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ABSTRACT. The presented paper evaluates the ability of BIOME-BGC model to simulate the small developmental cycle of natural 
forests after the incorporation of the dynamic mortality module. For the analysis we used the data from the Norway spruce (Picea abies 
L./Karst.) virgin forest Babia hora in Slovakia, which were equally divided into three developmental stages of virgin forests: stage of 
growth, optimum, and breakdown. The assessment of the simulated developmental cycle was based on the error analysis of the three 
main carbon pools (carbon content in stem, coarse woody debris, and soil) in individual developmental stages and the temporal 
performance of carbon fluxes over the whole developmental cycle. The results indicate that with the current dynamic mortality the 
model BIOME-BGC is capable of simulating the small developmental cycle of virgin forests. 
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1. Introduction 

It is generally known, that process-based models require a 
lot of input data to initialise the simulation. To overcome this 
disadvantage, a self-initialisation procedure has been develop- 
ped and implemented in several process-based models, e.g. 
BIOME-BGC (Thornton, 1998). When this procedure is used, 
the simulation can be performed with only basic information 
about a forest stand, its site and soil conditions (Thornton and 
Rosenbloom, 2005). A self-initialisation simulation begins wi- 
th 0.001 kgC m-2

 in leaves, 50% soil water saturation, and no 
soil organic matter. The main idea behind the self-initialisa- 
tion procedure is that during the simulation the model gradua- 
lly accumulates carbon in an ecosystem until a steady state is 
reached (Thornton and Rosenbloom, 2005). In the model, the 
steady state means that the long-term stability in all state va- 
riables has been achieved although on shorter time scales their 
values vary due to the variability of environmental conditions 
and model processes. Technically, the mean values of the soil 
organic matter (i.e. carbon content in soil) of the two succe- 
ssive periods of a certain number of years are compared. If the 
difference does not exceed a predefined threshold (0.0005 kg 
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Cm-2), it is presumed that the steady state is reached. Hence, 
the self-initialisation procedure of BIOME-BGC leads a forest 
ecosystem to climax, i.e. to a stable-end-stage (Clements, 19- 
16). The steady state then represents the starting point for fur- 
ther simulations. Therefore, it is important to ensure that the s- 
teady state produced by the model represents the steady state 
that can be achieved in real conditions. In nature, virgin fo- 
rests represent such a steady state, and hence, can be taken as 
a reference for the comparison with the model results. The in- 
formation from virgin forests has been proven important for 
the validation of the simulated equilibrium for the conditions 
of Central Europe (Merganičová, 2004; Hasenauer et al., 2005; 
Pietsch and Hasenauer, 2006). The development of virgin fo- 
rests can be driven either by large-scale or small-scale dyna- 
mics (Korpeľ, 1995). Large developmental cycle usually oc- 
curs after major disturbances, which radically changes the si- 
tuation on the site, due to which the whole succession cycle s- 
tarts with pioneer vegetation followed by subsequent develop- 
mental stages until the climax stage is achieved (Korpeľ, 19- 
95). Small developmental cycle is characterised by small-s- 
cale dynamics caused primarily by intrinsic mortality of indi- 
vidual trees or small groups of trees (Korpeľ, 1995). After su- 
ch events smaller or larger gaps occur within the stand, where 
suitable conditions are created for the establishment of new 
generation (Kucbel et al., 2009). The development of Central 
Europe has usually been considered to underlie small-scale 
dynamics characterised by a sequence of several developmen- 
tal or succession stages (Peterken, 1996). However, nowadays 
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this consideration has been in the centre of the scientific deba- 
te since several studies, e.g. Zielonka et al. (2009), Svoboda et 
al. (2012), showed that large cycle also occurs in natural fo- 
rests of Central Europe. 

Small-scale dynamics of forest ecosystems was studied 
by several authors, e.g. Leibundgut (1959), Zukrigl et al. (19- 
63), Mayer et al. (1972), Korpeľ (1995), Oliver and Larson 
(1996), etc. Each of the authors developed their own descrip- 
tion and classification of natural forest development based on 
the results from particular forest stands. The differences be- 
tween the individual classifications from the spatial and struc- 
tural point of view were addressed in more detail by Král et al. 
(2010a, 2010b). Mathematically, fine-scale dynamics follows 
a U-shape distribution starting from small and young to large 
and old trees (Harcombe, 1987).  

The original model BIOME-BGC (Thornton, 1998) ac- 
counts for fire and regular mortality (i.e. mortality caused by 
senescence and competition), and presumes that mortality ta- 
kes place annually as a constant predefined ratio of the vege- 
tation biomass. Both fire and regular mortality rates are set to 
0.5% of vegetation biomass per year (White et al., 2000). Sin- 
ce according to Goldammer and Page (2000), fire does not cu- 
rrently play an important role in the natural dynamics of Cen- 
tral European forests, its effect has been excluded from the si- 
mulations in this region. However, the results of the simula- 
tions with zero fire mortality showed high overestimation of 
carbon content in forest ecosystems (Merganičová, 2004). A 
more detailed analysis of Merganičová (2004), Hasenauer et 
al. (2005), and Pietsch and Hasenauer (2006) documented that 
a simple increase of regular natural mortality from original 0.5 
to 2, 3, or 6 % per year did not lead to desired results. Due to 
this, a dynamic mortality model was developed (Mergani- 
čová, 2004; Pietsch and Hasenauer, 2006) that incorporated a 
so called mosaic cycle (Remmert, 1991) of forest cyclic suc- 
cession (Watt, 1947) in the model. This shift of developmental 
stages of a forest is characteristic of the small developmental 
cycle of the virgin forests (Korpeľ, 1995).  

Using the data from the Rothwald virgin forest in Austria, 
Pietsch and Hasenauer (2006) documented that the incorpora- 
tion of the dynamic mortality model has led simulated results 
to the equilibrium that was comparable with observations. The 
previous studies (Merganičová, 2004; Pietsch and Hasenauer, 
2006; Pietsch and Hasenauer, 2009; Merganičová et al., 2012) 
have already presented how the modelled carbon pools and flux- 
es develop over the whole developmental cycle. However, so 
far no data-supported analysis of the developmental cycle im- 
plemented in the model has been performed.  

Hence, the goal of this work is to analyse if the BIOME- 
BGC model extended with the dynamic mortality module is 
capable of modelling the small developmental cycle of virgin 
forests. The presented paper complements the previous works 
by examining the accuracy of the model in simulating the se- 
quence of individual developmental stages of the small deve- 
lopmental cycle as identified by Korpel (1995). The analysis 
is based on the comparison of the modelled output with the 
data obtained in the field that represented the developmental 

stages. The aim of the analysis is to examine which part of the 
modelled cycle can be assigned to the particular development- 
tal stage. The results of the analysis are examined with regard 

to the common forestry knowledge about the small-scale dy- 
namics of virgin forests in Central Europe published by e.g. 
Korpeľ (1995). Our hypothesis is that after the incorporation 
of the dynamic mortality BIOME-BGC model is able to simu- 
late the small developmental cycle reasonably well. 

 

2. Material and Methods 

2.1. Data  

The data used for the study come from the Babia hora na- 
ture reserve, northern Slovakia. Babia hora is an isolated moun- 
tain massif of the outer Western Carpathian mountain range. 
The massif of Babia hora is built of tertiary flysch rocks, mai- 
nly sandstones, marl, claystones, slate and conglomerates. The 
most frequent soil type is podsol followed by raw soil, and an- 
dosol. The mean annual precipitation is 1,600 mm, and the mean 
annual temperature 2 °C. The forest stands are almost entirely 
composed of Norway spruce (Picea abies L./Karst.) with a s- 
mall admixture of rowan (Sorbus aucuparia L.) and silver fir 
(Abies alba Mill.).  

In 1926, a nature reserve was established to preserve na- 
tural mountainous spruce forest ecosystems in this region. O- 
riginally the area of the reserve was 117.6 ha, but in 1974 the 
reserve was enlarged and currently it covers 503.94 ha (Kor- 
peľ, 1995), and comprises forests, dwarf mountain pine (Pi- 
nus mugo) stands, and sub-alpine meadows.  

 

 
 AM    G    O    B 

Figure 1. Location of sample plots in the Nature Reserve Ba- 
bia hora (AM = alpine meadows and stands of mountain dwarf 
pine; G, O, B = sample plots in the developmental stage of grow- 
th, optimum, and breakdown, respectively). 

Inside the forested area of the nature reserve, 57 perma- 
nent circular sample plots were established in 2002 (Merganič 
et al., 2003), each with an area of 0.05 ha (i.e. radius = 12.62 
m). The plots are located at an elevation ranging from 1,173 
m to 1,503 m above sea level, the latter representing the tim- 
ber line in this region. The plots were equally divided into th- 
ree developmental stages defined by Korpeľ (1995): stage of g- 
rowth, optimum and breakdown, i.e. each stage was represen- 
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ted by 19 plots distributed along the whole elevational gradi- 
ent (Figure 1). 

In all plots, main mensurational information was colle- 
cted about living trees and dead wood with a diameter above 7 
cm. For living trees and standing dead trees, tree height and 
diameter at breast height were assigned. In the case of lying 
dead wood (lying stems and their parts), its total length and 
diameter at ½ of its length was measured, whereas for stumps 
the diameter at 0.3 m height was determined. The decay class 
was assessed using the 8-degree scale as proposed by Holeksa 
(2001). The collected information was used for calculating the 
volume of living woody mass and dead woody mass per hec- 
tare. The volume of standing trees was calculated using an 
integral equation published in Merganičová et al. (2012), whi- 
ch was based on the models of the stem shape derived by 
Petráš (1986, 1989, 1990). The volume of lying deadwood 
was calculated using Huber´s formula, while the volume of s- 
tumps was estimated as the volume of a cylinder with the hei- 
ght equal to 0.3 m. To enable the comparison of model output 
with the observed data, the volume was further transformed to 
carbon amount per hectare by multiplying stand wood volume, 
basic wood density, and fraction of carbon in woody mass. 
Carbon fraction was set to 50.1% of the dry mass as reported 
by Weiss et al. (2000) for Norway spruce in Central Europe. 
Basic wood density of living trees was set to 430 kg m-3 as a 
mean of the published values (Weiss et al., 2000; Bütler et al., 
2007; Morelli et al., 2007). Applied basic wood densities of 
deadwood for individual decay classes were derived by Mer- 
ganičová and Merganič (2010).  

 

Table 1. Basic Stand and Soil Characteristics of the Virgin Fo- 
rest Babia Hora 

Stand characteristics Developmental stage 

Growth Maturity Breakdown All 
Spruce [%] 98.65 99.90 99.59 99.38 
Other [%] 1.35 0.10 0.41 0.62 
h [m] 11.42 21.16 18.39 16.99 
DBH [cm] 18.2 36.52 28.4 1 27.7 1 
V [m3 ha-1] 239.96 465.92 233.71 313.20 
N [ha-1] 1,928 714 1,115 1,253 
SDI 791.96 885.97 587.73 755.23 
VCWD [m3 ha-1] 95 91 248 145 
Csoil [kgC m-2] 7.41 5.16 8.23 6.84 
* Spruce% and Other% represent tree species composition of spruce and 
other tree species, respectively, h is the mean tree height, DBH the mean 
quadratic diameter at breast height, V the stand volume per hectare, N the 
number of trees per hectare, SDI the stand density index according to Rei- 
neke (1933), VCWD the volume of coarse woody debris, and Csoil carbon 
amount in soil. 

 

Forest soil samples were collected from one third of all 
the inventory plots (i.e. 19 plots). The plots for soil sampling 
were selected to ensure that all developmental stages and the 
full elevation range were covered. Soil samples were taken to 
a depth of 50 cm inside the area of the inventory plots. Orga- 
nic carbon content in one gram of soil was determined from 
the oven-dried mass (ÖNORM L 1080) by the combustion in 

O2-flow and consequent measurement of CO2 using the infra- 
red-spectrometer (LECO S/C 444).The basic information a- 
bout stand and soil is presented in Table 1. 

The climate data used in this study consisted of daily cli- 
mate data about daily minimum and maximum temperature, dai- 
ly precipitation, vapour pressure deficit, solar radiation and 
day length. For each plot, the data were extrapolated from the 
base station using MT-CLIM model (Running et al., 1987) de- 
pending on the difference in elevation, slope and aspect bet- 
ween the base station and an extrapolated point. As a base sta- 
tion we used the climate station Rabča located at the southern 
foot of the massif of Babia hora at an elevation of 642 m a- 
bove sea level. The daily data were obtained for the period 
from 1961 to 2002 from Slovak Hydro-meteorological insti- 
tute. Mean values of climate and site characteristics are pre- 
sented in Table 2. 

 

Table 2. Climate and Site Description of the Virgin Forest 
Babia Hora 

Site characteristics Minimum - maximum 
Mean ± Standard deviation 

Longitude 19°29´ - 19°31´ 
Latitude 49°33´ - 49°35´ 
Elevation [m a.s.l.] 1,173 - 1,503 
Slope [°] 5 - 40 
Aspect SE, E, SW, NW 
Sand [%] 65 ± 3 
Silt [%] 27 ± 4 
Clay [%]  8 ± 5 
Effective soil depth [m] 0.17 ± 0.06 
Maximum temperature [°C] 5.55 ± 9.44 
Minimum temperature [°C] -2.74 ± 8.27 
Precipitation [mm year-1] 1,808 ± 285 
Vapour pressure deficit [Pa] 328 ± 299 
Solar radiation [W m-2 s-1] 295 ± 138 
* Minimum and maximum temperature, vapour pressure deficit, and so- 
lar radiation are daily average values calculated from all available wea- 
ther records from 1960-2002. 

 

2.2. Methods 

2.2.1. Verification of the Specified Developmental Stages for 
Individual Plots 

As already mentioned, each inventory plot was at the 
time of its establishment (year 2002) assigned to one of the 
three developmental stages: growth, optimum, and breakdown 
as defined by Korpeľ (1995). This classification was used be- 
cause it is a commonly accepted and applied classification in 
Slovakia. The categorisation of the plots was based on the vi- 
sual assessment of the forest structure by taking the following 
parameters into account: vertical structure, proportion of in- 
growth and of mature trees, and dead-wood amount with re- 
gard to its decay. The developmental stage was determined as 
a consensus of three educated foresters. Since one may argue 
that such a specification of the developmental stages is obser- 
ver-dependent and therefore highly subjective, we performed 
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an objective statistical analysis to examine the subjective in- 
fluence on the classification of the developmental stages in 
the field. For this purpose, we applied predictive discriminant 
analysis (Cooley and Lohnes, 1971; Huberty, 1994; StatSoft, 
2004) that classified the inventory plots into three predefined 
qualitative categories (developmental stages). For each deve- 
lopmental stage a separate discriminant equation was derived, 
i.e. the classification was based on the set of three equations. 
The assessed inventory plot is assigned the developmental sta- 
ge with the maximum calculated discriminant score. All ex- 
planatory variables that enter the discriminant equations are 
quantitative variables. They were selected using a combina- 
tion of different approaches including stepwise forward and 
backward method with regard to their significance in the mo- 
del and their logical interpretation. The stand characteristics 
included in the model were: crown competition factor CCF 
(Krajicek et al., 1961, p = 0.0003), sum of crown projections 
(p = 0.00016), arithmetical mean of the relative tree diameter 
(p = 0.00002), and volumetric proportion of early decayed de- 
adwood (p = 0.00515). The value of Fischer F statistics (F(10, 
100) = 14.220, p < 0.0000) indicates that the applied discrimi- 
nant model is statistically highly significant. Similarly, the va- 
lue of Wilks’ lambda (0.17047) suggests that the model is ap- 
propriate because it is close to 0. 

The coincidence between the visual classification and the 
classification with the discriminant model was 89.5%. This 
means that for 6 out of 57 inventory plots the developmental 
stage assigned by the model differed from the visual classifi- 
cation in the field. Figure 2 presents the graphical interpreta- 
tion of the classification of the developmental stages on the 
base of the canonical analysis and the misclassified plots. This 
type of graph is useful for determining how each discriminant 
function contributes to the discrimination between groups (S- 
tatSoft, 2004).  

If the discriminant model was extended with additional 
mensurational and geomorphological variables, namely eleva- 
tion, and stand density index SDI (Reineke, 1933), the statis- 
tical classification coincided with the visual classification in 
the field in 96.5% cases, i.e. only two plots were classified di- 
fferently in the field versus with the discriminant model. The 
two plots as well as 5 plots out of the total 6 plots classified 
differently with the discriminant model with only significant 
characteristics included are situated at the upper timber line, 
where the differences between the individual developmental 
stages diminish due to the limiting growing conditions (Mer- 
ganič et al., 2003). On the base of the presented results we can 
state that the visual classification of the developmental stages 
in the field was objective and hence, can be taken as a basis 
for our analysis.  

  

2.2.2. Model 

The model BIOME-BGC is a biogeochemical model that 
simulates daily cycling of energy, water, carbon and nitrogen 
within an ecosystem (Thornton, 1998). For this study we used 
an extended version of BIOME-BGC developed by Pietsch et 

al. (2003, 2005) and Pietsch and Hasenauer (2006) that is spe- 
cies-specific, accounts for the hydrology of flood-plains and 
presumes dynamic regular mortality.  

 

 
 G    O    B    X 

Figure 2. Graphical interpretation of the classification of the 
developmental stages using canonical analysis (G, O, B = sam- 
ple plots in the developmental stage of growth, optimum, and 
breakdown, respectively; X = plots for which the development- 
tal stage classified in the field was different from the stage cla- 
ssified with the discriminant model).  

 

The model requires input information about climate (dai- 
ly values of minimum and maximum temperature, daily sum 
of precipitation, incident solar radiation, vapour pressure defi- 
cit), site (aspect, elevation, soil depth, soil texture), nitrogen 
deposition and fixation, prevailing tree species, and the speci- 
fication of the length of the whole developmental cycle, the 
length of the high mortality phase, and minimum and maxi- 
mum annual mortality rates. Pietsch and Hasenauer (2006) 
describe the applied dynamic mortality module in detail. It is 
a theoretical model of regular mortality driven by intrinsic 
ecosystem processes (competition and senescence).  

 
2.2.3. Analysis of the Developmental Cycle Simulated by the 
Model BIOME-BGC 

The analysis of the simulated developmental cycle was 
based on the comparison of the modelled average values with 
the observed average values of the three carbon pools: carbon 
content in stem, carbon content in coarse woody debris, and in 
soil separately for each developmental stage along the whole 
mortality cycle. This was performed in order to examine whi- 
ch part of the modelled cycle can be assigned to the particular 
developmental stage. In the analysis we compared the sequen- 
ce of stages obtained for the modelled cycle with the theore- 
tical expectations according to the common forestry knowle- 
dge about the small developmental cycle as presented e.g. in 
Korpeľ (1995). The analysis was performed as follows. 

First, all 57 inventory plots were simulated using Nor- 
way spruce ecophysiological parameterisation of BIOME- 
BGC (Pietsch et al., 2005), plot-specific site characteristics 
(i.e. latitude, elevation, soil depth, soil texture, see Table 2) 
and plot-specific daily climate data (Table 2), and constant 
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mortality settings derived for Norway spruce virgin forests of 
the Babia hora region by Merganičová et al. (2012). The leng- 
th of the developmental cycle was set equal to 300 years, and 
the length of the high mortality phase was equal to 75 years 
based on Korpeľ (1995). Minimum and maximum mortality 
rates were equal to 0.74 and 6%, respectively, since this com- 
bination was found to produce non-significant modelled va- 
lues for the examined carbon pools by Merganičová et al. (20- 
12). The simulation of each plot was performed in two steps. 
First, the self-initialisation procedure was run until the steady 
state was reached. Afterwards, each plot was simulated for ano- 
ther three hundred years representing one whole developmen- 
tal cycle.  

From the simulations we obtained the annual model out- 
put for each of 57 plots over the whole developmental cycle, 
i.e. 300 years. For the analysis we selected 7 model output va- 
riables: carbon content in stem (Cstem), carbon content in coar- 
se woody debris, carbon content in soil, annual natural morta- 
lity rate, net primary production (NPP), heterotrophic respira- 
tion (Rh), and net ecosystem production (NEP). Hence, for ea- 
ch plot we obtained seven curves each representing the temporal 

performance of one of the seven variables over the whole de- 
velopmental cycle. 

Next, we calculated the average modelled temporal per- 
formance of the seven model output variables from the total of 
57 inventory plots. In this way we obtained 7 curves repre- 
senting average model performances of each of the 7 output 
variables (Cstem, carbon content in coarse woody debris, and 
in soil, annual natural mortality rate, NPP, Rh, and NEP) over 
the whole developmental cycle. These curves represent avera- 
ge temporal development of the seven variables under the a- 
verage conditions of Babia hora nature reserve over the whole 
developmental cycle, i.e. 300 years. 

For the analysis of the model versus observations we 
selected three variables, i.e. carbon content in stem, soil and 
coarse woody debris, for which we had information about bo- 
th modelled and observed values. We calculated an average 
modelled temporal performance of every examined variable 
for each of the three individual developmental stages over the 
whole developmental cycle. This was calculated from 19 plots 
assigned to the same developmental stage. Hence, for every 
variable we obtained three curves, each representing one de- 
velopmental stage. Likewise, each developmental stage was 
characterised by three curves representing the average model- 
ed temporal performance of the three variables (Cstem, Ccwd, 
and Csoil) and each consisting of 300 annual average modell- 
ed values of the particular variable. 

The annual average modelled values of an analysed va- 
riable were compared with the average observed value of the 
particular developmental stage. Note that each development- 
tal stage was characterised by a single value of a specific va- 
riable calculated from 19 plots representing the developmental 
stage (Table 1). Thus, we obtained the differences between the 
annual modelled and the observed values for each variable 
and each developmental stage along the whole simulated cy- 
cle.  

Next, the absolute values of the differences of the three 
variables were summed up in each year of the developmental 
cycle to obtain the total average absolute difference for each 
year and each developmental stage, from which the temporal 
performance of the differences over the whole developmental 
cycle was derived. 

The temporal performances of the total average absolute 
differences of all three developmental stages were graphically 
analysed. Specifically, we examined in which period and for 
which developmental stage the total absolute differences are 
at minimum. The periods with minimum total absolute differ- 
rences were then analysed with regard to the model performan- 
ce of the seven output variables. 

 

3. Results 

The analysis of the small developmental cycle simulated 
by BIOME-BGC after the incorporation of the dynamic mor- 
tality module in the model was based on the comparison of 
the observed values with the modelled values over the whole 
simulated cycle, i.e. 300 years. Figure 3 shows the differences 
between the modelled annual values and the average observed 
value of the three analysed variables for the stage of growth. 
The total average absolute differences for each developmental 
stage obtained as the sum of the absolute values of the three 
variables are presented in Figure 4A. Figures 4B and 4C show 
the average temporal performance of 7 output variables: car- 
bon content in stem (Cstem), in coarse woody debris, and in 
soil, annual natural mortality rate, net primary production (N- 
PP), heterotrophic respiration (Rh), and net ecosystem produ- 
ction (NEP) over the whole cycle.  

 

 
Figure 3. The absolute differences between the modelled an- 
nual average values and the observed average value for the de- 
velopmental stage of growth and three carbon pools along the 
whole developmental cycle (Cstem = carbon content in stem, 
Ccwd = carbon content in coarse woody debris, Csoil = car- 
bon content in soil). 

 

From Figure 4A we can see that in the period 0-106 years 
of the cycle, minimum absolute differences between the mo- 
del and the observation were found for the stage of growth. 
This corresponds with the increasing carbon content in stem, 
decreasing mortality (Figure 4B) and positive NEP, i.e. NPP › 
Rh (Figure 4C). In the period from 106 to 207 years of the 

Cstem 

Csoil 

Ccwd 
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cycle, the stage of optimum is characteristic by minimum ab- 
solute differences between the model and the observation (Fi- 
gure 4A). As can be seen from Figure 4C, this stage covers the 
first transition point of NEP, when NPP = Rh. 

 

 
 Growth    Optimum    Breakdown 

Figure 4. Temporal development of absolute total differences 
in ecosystem carbon content between the model and observa- 
tions (a) and of the simulated output (b and c). a: Absolute di- 
fferences in carbon content in an ecosystem for the stage of 
growth (G), optimum (O), and breakdown (B). b: carbon con- 
tent in stem (Cstem), carbon content in coarse woody debris 
(Ccwd), carbon content in soil (Csoil), and annual regular mor- 
tality rate (MR). c: Net primary production (NPP), heterotro- 
phic respiration (Rh), net ecosystem production (NEP), num- 
bers 1 and 2 indicate 1st and 2nd transition points, respective- 
ly. Background colours indicate the developmental stages de- 
termined on the base of the absolute differences in carbon con- 
tent in an ecosystem. 

 

The stage of breakdown (B) was found to have the lowest 
differences between the modelled and the observed values 
between years 224 and 259 (Figure 4A). This period is cha- 
racteristic by minimum NPP and negative NEP (Figure 4C), 
maximum CWD, increasing mortality rate that is approaching 
its maximum, and the steepest decline of Cstem (Figure 4B). 
In the last period of the developmental cycle (259 ~ 300 year- 
s), minimum differences were again found for the stage of 

growth. During that period, mortality rate reaches its maxi- 
mum and begins to decrease, while Cstem reaches its mini- 
mum and begins to rise (Figure 4B), NEP passes through the 
second transition point and becomes positive again (Figure 
4C).  

Carbon content in stem is analogous to a forestry cha- 
racteristic stand volume. During the first 100 years of the 
developmental cycle, carbon content in stem increases stea- 
dily in an almost linear pattern. This steady increase is cou- 
pled with the decrease of mortality rate (Figure 4B). However, 
their transition points, where the courses of mortality and car- 
bon content in stem change in the opposite direction, do not 
coincide. Carbon content in stem continues to increase even 
after the mortality rate starts to increase, although the annual 
increase slows down (in our case for approximately 60 years 
starting from 110 to 170 years of the developmental cycle). 
The increase in carbon content in stem stops when NPP equals 
heterotrophic respiration (Figures 4B and C). After this point, 
both carbon content in stem and NPP begin to decrease. The 
decline of carbon content in stem continues until the second 
transition point at approximate age of 270 years. At this age, 
mortality rate reaches its maximum and begins to decrease. 
The second transition point of the course of carbon content in 
stem again coincides with the time when NPP equals Rh (Fi- 
gures 4B and C).  

 

4. Discussion and Conclusion 

From the curves representing the temporal behaviour of 
the particular variable we can conclude that the performance 
of carbon in stem in time coincides with the curves of stand 
volume performance hypothesised and presented by e.g. Kor- 
peľ (1995) for virgin forests of Central Europe. Our distin- 
ction of the individual developmental stages on the base of the 
differences between the model and the observations differs 
from the one by Pietsch and Hasenauer (2009) performed on 
the base of the modelled values. These authors also identified 
3 developmental stages, while they placed the borders be- 
tween the individual developmental stages in the two transi- 
tion points, when NEP changes from being positive to being 
negative or vice versa (see Figure 4C), since in these points 
the ecosystem changes its position in the carbon balance sys- 
tem, i.e. it becomes a carbon source (after 1st transition point) 
or a carbon sink (after 2nd transition point). These carbon ba- 
lance stages (Figure 4C) do not correspond with the develop- 
mental stages commonly applied in forestry (Figure 4A). This 
is because the definition of forestry developmental stages is 
based on forestry characteristics, e.g. stand volume, stand in- 
crement, diameter and height distribution, mortality, regene- 
ration (e.g. Korpeľ, 1995; Podlaski, 2006; Král et al., 2010a), 
i.e. on the characteristics which are observable and measu- 
rable in the field, rather than on carbon balance of the eco- 
system.  

Hence, 1st transition point (when NEP changes from be- 
ing positive to being negative, i.e. ecosystem becomes carbon 
source) occurs within the stage of optimum (Figure 4). From 
the forestry point of view, this stage represents maturity, when 
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the stand volume reaches its maximum, volume growth is de- 
celerated, and mortality rate begins to increase (Korpeľ, 1995). 
This description coincides with the pattern of Cstem, mortali- 
ty and NEP within the given period (Figures 4B and C). Simi- 
larly, the description of the stage of breakdown found in Kor- 
peľ (1995) corresponds with the model behaviour, i.e. stand 
volume decreases rapidly, mortality is high, the amount of C- 
WD is at its maximum (Figure 4). During the stage of growth, 
mortality rate decreases and carbon content in stem increases 
(Figure 4), which coincides with the verbal description of this 
stage by Korpeľ (1995) who characterised it by steadily inc- 
reasing stand volume, and low mortality rate.  

In spite of this good coincidence of model behaviour wi- 
th the verbal description of developmental stages by Korpeľ 
(1995), the analysis also revealed some minor inconsistencies, 
particularly in the period between years 210 and 225, when 
unexpectedly the stage of growth was found to have the sma- 
lllest absolute differences between the model and the obser- 
vations (Figure 4). However, the differences between the sta- 
ge of growth and breakdown in this period are not significant 
(Figure 4) and can be caused by the fact that the infield- 
assigned developmental stage of 2-6 plots did not correspond 
with the discriminant analysis of the stages. These results mi- 
ght also indicate that using only three developmental stages as 
proposed by Korpeľ (1995) is not sufficient and more than 3 
stages are needed to describe the dynamics of a forest eco- 
system more precisely. In fact, most predecessors and contem- 
poraries of Korpeľ distinguished more than 3 phases, e.g. Lei- 
bundgut (1959) and Hillgarter (1976) defined 5 developmen- 
tal phases, while Mayer et al. (1972) distinguished 6 different 
phases. The same trend has also been observed in several re- 
cent works dealing with the dynamics of natural forests (e.g. 
Emborg et al., 2000; Král et al., 2010a), which on the base of 
more sophisticated methods (e.g. diameter distribution, artifi- 
cial neural network, etc.) specified 4-5 developmental stages 
or phases. Similarly, when analysing the attractor of the model 
dynamics, Pietsch and Hasenauer (2009) distinguished 5 de- 
velopmental stages. The change of the applied classification 
would require a proper comparison of the individual existing 
classification schemes used in the research of natural forests 
and their harmonisation especially at a spatial scale, which was 
found to be crucial for addressing the representativeness of 
the plots (Král et al., 2010b). However, this task is out of the 
scope of the presented paper, which aimed at the analysis of 
the model capability to simulate the development of forest eco- 
systems driven by intrinsic processes. 

To conclude we can state that the assessment of the tem- 
poral performance of carbon fluxes in forest ecosystems re- 
vealed that with the incorporated dynamic mortality module 
BIOME-BGC model is capable of simulating the small dyna- 
mic developmental cycle of virgin forests in Central Europe 
reasonably well. Hence, the model can be applied to studies a- 
nalysing the changes of carbon storage in natural forest ecosy- 
stems that have not been directly influenced by human inter- 
ventions or those that have been left to self-development and 
undergo small-developmental cycle. The prerequisite for its a- 
pplication outside the Central Europe or for different species 

is the calibration of the dynamic mortality module, as the mo- 
del requires a priori information about the length of the deve- 
lopmental cycle and the length of the high mortality phase. 
The incorporated dynamic mortality module is not suitable for 
simulating the regions where large-scale dynamics prevails, be- 
cause it does not account for disturbances caused by extrinsic 
factors, such as wind or bark beetle outbreak. For this, other a- 
pproaches presented e.g. in Seidl et al. (2012) should be app- 
lied and coupled with the current model. 
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