters, by which the model performance can

be improved most. The Monte Carlo technique
is often used for the sensitivity analysis and un-
certainty assessment, recently for example by
Soutter and Musy (1999) and Kuczera and Par-
ent (1998). Kros et al. (1999) attempted to quan-
tify the uncertainty in long term forecasts of soil
acidification resulting from the uncertainty in
input data. Forecasts were made by SMART2 in
European scale.

The soil acidification model SMART (Sim-
ulation Model for Acidification’s Regional Trends)
was developed to relate the response of soil and
soil water quality to atmospheric input (deVries
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et al. 1989, Posch et al. 1993). The second ver-
sion of the model, SMART2, has been extended
to include processes of litter fall, root decay,
mineralization and root uptake of nutrients, as
well as canopy interactions (Kros 1995). A cali-
bration and a description of the general behav-
iour of the model, applying it to a forested
catchment in Finland, is described in Ahonen et
al. (1998).

SMART2 was applied to a forested catch-
ment in eastern Finland in order to study the
effect of reduced atmospheric deposition and
forest clearcutting on the ecosystem (Kämäri et
al. 1998). In the study catchment, deposition
was low and the forest was mature. Nutrient
uptake has a more significant effect than deposi-
tion reductions on the state of the ecosystem at
low deposition sites (Holmberg et al. 2000). Ni-
trogen is considered to be the growth-limiting
factor in these types of terrestrial ecosystems.
Low inputs by atmospheric deposition and the
low leaching losses, generally less than a few kg
N ha–1 a–1 (Gundersen and Bashkin 1994), indi-
cate that conifer systems are very efficient in
retaining nitrogen. The internal cycle of nitrogen
in soil-plant systems is of great importance for
nitrogen availability for vegetation. Internal cy-
cling includes litter production of trees, litter
decomposition in soil and mineralization of nu-
trients, as well as tree growth uptake of nutri-
ents.

SMART2 is a relatively new model and the
aim of this study was to analyse the effect of
input uncertainty to SMART2 model output in
order to become familiar with the model behav-
iour. The UNCSAM (Uncertainty analysis by
Monte Carlo SAMpling techniques) software
package (Janssen et al. 1992) was used to per-
form uncertainty analyses for calibration studies
to determine which additional data or measure-
ments would most improve the reliability of pre-
dictions. UNCSAM applies Monte Carlo sam-
pling in combination with regression and corre-
lation analysis to perform sensitivity and uncer-
tainty analysis. Latin Hypercube Sampling tech-
nique (Iman and Conover 1982) was used to
reduce the computation load. In particular, the
uncertainty of parameters determining the inter-
nal nutrient cycle and nutrient uptake were eval-
uated, because they play an important role in

northern boreal forests and there is often insuffi-
cient data to calibrate them. Both mineralization
and vegetation uptake of nitrogen and base cati-
ons were included in the input uncertainty anal-
ysis in order to identify the most important pa-
rameters in the internal cycle. Base saturation of
mineral soil and litter layer, and pH and NO3

concentration of stream water were included in
the input uncertainty analysis, as they represent
the main output variables of the model.

Materials and methods

Catchment description

The analysis of SMART2 was carried out by
applying the model to the forested Kangasvaara
catchment in eastern Finland (63°51´N, 28°58´E).
It is one of the study catchments of the Finnish
Forest Research Institute, and a description of
vegetation, soil and water quality monitoring is
presented in Finér et al. (1997). The main soil
types of Kangasvaara are rather thin, weakly de-
veloped iron podzols, peaty podzols and shallow
fibric histosols. The soils have developed on
shallow (often < 2 m) stony to very stony till
materials. The area of the catchment is 56 ha,
and 8% of it is peatland. All of the land in the
catchment is classified as forestry land and most
of the catchment is covered by a 145 year-old
forest. Dominant tree species are Norway spruce
(54%), Scots pine (30%), birch and other decid-
uous trees (16%).

Meteorological data was obtained from an
automatic weather station located in the Kangas-
vaara catchment. Bulk deposition is monitored
with collectors installed close to the automatic
weather station. Atmospheric deposition is gen-
erally low, only about 2 kg N ha–1 a–1. Tree stand
variables were collected from a network of per-
manent circular measurement plots during 1990–
1992. Soil sampling was carried out on the same
measurement plots and runoff from the catch-
ment was recorded at a stream discharge gauging
station. Stream water samples were taken once a
month during summer and winter and twice a
month during spring and autumn. The input data
used for the model calibration have been de-
scribed in more detail by Finér et al. (1997).



149BOREAL ENV. RES. Vol. 6 • Input uncertainty analysis of SMART2

SMART2 model

The SMART2 model (Kros et al. 1995, Mol-
Dijkstra et al. 1998) is an extended version of
the SMART model (De Vries et al. 1989), de-
veloped to estimate long-term chemical changes
in two soil layers and in soil water in response to
changes in atmospheric deposition. The model
structure is based on the anion mobility concept,
by incorporating the charge balance principle
(Reuss et al. 1987). SMART2 can be defined as
a simple, dynamic, process-oriented model, which
takes into account the net element fluxes be-
tween the atmosphere, forest, forest soil and soil
water, as well as the geochemical buffer proc-
esses in the soil, such as CO2 equilibria, cation
exchange and sulphate adsorption. The output of
the model includes the soil base saturation and
the concentrations of the major anions and cati-
ons in soil water and runoff water.

SMART consists of a set of mass balance
equations which describe the soil input-output
relationships for the major cations (Al3+, Ca2+,
Mg2+, K+, Na+, NH4

+) and anions (SO4
2–, NO3

–,
Cl–) and a set of equilibrium equations describ-
ing the equilibrium soil processes. The soil wa-
ter chemistry depends solely on the net element
input from the atmosphere and the geochemical
interactions in the soil. The concentrations of
HCO3

– and Al3+ are determined by means of an
equilibrium with H+, the concentration of which
is given by the charge balance equation. The
cation exchange reactions are described by the
Gaines-Thomas equations. Sulphate adsorption/
desorption reactions are described by a Lang-
muir isotherm. Dissociation of organic anions is
described as a function of pH, but the weather-
ing rate of base cations from silicates is inde-
pendent of soil pH.

In SMART2, descriptions of the nutrient cy-
cle and vegetation growth are included. The nu-
trient cycle consists of canopy interaction, litter
fall, root decay, mineralization and root uptake
of nutrients. The soil horizon is divided into lit-
ter layer and mineral layer. The nutrient uptake
is driven by the growth function and it consists
of maintenance uptake to supply leaves and
roots and the net growth uptake in stems and
branches.

The atmospheric input of element X to the

soil compartment consists of total deposition,
Xtd, corrected by foliar uptake, Xfu, of NH4

+ and
H+, or by foliar exudation, Xfe, of K+, BC2+:

Xfu = Xfu-frXtd (1)

and

Xfe = Xfe-fr(NH4fu + Hfu) (2)

where Xfu-fr and Xfe-fr are the foliar uptake frac-
tion and foliar exudation fraction of element X.

Input fluxes of nitrogen and base cations by
litter fall are described as:

Xlf = (1 – Xre-fr)AlfXlv-ct (3)

where Alf is the amount of litter fall, Xlv-ct is the
content of element X in leaves and Xre-fr are real-
location fractions for element X. X stands for N,
BC2+ or K.

The root decay flux in the litter compartment
is described as:

Xrd-lt = Xlf(NCF)Frt-lt (4)

where NCF is the nutrient cycling factor and
Frt-lt is the fraction of fine roots in the litter layer.

The soil organic pool is divided into rapidly
decomposing fresh litter and slowly decompos-
ing old litter. Mineralization of nutrients in fresh
litter is described as a fraction of nitrogen litter
fall and root decay. The mineralization flux of X
from fresh litter Xmi-fl is described as a fraction of
the input of X by litter fall and root decay in the
litter compartment according to:

Xmi-fl = [Xle-fr + Fmi(1– Xle-fr)]Xlf

× [1 + (NCF)Frt-lt] (5)

where Fmi is a mineralization fraction and Xle-fr is
a leaching fraction. Leaching refers only to the
release of base cations from fresh litter. Fresh
litter that is not decomposed within one year is
transferred to the old litter pool. The mineraliza-
tion flux of nutrients from the old litter pool is
described by first-order kinetics:

Xmi = kmi-mxFmiPhFmiCNAltXlt-ct (6)

where kmi-mx is the maximum mineralization rate
constant from old litter, Alt is the amount of old
litter and Xlt-ct is the content of element X in old
litter. Values are decreased by pH and C/N ratio.

Nitrification and denitrification are described
as a fraction of the nitrogen net input:
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NH4ni = Fni(NH3td – NH4gu

– NH4im + NH4mi) (7)

and

NO3de = Fde(NOxtd + NH4ni

– NO3gu – NO3im) (8)

where Fde and Fni are the denitrification and nitri-
fication fractions, NOxtd and NH3td the deposition,
NO3gu and NH4gu the growth uptake, and NO3im

and NH4im the immobilization fluxes. Immobili-
zation of nitrogen is described as a rate limited
equation, which depends on soil C/N ratio.

Nutrient uptake for NO3 and NH4 is de-
scribed as a demand function:

Xru = (Nlf – Nfu – Ngu)(Xin/Nin) (9)

where X stands for NO3 or NH4, and N for NO3

plus NH4, the subscript ‘ru’ for root uptake, ‘lf’
for litter fall, ‘fu’ for foliar uptake and ‘gu’ for
growth uptake. For base cations (K, Mg, Ca),
root uptake is described as:

Xru = Xlf + Xfe + Xgu (10)

Growth uptake flux is described as:

Xgu = [Ast(t) – Ast(t – 1)]Xst-ct (11)

where Ast(t) – Ast(t – 1) is the tree biomass (stems
and branches) growth in the current year and
Xst-ct is the content of element X in stems.

These processes are included in the mass
balance equations defining the nutrient concen-
trations of soil water. N fixation by pioneer
plants was introduced to the model (Kämäri et
al. 1998) in order to satisfy the nitrogen demand
of new growing forest. A relation diagram of
SMART2 is depicted in Fig. 1. The model proc-
esses are described in more detail in Ahonen et
al. (1998).

UNCSAM

UNCSAM (UNCertainty analysis by Monte Car-
lo SAMpling techniques) applies Monte Carlo
sampling in combination with regression and
correlation analysis to perform sensitivity and
uncertainty analysis. It assumes that variations
and uncertainties in the parameters can be de-
scribed by probability distributions and mutual

correlations. Sampling is performed from these
distributions. Latin Hypercube Sampling tech-
nique (Iman and Conover 1982) was used to
reduce the computation load.

Various statistics can be employed to quanti-
fy the input uncertainty contribution of the pa-
rameters to the model output. They are based on
correlation or regression analysis. Two meas-
ures for sensitivity and uncertainty contribution,
RTU (RooT of Uncertainty) and SPC (SemiPar-
tial Correlation coefficient), were chosen in this
study. RTU is based on correlation analysis and
SPC on regression analysis. Good linear approx-
imation is required in both.

In regression analysis approaches, the often
complex relationship between model parameters
and model output is approximated by a linear
regression model:
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where b0 and bi are coefficients and xi is a model
input parameter.

The goodness of the linear approximation
can be assessed by the coefficient of determina-
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One way to handle the problem caused by corre-
lation between the inputs was described by Jans-
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The resulting quantity PUC (Partial Uncertainty
Contribution) can be expressed as a combination
of regression and correlation quantities (Janssen
et al. 1992):
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RTU (RooT of Uncertainty) is the square root of
the PUC:

RTU PUCi i:= (17)

The key idea behind the correlation analysis ap-

proach is to measure the connection between the
parameter xi and the model output y. The sim-
plest form is the linear correlation coefficient
ryxi

. If ryxi is close to 1 or –1, y can almost be
written as a linear function of xi. If xi is correlat-
ed to the other xj, j ≠ i, ryxi

 includes the influence
of the other correlated parameters. SPC express-
es the linear relation between model output and
the corrected input parameter. In SPCi the pa-
rameter xi is first corrected for all linear effects
of the remaining parameters xj. This correction
is made by regressing y and xi linearly on all xj (j
≠ i). The corrected quantity x̃i  is correlated with
the model output y:

SPCi yxr
i

: ˜= (18)

If the correlation between the sources is weak,
SPC will be equal to the linear correlation coef-
ficient. RTU takes into account the mutual cor-
relations between all the sources. Due to this
fact, it can occur that ‘weak’ components will be
high in the ranking list, if they are correlated

Fig. 1. Schematic diagram of
the SMART2 model
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with ‘strong’ components. The analyses are de-
scribed in greater detail in Janssen et al. (1992)
and in Heuberger and Janssen (1994).

Parameterization

The model was calibrated to observed vegeta-
tion growth and the measured soil and stream
water quality data of 1993–1996 (Table 1), as

reported in Finér et al. (1997). The output of the
model includes soil base saturation and the ma-
jor anions and cations in runoff water, but only
base saturation of mineral soil and litter layer,
and pH and NO3 concentration of stream water
were included in the input uncertainty analysis.
The simulation period was 1850–2050 and the
modelling time step was one year.

The mean value of precipitation was based
on measurements (Finér et al. 1997), but vari-
ance and minimum and maximum values were
based on long-term observations in north-east
Finland (Alalammi 1987, Kuusisto 1986). Pa-
rameter values of weathering rate were based on
calibration, but variance and the calibration range
were derived from the literature (Lindroos et al.
1996). Chemical and physical properties of soil
were based on measurements (Finér et al. 1997).
Values for parameters defining nitrogen miner-
alization in soil were taken directly from the
literature (Rankinen 1992), but the amount of
mineralized nitrogen was calibrated to values
found in the literature (Finér 1989). Nutrient
concentrations in vegetation (Finér 1992) and
reallocation of nutrients (Helmisaari 1990) were
taken from the literature. Nutrient concentra-
tions in vegetation were calculated as biomass-
weighted averages and chemical and physical
properties of soil as averages over the area.

Model input parameters and their distribu-

Table 2. Parameters and their distributions.
—————————————————————————————————————————————————
Parameter Unit Distribution Mean Variance Min. Max.
—————————————————————————————————————————————————
Precipitation m nor 0.54 0.02 0.2 1.0
Thickness of soil layer m nor 2.3 0.3 0.6 5
Bulk density of min. layer g cm–3 nor 1.0 0.06 0.2 1.9
Ca weathering eq m–2 yr–1 nor 0.005 0.000015 0.001 0.016
Mg weathering eq m–2 yr–1 nor 0.005 0.000015 0.001 0.016
K weathering eq m–2 yr–1 nor 0.002 0.000002 0.0015 0.006
CEC in litter layer meq kg–1 nor 146.97 2600 50 300
CEC in mineral layer meq kg–1 nor 6.13 20 1 20
N conc. stems % nor 0.19 0.001 0.05 0.3
N conc. leaves % nor 1.6 0.02 0.7 2
K conc. stems % nor 0.05 0.0001 0.01 0.08
K conc. leaves % nor 0.55 0.03 0.05 1.6
BC2+ conc. stems % nor 0.23 0.003 0.06 0.4
BC2+ conc. leaves % nor 0.78 0.03 0.05 1.6
Denitrification fraction – nor 0.09 0.08 0.001 1
Fraction of nitrified N in litter layer – uni 0 1
Mineralization rate yr–1 nor 0.07 0.0004 0.001 1
Reallocation fraction – nor 0.4 0.02 0.1 0.8
—————————————————————————————————————————————————

Table 1. Stream water quality, simulated values (1993)
and measured values.
————————————————————————
Variable Unit Simulated Measured

value
————————————————————————
SO4

1) µeq dm–3 74.7 50.85 ± 3.8
NO3

1) µeq dm–3 3.52 0.65 ± 0.2
Na2) µeq dm–3 53.77 52.9 ± 2.4
K2) µeq dm–3 10.97 7.67 ± 1.9
Ca+Mg2) µeq dm–3 76.3 85.4 ± 7.4
Cl1) µeq m–3 13.0 14.3 ± 1.4
pH1) 5.73 5.77
Base saturation,

mineral3) % 42.8 43.7
Base saturation,

litter3) % 49.2 51.6
————————————————————————
1) Observations from years 1993–1996, 2) Observa-
tions from years 1993–1995, 3) Observation from year
1993.
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tions and variances are presented in Table 2.
Minimum and maximum values refer to physi-
cal boundaries. Parameters were assumed to be
normally distributed, except for the parameters
used in the Gaines-Thomas equation and the
fractions of water and nutrients in litter layer,
which were assumed to have uniform distribu-
tion. Mean values of parameters were used in
calibration.

Relationships between parameters were de-
scribed by mutual correlations. The correlation
between nutrient concentrations in leaves and
stem was assumed, as were correlations between
mineralization parameters (Table 3). Habitat and
environmental conditions were assumed to af-
fect mineralization in a similar way in new and
old litters and nutrients taken up were assumed
to be distributed evenly between stem and leaves
in a tree. Of the selected measures for sensitivity
and uncertainty contribution, RTU is based on
correlation analysis and can take correlation be-
tween parameters into account.

The deposition history and future scenarios
were based on emission data and atmospheric
transport models (Mylona 1993, Asman and
Drukker 1988). Site-specific deposition values
were derived by the model DEPUPT (Johansson
et al. 1996), using forest growth information,
bulk and through fall deposition measurements
as well as future deposition scenarios modelled
by DAIQUIRI (Syri et al. 1998).

Results

Soil base saturation

Simulated base saturation in mineral soil for the
Kangasvaara catchment in 1994 was 43%. Sim-
ulated change in base saturation in mineral soil
layer was best explained by soil thickness (thick),
precipitation (precip), and weathering rates of
Na, Ca and Mg (BCwe) (Fig. 2). Base saturation
decreased 7.8% when precipitation increased 26%
and increased 7.9% when soil thickness was as-
sumed to increase up to 2.8 m (Table 4). The
strong influence of soil thickness was explained
by the fact that weathering rates are given per
area (eq m–2). Simulated change in base satura-
tion in the thin litter layer was dependent on two

parameters used in the Gaines-Thomas equation,
namely the exchange constant between Al and K
(lgKAlBC) in litter layer and between H and K
(lgKHBC) in mineral layer. Litter layer base sat-
uration was also dependent on bulk density of
litter layer (bulkll), CEC of litter layer (CECll),
precipitation (precip) and weathering of Mg and
K (BCwe). Parameters defining nutrient minerali-
zation in soil (kmi-mx, Fmi), fraction of water and
nutrients taken up in litter layer (Fw-ll) and frac-
tion of roots in the litter layer (Frt-lt) also have an
influence on the simulated base saturation of
litter layer (Fig. 2).

Nitrate and pH in stream water

NO3 in stream water was best explained by nitro-
gen concentration in vegetation (Nst-ct, Nlf-mx-ct),
precipitation (precip), CEC of mineral layer
(CECml) and nitrogen cycle parameters such as
mineralization rate in soil (kmi-mx), denitrification
(Fde), reallocation (Xre-fr) and fraction of nitrified
N in litter layer (Nll-fr). Simulated NO3 concen-
tration was 3.7 µeq dm–3 in 1994. It decreased to
0.8 µeq dm–3 when nitrogen concentration in
stem was increased from 0.19% up to 0.22% and
futher to 0.7 µeq dm–3 when nitrogen concentra-
tion in leaves was also increased from 1.6% to
1.74% (Table 4). The pH value was explained
by thickness of soil layer (thick) and weathering
rates of Na, Ca and Mg (BCwe). Stream water pH
was also explained by two parameters used in
the Gaines-Thomas equation, namely lgKAlBC
and lgKHBC in mineral layer, as well as disso-
lution constant for Al-(hydr)oxide (lgKAlox), K

Table 3. Correlations used in input uncertainty analy-
sis.
————————————————————————
Parameter Parameter Correlation
————————————————————————
N concentration N concentration

in stem in leaves 0.7
K concentration K concentration

in stem in leaves 0.7
BC2 concentration BC2 concentration

in stem in leaves 0.6
N mineralization N mineralization

fraction in rate in
fresh litter old litter 0.5

————————————————————————
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Table 4. Influence of changes in model parameters to modelled soil base saturation and stream water NO3

concentration in 1994.
—————————————————————————————————————————————————
Parameter Mean value Changed value Orig. output Changed output
—————————————————————————————————————————————————
Soil base saturation (%)

Precipitation (m) 0.54 0.68 43.0 35.2
Soil thickness (m) 2.3 2.8 43.0 50.9

NO3 concentration
N conc. in stem (%) 0.19 0.22 3.7 0.8
N conc. leaves (%) 1) 1.60 1.74 0.8 0.7

—————————————————————————————————————————————————
1)N conc. in stem 0.22% + N conc. in leaves 1.74%

Base saturation of mineral soil

Ð1 0 1

SPC RTU

thick

precip

Mgwe

Cawe

Nawe

lgKHBCml

lgKAloxml

R2 = 0.941

Base saturation of litter layer

Ð1 0 1
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lgKAlBCll

bulkll

CECll
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Fmi

precip

Frt-lt

kmi-mx
lgKAloxll

Kwe

R2 = 0.880SPC

Fw-ll

NO3 conc. in stream water

Ð1 0 1

SPC RTU
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precip

Fde

Nll-fr

kmi-mx

Xre-fr

CECml
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pH in stream water
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Nawe

Cawe

Mgwe

lgKHBCml

lgKAloxml

Kfe-fr

lgKAlBCml

Fw-ll

bulkml

R2 = 0.935

Fig. 2. Ranking of the most influential parameters on model main output variables according to RTU (RooT of
Uncertainty) and SPC (SemiPartial Correlation coefficient) measures for sensitivity and uncertainty contribu-
tion. The length of the bar shows the relative influence in scale 0–1, and the negative axis is used for SPC only
for visual reasons. In the figure symbol thick stands for thickness of soil layer, precip for precipitation, Mgwe,
Cawe, Kwe and Nawe for weathering rates of base cations, CECll and CECml for cation exchange capacity of litter
layer and mineral layer respectively, bulkll and bulkml for bulk density of litter layer and mineral layer respectively,
Fmi for mineralization fraction, kmi-mx for mineralization rate, Fde for denitrification fraction, Xre-fr for reallocation
fraction of nutrients, Frt-lt for fraction of roots in the litter layer, Nll-fr for fraction of nitrified N in litter layer, Fw-ll for
fraction of water and nutrients taken up in litter layer, Nst-ct for N content in stems, Nlf-mx-ct for N content in leaves,
lgKHBCml, lgKAlBCml and lgKAlBCll for exchange constants between Al and K and H and K in mineral soil and
litter layer, and lgKAloxml for dissolution constant for Al-(hydr)oxide.
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foliar exudation fraction (Kfe-fr), fraction of water
and nutrients taken up in litter layer (Fw-ll), and
bulk density of mineral soil (bulk).

Base cation and nitrogen mineralization
and uptake

Nitrogen uptake was almost completely depend-
ent on nitrogen concentration in vegetation (Nst-ct,
Nlf-mx-ct). This was because in the Kangasvaara
calibration, vegetation was assumed to fix at-
mospheric nitrogen. Nitrogen fixation was add-
ed to the model to supply nitrogen for growing
forest in the beginning of the twentieth century
when atmospheric deposition in the area was
very low (Kämäri et al. 1998). Different tests
gave a different emphasis for nitrogen concen-
tration in leaves due to the correlation of nutri-
ent concentration in stems and leaves. Base cati-
on uptake was explained by mineralization (kmi-mx,
Fmi), concentration in stem and leaves (BCst-ct,
BClv-ct), weathering (BCwe) and thickness of root-
ing zone (thick) (Fig. 3). Base cation and nitro-
gen mineralization appear to be dependent on
reallocation of nutrients (Xre-fr), but also on frac-
tion of water and nutrients taken up in litter
layer (Fw-ll), fraction of roots in the litter layer
(Frt-lt), thickness of rooting zone (thickrz) and nu-
trient cycling factor (NCF).

Discussion and conclusions

The weathering rates, nutrient concentration of
vegetation, precipitation and thickness of soil
layer are the most important parameters explain-
ing the key model output variables, namely base
saturation of mineral soil and NO3 concentration
and pH of stream water. Precipitation has an
influence on base saturation in mineral soil and
on NO3 concentration in stream water. The in-
fluence of the driving variable atmospheric dep-
osition has a marked effect (Holmberg et al.
2000), but it was omitted in this study because
deposition is included in the model as a time
series and not as a parameter. The strong influ-

ence of precipitation indicates the importance of
choosing representative years for calibration,
because the use of particularly wet or dry years
may lead to over- or underestimation of certain
outputs. Precipitation was measured in years the
1992–1995 and this time series may have been
too short to provide an accurate estimate of the
actual precipitation in the area. The strong influ-
ence of weathering rates is often combined with
the strong influence of thickness of soil layer,
because in the model the weathering rates are
given as units per area. Parameter values of
weathering rate were based on calibration and
on literature values, and more emphasis should
be placed on narrowing the uncertainty in re-
ported values. Vegetation uptake of nitrogen is
explained almost solely by the concentration of
nitrogen in stem and leaves, but vegetation up-
take of base cations is also explained by parame-
ters defining mineralization and weathering. Nu-
trient concentrations in vegetation in this study
are based on values found in the literature. Tree
stand measurements were carried out in the
Kangasvaara catchment but the estimates of the
element contents in stems, branches and leaves
were not ready to be used in this study. This
information would improve the reliability of
simulated nutrient uptake as well as the reliabili-
ty of the simulated NO3 concentration in stream
water. Selected tests gave different rankings for
nutrient concentrations in leaves. The test based
on correlation analysis, RTU, gives a higher
ranking than the SPC test based on regression
analysis, because of the correlation between ni-
trogen concentration in stems and leaves.

The model UNCSAM is rather easy to use,
but it is DOS-based and needs a large amount of
computation. The model gives the ranking of
parameters according to their influence on a cer-
tain output, but it does not give an absolute val-
ue for the influence. SMART2 is a relatively
simple dynamic model and all the input parame-
ters were included in the input uncertainty anal-
yses. If the UNCSAM software package is used
with any model which needs a large number of
input parameters, the parameters included in in-
put uncertainty analysis should be chosen be-
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forehand in order to reduce computation. Good
linear approximation is required in both the
measures for sensitivity and uncertainty contri-
bution used in this study, and R2-values for dif-
ferent tests vary between 0.812 and 0.996. R2-
value is the only parameter in the UNCSAM
software package with which it is possible to
test this approximation. A good graphical com-

ponent in the model to test linearity would im-
prove the testing.

The aim of this study was to rank the input
parameters on the basis of their contribution to
model uncertainty in order to determine which
additional data would best improve the reliabili-
ty of predictions. This work provides an estima-
tion of the uncertainty of the model results, but
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Fig. 3. Ranking of the most influential parameters on the nutrient cycle of the model according to RTU (RooT of
Uncertainty) and SPC (SemiPartial Correlation coefficient) measures for sensitivity and uncertainty contribu-
tion. The length of the bar shows the relative influence in scale 0–1, and the negative axis is used for SPC only
for visual reasons. In the figure symbol thickrz stands for thickness of rooting zone, Mgwe, Caw and Kwe for
weathering rates of base cations, CECll for cation exchange capacity of litter layer, Fmi for mineralization fraction,
kmi-mx for mineralization rate, Xre-fr for reallocation fraction of nutrients, Frt-lt for fraction of roots in the litter layer,
Fw-ll for fraction of water and nutrients taken up in litter layer, NCF for nutrient cycling factor, Nst-ct for N content
in stems, Nlf-mx-ct for N content in leaves, Kst-ct for K content in stems, Klv-ct for K content in leaves, BCst-ct for Mg and
Ca content in stems, BClv-ct for Mg and Ca content in leaves, and lgKAlBCml for exchange constants between Al
and K in mineral soil.
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an accurate uncertainty analysis would need
considerable effort and would be worthy of re-
porting separately.
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