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Abstract
Old-growth forests enable us to explore the natural dynamics and equilibrium of forest ecosystems.
They are characterized by a long-term balance of energy, water, carbon, nitrogen and other nutrient
fluxes. One option to enhance our understanding of forest ecosystem fluxes is the application of
ecosystem models. In this paper we use a species-specific adaptation of the ecosystem model
BIOME-BGC to assess the biogeochemical cycle of old-growth forests and test the reliability of
self initialization procedures as they are commonly applied within large-scale forest ecosystem
models.We investigated the reliability of such initialization procedures by comparing the modeled
equilibrium with data obtained from virgin forests in Central Europe. The results demonstrate
that after some modifications the model is able to assess the flux of energy, water, nitrogen and
carbon within old-growth forest ecosystems.
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1 Introduction

Most forests in Central Europe have been influenced by humans, resulting in a reduction of
forest covered land area, and changes in the tree species distribution and in the soil con-
ditions. These impacts may have resulted in site degradation and have affected the sustain-
ability of these forests. One way to assess and study such fundamental impacts is to apply
biogeochemical mechanistic ecosystem models. In combination with old-growth forests,
which can be considered as a reference situation or “potential” sustainable forest ecosystem
because no human interference is evident, such models may be used: (1) to understand the
biogeochemistry of old-growth forest ecosystems and (2) to assess potential differences
between undisturbed ecosystems and actively managed forests.

Large data requirements are thought to be the most serious drawback of mechanistic
ecosystem models. Besides site characteristics (e.g. elevation, soil depth, etc.) and climate
data (temperature, precipitation, air humidity and solar radiation), these models require an
estimate for the initial water, carbon and nitrogen status of a given ecosystem. Unfor-
tunately such information is usually not available for forest areas or particular forest stands.
Therefore several mechanistic models (e.g. BIOME-BGC – THORNTON et al. 2002; LPJ –
SITCH et al. 2003) use a so-called self-initialization procedure to obtain starting values. Only
climate data and site specific conditions are required to perform a self-initialization or 
so-called ‘spinup run’ for a given site.
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The mission of this paper is to apply our species-specific adaptation of the ecosystem
model BIOME-BGC to old-growth forests. We are specifically interested in finding out
whether the model adequately mimics the flux of carbon and nitrogen within such forests
and if the currently used spin-up procedures of the model correctly mimic the natural equi-
librium (VACEK 2003) of undisturbed virgin forests.

2 Material and methods

2.1 Data

Data obtained for this study came from permanent sample plots located in two Central
European virgin forests in Rothwald, Austria, and Babia Hora, Slovakia. In Rothwald 18
plots, each 20 × 20 m, were measured, whereas in Babia Hora 57 circular 500 m2 plots were
established (MERGANIC et al. 2003). On every plot, the site, stand and soil characteristics
were recorded. Site parameters include the necessary input data for the simulations: geo-
graphic position (latitude, longitude and elevation), aspect, slope, soil depth, soil texture and
average skeleton amount. The summary statistics are given in Table 1.

On each permanent sample plot, the height and diameter at breast height of all standing
trees (both alive and dead) with a tree height greater than 1.3 m, as well as of stumps from
decaying standing dead wood and fallen dead wood were recorded. Lying dead wood was
measured if the diameter at one place along its length exceeded 20 cm (Rothwald) or 7 cm
(Babia Hora). For each piece of lying dead wood, the length, diameter at both ends and 
in the middle (in Babia Hora only in the middle) and the deterioration or decay class 
were assessed and recorded according to the scale proposed by MASER et al. (1979) and
HOLEKSA (2001).

Tree volume of dead and living trees was calculated using the following form factor func-
tion f:

Where DBH is the diameter at breast height in cm, and H the total tree height in m. For all
trees ≥ 10.5 cm in DBH, the coefficients according to POLLANSCHÜTZ (1974) were used. For
trees with a DBH 5 cm but < 10.5 cm, the same formula was used but with the coefficients
according to SCHIELER (1988). For all trees with a DBH < 5 cm, we used the formula 
proposed by HAFELLNER (1985):

Where V is the tree volume (m3), DBH the diameter at breast height (cm), and H the total
tree height (m). For trees with broken crowns, which frequently occurred in both virgin
forests, we first calculated the total tree height assuming no damage. We used diameter-
height curves derived from undamaged trees to define the missing tree height. Next we
applied the form factor function to have an estimate of the total tree volume assuming an
undamaged tree. Knowing the length of the broken crown of a tree allows us to calculate the
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corresponding volume of the broken part. After subtracting the estimated broken pro-
portion of volume from the total tree volume of an undamaged tree, the total tree volume
for trees with broken crowns can be derived.The stump volume was estimated as the volume
of a cylinder with a height equal to 0.3 m. The volume of lying dead wood (logs) was calcu-
lated as the volume of a second degree paraboloid.

Soil characteristics, such as the amount of carbon and nitrogen in the litter and soil, were
assessed in the laboratory from collected field samples. In Rothwald, samples were collected
from all 18 permanent sample plots, whereas in Babia Hora the samples were taken from
only 19 (of 57) plots. Litter samples were taken using a 30 × 30 cm frame (Rothwald) or a
50 mm diameter litter auger (Babia Hora). Soil samples were collected using a soil auger
with a diameter of 70 mm and a length of 50 cm. In Babia Hora soil sampling with the soil
auger was applied only to 10 inventory plots, whereas on the other 9 plots soil pits, each at
least 50 cm deep, were collected within the area of the inventory plot. Carbon amounts in 
litter or soil were determined from dry mass using a LECO S/C 444 infrared-spectrometer.
Nitrogen amounts were estimated according to Kjeldahl (BRADSTREET 1965).

Daily climate data, i.e. daily minimum and maximum temperature, daily precipitation, air
humidity and solar radiation, necessary to run the ecosystem model were obtained from
nearby climate stations with long-term measurements using the climate interpolation models
DAYMET (THORNTON et al. 1997; HASENAUER et al. 2003) and MT-CLIM (RUNNING et al.
1987) in Rothwald and Babia Hora since 1961. Average values for the required climate
characteristics are given in Table 1.

Table 1. Site, soil and climate descriptors of each location. Climate parameters represent average values
between 1960 and 2002. Nitrogen deposition in Rothwald was the deposition recorded in 1994
(SCHNEIDER 1998); in Babia Hora deposition was measured in 2002 (MERGANIC et al. 2003).

Site characteristics Rothwald Babia Hora   

Longitude [°,’] 15°05’ – 15°06’ 19°29’ – 19°31’
Latitude [°,’] 47°46’ – 47°47’ 49°33’ – 49°35’
Elevation [m a.s.l.] 1017 – 1216 1173 – 1503
Slope [°] 0 – 30 5 – 40
Aspect E, SE, S, NW SE, E, SW, NW 
Sand % 23 ± 8 65 ± 3
Silt % 33 ± 4 27 ± 4
Clay % 44 ± 10 8 ± 5
Soil depth [m] 0.39 ± 0.10 0.17 ± 0.06 
Maximum temperature [°C]      12.46 ± 9.01 5.55 ± 9.44
Minimum temperature [°C] 3.00 ± 7.09 –2.74 ± 8.27
Precipitation [mm/year] 1475 ± 233 1808 ± 285
Rainy days (>0.1mm) per year 182 ± 18 173 ± 28
Vapor pressure deficit [Pa] 543 ± 408 328 ± 299
Solar radiation [W/m2/s] 231 ± 120 295 ± 138
Nitrogen deposition [kg/ha/year] 16 16
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2.2 Model

In this paper we use BIOME-BGC, an ecophysiological model (THORNTON et al. 2002)
adapted for central European conditions (PIETSCH and HASENAUER 2002; PIETSCH et al. in
press). The model estimates the cycles of carbon, nitrogen, water and energy of ecosystems
based on the interactions between the atmosphere, plants and the soil. The model calcu-
lations are as follows: Leaf area index (LAI, m2 leaf area per m2 ground area) is calculated
from carbon allocated to leaves times the specific leaf area (m2 leaf area per kg leaf carbon).
It controls canopy radiation absorption, water interception, photosynthesis, and litter inputs
to detrital pools.

Net primary production (NPP) is based on gross primary production (GPP) calculated
with the Farquhar photosynthesis routine (FARQUHAR et al. 1980) minus the autotrophic
respiration. The autotrophic respiration includes the maintenance respiration calculated as a
function of tissue nitrogen concentration (RYAN 1991), and growth respiration, which is a
function of the amount of carbon allocated to the different plant compartments (leaf, root
and stem). NPP is partitioned into the leaves, roots and stems as a function of a dynamic
allocation pattern, considering eventual limitations due to the availability of and compe-
tition for nitrogen.

The model requires meteorological input data, such as daily minimum and maximum
temperature, incident solar radiation, vapor pressure deficit and precipitation. Aspect, elev-
ation, nitrogen deposition and fixation, and physical soil properties are needed to calculate:
the daily canopy interception, evaporation and transpiration; soil evaporation, outflow,
water potential and water content; LAI; stomatal conductance and assimilation of sunlight
and shaded canopy fractions; growth and maintenance respiration; GPP and NPP; allocation;
litter-fall and decomposition; mineralization, denitrification, leaching and volatile nitrogen
losses. Detailed descriptions of the individual modeled processes can be found elsewhere
(e.g. KIMBALL et al. 1997; COOPS et al. 2001; THORNTON et al. 2002 as well as PIETSCH et al.
in press).

2.3 Simulation

The spinup starts with the assumption of no soil organic matter (SOM), very small initial
carbon amounts in the leaves (0.001 kg C/m2) and 50% soil-water saturation. During the
simulation, organic mass is accumulated.The spinup procedure stops after soil organic matter,
the pool that stabilizes very slowly in an ecosystem, reaches a steady state (THORNTON et al.
2002). This equilibrium is dynamic with an interannual variability due to varying weather
records (LAW et al. 2001). In BIOME-BGC, Version 4.1.1, vegetation ecophysiology is deter-
mined by a set of 39 parameters. For our simulations we use species-specific parameter sets
(see PIETSCH et al. in press).

The initial results suggested that a constant mortality rate of 0.5% of the total biomass,
as currently used within the model, does not take into account the different successional
stages of our virgin forests. Thus for each plot we used the dynamic mortality sub-model as
proposed by MERGANICOVÁ (2003). This sub-model assumes a varying mortality of the total
biomass ranging between 0.3% to 4.5% according to the successional stages of the virgin
forest.

For simulations of the forest stands in Babia Hora, we used the model parameterization
for highland stands of Norway spruce Picea abies L. Karst. In Rothwald, a mixed beech-
spruce forest, we made two different simulations, (i) one with the model parameterization
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for common beech Fagus sylvatica L. and (ii) one with the parameters suitable for highland
forests of Norway spruce (PIETSCH et al. in press).

The spinup procedures include the following steps: First, the system was brought to
steady state using the pre-industrial carbon dioxide concentration of 280 ppm (IPPC WGI
1996) and a nitrogen deposition level of 0.0001 kg N/m2/yr (HOLLAND et al. 1999). After the
equilibrium was reached, another 237 to 624 years were simulated to account for industrial
influences starting in 1765 (IPCC WGI 1996).The length of this auxiliary simulation differed
from plot to plot and was set to such a value that for the last 40 years of the simulation the
climate records were used, e.g. for the simulation of the year 2002 climate data from that
year were used. This ensures that the modeled development stage for a given plot is similar
to the recorded current virgin forest development stage.

Since 1765 atmospheric carbon dioxide has gradually increased to current values ac-
cording to the scenario provided by the IPCC (IPCC WGI 1996). In addition, nitrogen 
deposition has increased from pre-industrial to current deposition rates according to the
pattern of CO2 increase (THORNTON et al. 2002).

3 Results

A comparison of the model output with plot measurements revealed unbiased estimates for
the stand volume and soil carbon in both virgin forests (Table 2). In Babia Hora, the mod-
elled amount of dead wood did not differ significantly from observations. Litter carbon and
nitrogen in both virgin forests were underestimated, while soil nitrogen was overestimated
(Table 2).

Since the data collected in the two virgin forests refer to a specific point in time, we 
evaluated temporal model behavior according to different key ecophysiological parameters.
Annual mortality is assumed to be dynamic and ranges from 0.3 to 4.5% of the total 
biomass according to the successional stage of the forest (see also MERGANICOVÁ 2003).
Results are presented in Figure 1.

As shown in Figure 1, litter carbon has a developmental pattern similar to dead wood
(compare Fig. 1C and 1B), including one significant maximum reached at the same time that
the coarse woody debris reaches its first peak. Nitrogen in litter does not have a particular
maximum during the development cycle, but it does have a distinct minimum at the same
time that litter carbon is at its lowest level (Fig. 1C). Except for the maximum of litter 
carbon, the patterns of both litter parameters examined follow those of the stem carbon
changes.

The levels of carbon and nitrogen in the soil (Fig. 1E and 1F) differ from litter charac-
teristics. They reach their highest values after 200 years when litter variables are at their 
lowest levels, shortly after the dead wood reaches its maximum, and several years before
maximum mortality is evident. After the peak is reached they quickly decline to previous
values.
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Fig. 1. Temporal development of selected model state variables (solid lines) versus annual mortality
rates (dotted lines). CStem is the modeled amount of carbon in the stem representing the stand volume,
CCWD the amount of carbon in the coarse woody debris, CLitter and NLitter the amounts of carbon and
nitrogen in the litter, and CSoil and NSoil the amounts of carbon and nitrogen in the soil, respectively.The
soil carbon and soil nitrogen development show an almost identical pattern (see E and F) due to their
close relationship within the model. Only one respiration function is used, which assumes that carbon
will be respired as long as nitrogen is available.
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4 Discussion

The ecosystem model BIOME-BGC was able to mimic the ecosystem fluxes of old-growth
forests after we had replaced the constant mortality rate of 0.5% with a dynamic mortality
rate ranging between 0.3 to 4.5% of the biomass, depending on the successional stage of the
forest. With these changes we were able to show that the self initialization procedure as used
within the ecosystem model produces reliable results.

Consistent estimates were produced between predicted and observed volumes for both
virgin forests. Dead wood, or coarse woody debris, are adequately simulated in Babia Hora,
while in Rothwald these parameters are underestimated (Table 2). We assume that this 
difference is mainly due to the fact that there was four times as much dead wood observed in
Rothwald as in Babia Hora due to the several wind-throws that occurred in the 2nd half of
the last century in 1966, 1976 and 1990 (NEUMANN 1978; SCHREMPF 1985; Splechtna 2003,
pers. communication).

The detected underestimation of litter nitrogen is probably caused by an incomplete
assessment of the modeled litter pools. In the model litter consists of only dead leaf and fine
root biomass plus fragmented dead wood, while in nature litter also includes other kinds of
dead organic material, e.g. pieces of bark, buds, etc., which can make up 20 to 40% of the dry
litter mass. In contrast to litter, soil nitrogen was slightly overestimated in both virgin forests.

No repeated measurements were available for our plots. Thus it was not possible to com-
pare the stand dynamics with the model simulations, although we were interested in seeing
whether model predictions under the current model logic correctly mimic the observed data.
The difficulty is that observations may be strongly affected by random measurement errors
or simply by the random behavior of nature. Therefore, we examined the individual para-
meters by comparing mortality rates with other variables (see Fig. 1). For example, we ex-
pected stand volume (stem carbon) development to follow the reverse order of mortality. As
shown in Figure 1, maximum stem carbon occurs when mortality rates increase and only a
small increment of stem carbon was reached during the following 80 years. This differs from
published findings in the stand volume development for Central European virgin forests, e.g.
KORPEL (1995). Moreover the dynamics of natural forests are mainly based on existing
knowledge and practical experience but not on long-term field experiments. In Central
Europe the longest time series from undisturbed forest ecosystems covers only 30 to 50 years
(SANIGA 1999; SANIGA and SCHÜTZ 2001a, b), which is too short to evaluate these concepts.

Coarse woody debris exhibited a minimum when the mortality reached its maximum.
This is consistent with the development of stem carbon. At this point stem carbon is also
very low, which indicates that a high relative mortality rate results in a low input of biomass
into the coarse woody debris pool.

We expected that the temporal pattern of litter carbon and nitrogen would be identical,
since these variables are closely related. The development of carbon litter (Fig. 1) is similar
to that of the coarse woody debris.This is due to the flow of the decomposed dead wood into
the litter. Since coarse woody debris is known to have a large C : N ratio, its accumulation
has a much lower effect on litter nitrogen than on litter carbon.Therefore, unlike litter carbon
or dead wood, litter nitrogen exhibited no distinct maximum. In our simulations the climate
recorded for the last 41-year period was repeatedly used. Consequently the similarity in the
soil characteristics with the temporal climate variation suggests that litter and soil parameters
are strongly related to annual weather patterns.

The important findings of this study are that according to the successional stage, forest
ecosystems are dynamic systems.This needs to be taken into account (e.g. by using a dynamic
mortality model) within ecosystem modeling to ensure unbiased and consistent simulations
of such forests and to ensure reliable self-initialization runs.
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