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Abstract

Virgin forests provide unique information about natural conditions and fo-
rest ecosystem succession dynamics. Such information is needed to assess
the carbon sink and source potential of our forests and to evaluate the ‘self
initialization procedures’ within large scale ecosystem models. In this paper
we use inventory data from the Babia hora virgin forest in Slovakia to assess
the carbon flux dynamics of virgin or old growth Norway spruce (Picea abies
L Karst) ecosystems. The species-specific version of the biogeochemical-me-
chanistic ecosystem model BIOME-BGC is applied to assess the flux dynamics
of this ecosystem. The comparison of simulated versus observed data is ba-
sed on the error analysis of the carbon pools. The results confirm previous
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findings within old growth forest ecosystems suggesting that for modeling
purposes a “dynamic mortality” model is required to mimic the carbon flux
dynamics of such forests correctly.

Kurzfassung

Die wenigen in Europa verbliebenen Urwalder zeigen die Waldentwicklung
ohne menschlichen Einfluss. Damit sind Urwalder wichtige Referenzflachen
fur die Abschatzung der Kohlenstoffkreislaufes (Senken und Quellenpoten-
tiale) von unbewirtschafteten Walddkosystemen. Weiters sind Urwalder
eine wichtige Referenzflache fir die Evaluierung von sogenannter “Selbi-
nistialsierungen” von Okosystemmodellen, wie dies fur die Generierung von
Startwerten fUr die Modellierung Ublich ist. In dieser Arbeit werden mit
Hilfe von Daten aus dem Urwald Babiha Hora in der Slowakei die im Oko-
system Model BIOME-BGC implementierte dynamische Mortalitatsmodell
evaluiert. AbschlieBend werden die Kohlenstoffsenken und Kohlenstoff-
quellen fir einen Sukzessionszyklus im Urwald Babiah Hora mit Hilfe des
Modells dargestellt. Ergebnis der Studie ist, dass fur die richtige Abschat-
zung der Stoffflisse im Urwald Babiha Hora ein dynamisches Mortalitats-
modell verwendet werden muss. Diese bestatigt frihere Untersuchung im
Urwald Rothwald in Osterreich, wo man zu dhnlichen Ergebnissen kam.

1. Introduction

Greenhouse gas emissions including atmospheric carbon dioxide (CO,) have
steadily increased since pre-industrial times, contributing to temperature
increases in many parts of the world (IPCC 1996). A continuation of this
trend is expected to cause significant changes to global ecosystems. Forests
are an important part of the global carbon cycle and forest management for
sequestering carbon is of increasing interest (Percy et al. 2003). European
forest ecosystems have experienced a long management history resulting in
substantial changes to species distributions and severe soil degradation ef-
fects affecting the nitrogen and carbon pools (Pietsch and Hasenauer 2002).
Among real world ecosystems, virgin forests provide the best representa-
tion of natural conditions and give insights into the conceptual long-term
potential dynamics of the carbon cycle (carbon sinks versus carbon sources
in forests) without any management-related impacts (Pietsch and Hasenau-
er 2006, Field and Kaduk 2004).

Carbon exchange dynamics within larger virgin forest areas are poorly
understood (Suchanek et al. 2004). Traditionally, old-growth forests have
been assumed to be in equilibrium (Odum 1953), where the carbon uptake
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equals the amount of carbon released by respiration and decomposition
(Krizova et al. 1992), i.e. their long-term net ecosystem production is zero
(Odum 1969). Hence, such forests are characterized by a long-term average
volume of growing stock (Vacek 2003). However, on a smaller scale given
virgin forests exhibit periods in which they act as net carbon sinks, as carbon
neutral stands and as net carbon sources. Such source-sink transitions are a
part of natural ecosystem dynamics.

This conceptual idea of an ecosystem in equilibrium has been widely used
within ecosystem modeling to initialize starting conditions for model appli-
cations. While typical gap or patch models (Bugamann 2001) simulate the
potential vegetation as tree populations or mixtures as they evolve over
time, large scale ecosystem carbon flux models such as BIOME-BGC (Thorn-
ton 1998) or LPJ-BGC (Lund Potsdam Jena Model - Sitch et al. 2003) use this
equilibrium concept to run self-initialization or spinup procedures to derive
the carbon and nitrogen pools as they may depend on site and climatic
conditions for given biome types or tree species (see Pietsch and Hasenauer
2006). During this procedure the model gradually accumulates carbon in
the ecosystem until a steady state. The steady state reached at the end of
self initialization is interpreted as the “temporally averaged state of an un-
disturbed ecosystem for a region large enough to encompass all its natural
development stages” (Law et al. 2001). This situation is also described as
the “dynamic equilibrium in net ecosystem carbon exchange with variable
ecosystem age classes” (Bachelet et al. 2004). Although this interpretation
is theoretically reasonable, practical evaluations versus observed field data
representing such undisturbed ecosystems are still very limited.

Examples of such an evaluation are presented in the studies performed by
Merganicova (2004), Pietsch and Hasenauer (2006) for mixed beech/spru-
ce forests using data from the Rothwald old-growth forest in Austria. The
main result of these studies was that the fluctuation of mortality rates in
virgin forests across the developmental stages should be accounted for in
the simulations. Self-initialization procedures of large scale ecosystem mo-
dels that ignore these changes in mortality by assuming constant biomass
mortality rates of managed forests (e.g. 0.5%/J of vegetation biomass) may
lead to an overestimation of the ecosystem carbon content of up to 400%
(see Pietsch and Hasenauer 2006), depending how and if potential distur-
bance regimes (fire, wind) are addressed. Such overestimation of the carbon
content leads to ill-defined starting conditions for ecosystem modeling and
may also overestimate the carbon storage of real world forest ecosystems.

The objective of this study is to apply the conceptual outline of the dyna-
mic mortality model proposed by Pietsch and Hasenauer (2006) to the old
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growth Norway spruce forests in Babia hora, Slovakia. We are specifically
interested in answering two questions:

1. Does the dynamic mortality model implemented in the BIOME-BGC mo-
del (Pietsch and Hasenauer 2006) also properly mimic the succession dy-
namics of the old growth forest Babia hora in Slovakia?

2. What adjustments may be needed to analyse the temporal performance
of carbon fluxes of the virgin forest Babia hora versus the mixed beech/
spruce virgin forest at Rothwald in Austria?

2. Methods
2.1. Ecosystem Model

In this study we use an extension of BIOME-BGC (see Pietsch et al. 2003,
2005), a biogeochemical model that simulates daily cycling of energy, water,
carbon and nitrogen within an ecosystem (Thornton 1998). The extensions
address species-specific parameters, a groundwater routine for the hydrolo-
gical conditions in floodplain forests and the dynamic mortality rate appli-
cable to unmanaged virgin forests (see next section for details).

The model requires input information about climate (daily values of mini-
mum and maximum temperature, daily sum of precipitation, incident solar
radiation, and vapor pressure deficit), site (aspect, elevation, soil depth, and
soil texture), nitrogen deposition and fixation, and the prevailing tree spe-
cies. The original model BIOME-BGC (Thornton 1998) accounted for fire and
regular mortality (i.e. mortality caused by senescence and competition), and
presumed that mortality takes place annually as a constant predefined ratio
of the vegetation biomass. The regular mortality rate in the original version
is set to 0.5% of vegetation biomass per year (White et al. 2000).

2.2. The dynamic mortality model

Previous studies (Merganicova 2004; Hasenauer et al. 2005; Pietsch and
Hasenauer 2006) found that in virgin forests a dynamic mortality model is
needed to mimic the developmental cycles of such forests. In the following
section we will shortly outline the key principles of this mortality model as
it is relevant for this study. A more detailed discussion is available in Pietsch
and Hasenauer (2006).

The dynamic mortality model assumes a U-shaped mortality development
from juvenile to senescent stands. Pietsch and Hasenauer (2006) construc-
ted an elliptic trajectory for mortality, consisting of two half ellipses, of
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which each is given by
_ 2 —c )’
(x fx) + (y J/) =

a b* !

(1

where x is the time and y is the mortality rate, c, ¢, are the x- and y coor-
dinates of the centre of the ellipse, and a, and b are the two semi axes.
Solving this quadratic equation for the mortality rate y gives

b
(2) y=cyi;\/a2—x2+2xcx—c§

The semi axes a, b and the centre coordinates ¢, c, of the ellipse can be
expressed as

(3) a=c, ==
T2
mort . —mort .
(4) b=
2
t Lo
(5) ¢, =b+mort,;, = o tmax T 11O i

2

with L the length of the low or high mortality phase, mort__ and mort

the maximum and minimum mortality rates. After substituting equatioﬁ”s1
(3), (4) and (5) into equation (2) one finds:

mort . +mort_,  mort , —mort
(6) y = 5 + 7 ‘AL-x-Xx

2

In equation (6) the first right hand side term represents the mean annual
mortality rate. The second right hand side term governs the changes along
the mortality cycle. The vector of their subtraction gives the trajectory of the
low mortality phase and addition the trajectory of the high mortality phase.

In the model implementation the parameters representing minimum and
maximum mortality rates and the length of the low and high mortality pha-
ses are added to the model parameter set, which allows the flexible scaling
of low and high mortality phases as they may differ by ecosystem.
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3. Data

The data used for this study come from the nature reserve Babia hora si-
tuated in the northern part of Slovakia. Babia hora is an isolated mountain
massif belonging to the outer Western Carpathian mountain range. Thiss
massif is built of tertiary flysch rocks, mainly sandstones, marl, clay stones,
slate and conglomerates. The soil types that occur in the area are raw soils,
andosols and most frequently podsols. The mean annual precipitation is
1,600 mm, and the mean annual temperature 2°C. The forest stands are al-
most entirely composed of Norway spruce (Picea abies L./Karst.) with a small
admixture of rowan (Sorbus aucuparia L.) and silver fir (Abies alba Mill.).

In 1926 a nature reserve was established to preserve natural mountainous
spruce forest ecosystems in this region. Originally the nature reserve en-
compassed 117.6 ha, but in 1974 the reserve was enlarged and currently
its area is 503.94 ha (Korpec 1995), and comprises not only forests, but also
dwarf mountain pine stands and sub-alpine meadows.

Within the forested area of the nature reserve 57 permanent circular samp-
le plots were established in 2002 (Merganic et al. 2003), each with an area
of 500 m2 (i.e. radius = 12.62 m). The plots are located at an elevation ran-
ging from 1,173 m to 1,503 m above sea level, the latter representing the
upper timber line in this region (Figure 1).

i

“_~=__ Poland
Czech Republic = e <
N S LY i j,i\
AT~ . .
’ 7 Slovakia ——_ . Ukraine
Austria_ i
C /S
= Hungary /' Romania

o~

0 500 1000 m

Fig. 1: Location of sample plots in the Nature Reserve Babia hora. Legend:
[ alpine meadows and stands of mountain dwarf pine, [__| forest, ® sample plots
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In all plots, mensurational information was collected on 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 determined. In the
case of lying dead wood (lying stems and naturally formed stumps), total
length and diameter at the midpoint was measured, whereas for stumps
only 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 col-
lected information was used for calculating the volume of living woody
mass and dead woody mass per hectare. The volume of standing trees was
calculated using an integral equation based on the models of stem shape
derived by Petras (1986, 1989, 1990). The simplified form for calculating the
volume of stem inside bark is as follows:

hR

g [, nM . d,,a,sp) dn
0

7) V= X
40,000

where:
v —volume of stem inside bark in m3,
hR - actual (measured) tree height in m,

hM - simulated tree height in m (estimated from the diameter-height cur-
ves derived from the undamaged trees, Merganic et al. 2003),

d, , - tree diameter at 1.3m height in cm,

d - tree diameter at i tree height (h) in cm,

a — vector of tree-species specific parameters in the model of stem shape,
sp — tree species.

The volume of lying deadwood was calculated using Huber’s formula, while
the volume of stumps was estimated as the volume of a cylinder with the
height equal to 0.3 m.

To compare the field observations with the simulation output, the observed

stand volume of living and dead wood was recalculated to carbon amount
per hectare using the conversion formula:
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8) CC=V*p*C%/100

where CC is carbon content in kgC.ha”, V is stand wood volume in m3.ha”,
p is basic wood density in kg.m?3, and C% is the fraction of carbon in woo-
dy mass in %. The carbon fraction was assumed as 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.m3 as a mean of published
values (Butler et al. 2007, Morelli et al. 2007, Weiss et al. 2000). Hence, 1
m?3 of living wood can be transferred in carbon content by multiplying 430
kg.m= (basic wood density of living trees) with 0.501 (carbon fraction of the
dry mass). Applied basic wood densities of deadwood for individual decay
classes were derived by Merganicova and Merganic (2010), and are given in
Table 1.

Table 1: Basic wood density of Norway spruce coarse woody debris per decay class
(derived by Merganicova and Merganic 2010) according to the scale of Holeksa (2001).
The decay classes are characterized on the basis of the presence or absence of bark, twigs
and branches, log shape, texture, and position with respect to the ground. Decay class 1
represents the least decayed dead wood with intact bark, present twigs and branches,
round shape, smooth surface, intact texture, and the position elevated on support points.
As the decay process proceeds, the twigs, parts of branches and bark degrade from
traces to absent. In decay class 4, only stubs of branches of diameter greater than 4-5cm
are present, a knife can slide up to 3cm into a log, and crevices up to 0.5cm deep are
present. In the next decay classes, bark and branches are absent, wood becomes softer
and fragmented, and the round shape becomes elliptical. Decay class 8 represents the
most decomposed dead wood, when the log is on the ground overgrown by mosses and
vascular plants.

Basic Decay class according to the scale of Holeksa (2001)

UL 1 2 3 4 5 6 7 8
density

(g.cm?) 0.394 0.357 0.321 0.284 0.248 0.211 0.175 0.138

Forest litter and soil samples were collected in one third of the inventory
plots (19 plots). The plots for soil sampling were selected to ensure that
the full elevation range was covered. In each selected plot, four litter co-
res were extracted from the four corners of a 5 x 5m square plot situated
in the middle of the inventory plot. Round litter augers 50mm in diame-
ter were used for litter collection. Soil samples were originally planned to
be extracted from the same points using the soil auger (diameter 70mm,
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length 50cm). However, due to a high proportion of rock fragments which
exceeded the diameter of the soil auger, this technique could be applied
only on 10 inventory plots. On the remaining 9 plots soil pits each minimum
50cm deep were dug inside the area of the inventory plot. The four litter
cores extracted from each inventory plot were mixed and analyzed as one
sample. Soil samples were divided into genetic horizons, and each horizon
was analyzed separately. Organic carbon content in one gram of litter or
soil was determined from the oven-dried mass (ONORM L 1080) by the com-
bustion in O,-flow and consequent measurement of CO, using the infrared-
spectrometer (LECO S/C 444). Summary statistics of stand and soil data are
given in Table 2.

Table 2: Basic stand and soil characteristics of the virgin forest Babia hora, where Spruce%
represents spruce proportion in tree species composition, 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 Reineke (1933),
V.. and C_, the volume and the mass of carbon in coarse woody debris, and C_, carbon
amount in soil.

Stand characte- Number of Mean value Minimum Maximum
ristics observations

Spruce % 57 99.38 91.26 100
h [m] 57 16.99 3.07 30.10
DBH [cm] 57 27.71 5.21 53.15
V [m3-ha'] 57 313 18.65 1,014
N [ha'] 57 1,253 80 8,874
SDI 57 755 219 1,748
Vi, [m*ha] 57 145 0 714
Cop [tCha] 57 20.31 0 100.1
C,, [tCha'] 19 68.40 31.85 142.04

Daily climate data for running the model BIOME-BGC were extrapolated
with MT-CLIM (Running et al. 1987) from daily weather records from the
climate station Rabca located at the southern foot of the massif Babia hora
at an elevation of 642 m above sea level. The daily weather data covered
daily minimum, maximum, and average temperature, and daily precipita-
tion from 1961 and 2002.
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4. Analysis and Results

The concept of a ‘mosaic cycle’ (Remmert 1991) assumes a steady state at
the landscape level with disequilibria at the local level due to vegetation
dynamics. A virgin forest such as Babia hora may be seen as a mosaic of dif-
ferent stages which shift over time, while their abundance at the landscape
level remains constant. Hence, the data from a virgin forest, which cover
the full range of successional variability, represent the mosaic cycle and the
mean value of all different stages represents the steady state or the equi-
librium at the landscape level. This landscape equilibrium represents the
modelled steady state reached at the end of the self initialisation process,
which is used in large scale ecosystem models but also provides an insight
into the carbon dynamics of unmanged forest ecosystems. From previous
studies in the Rothwald virgin forest in Austria (Merganicova 2004, Pietsch
and Hasenauer 2006) we know that the correct assessment of the succes-
sional differences in the biomass mortality rates are crucial, suggesting the
need for a dynamic mortality concept for undisturbed virgin forest ecosys-
tems. This dynamic mortality model requires the specification of the length
of the developmental cycle, the length of the high mortality phase and the
minimum and maximum mortality rates.

4.1. Calibration of the mortality model

We started our analysis with the assessment of a potential age structure to
define the length and the range of the dynamic mortality cycle. The data
analysis from Babia hora and the literature review from the region (Korpel’
1995) suggested that the same length of the developmental cycle as well
as of high and low mortality phases as used for the Rothwald virgin forest
(Pietsch and Hasenauer 2006) are applicable: (i) length of the developmen-
tal cycle equals 300 years, (ii) the low mortality phase is 225 years and (iii)
the high mortality phase is 75 years.

Next the minimum and maximum annual mortality rates within the defined
developmental cycle have to be calibrated. For this step multidimensional
spatial error analysis was applied using the following three core variables:
(i) stem carbon content, (ii) carbon content in coarse woody debris, and (ii)
soil carbon. In principle the model calibration follows the method applied
by Pietsch and Hasenauer (2006) with some improvements related to the
fact that a larger number of independent field observations were available
(57 plots in Babia hora versus 18 plots in Rothwald). Pietsch and Hasenauer
(2006) analyzed the differences between predicted versus observed data
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using the medians, percentiles and the relative differences between pre-
dicted versus observed stem carbon content, coarse woody debris, and soil
carbon. In this study we use the mean values, standard errors, and mean
differences between predicted and observed values of the same variables
(stem carbon, carbon in coarse woody debris, and soil carbon) to search for
an unbiased (using paired t-statistics) solution. The advantage in our study
is that the greater number of independent observations gives us a typical
normal distribution in the error structure justifying the applicability of rigo-
rous statistical methods.

The search for suitable minimum and maximum annual mortality rates was
performed through the following steps:

1. First, the simulations were performed with all 57 plots using a constant
plant biomass mortality rate of 0.5 % per year for a full successional cyc-
le of 300 years. Based on these simulation results, we selected the two
plots with the lowest and highest simulated total carbon content.

2. These two plots were used for calibrating the minimum and maximum
mortality rates. This was done by testing an array of different combi-
nations of minimum and maximum mortality rates, while the range of
minimum mortality was 0.1 — 2.5 % and the interval of maximum morta-
lity rates was from 0.5 to 15 %. This gives us in total 807 different com-
binations of minimum and maximum mortality, while the length of the
mortality cycle was predefined and remained constant at 300 years (low
mortality phase = 225, high mortality phase = 75 years).

3. For each mortality combination, the simulation of each of the two se-
lected plots (plots with the lowest and the highest simulated amount of
carbon in step 1) was repeated 30 times using Monte Carlo technique,
while the length of each simulation was chosen randomly. Hence, each
mortality combination was simulated 60 times (2 plots x 30 Monte-Carlo
simulations). This resulted in total 48,420 performed simulations (= 807
mortality combinations, 30 Monte-Carlo simulations, and the 2 simula-
ted plots).

For the Babia hora data the number of mortality combinations tested were
7 times higher than for Rothwald (807 versus 160). For Babia hora the range
of minimum mortality was a little larger (0.1 - 2.5 %) compared to Rothwald
with minimum mortality ranging from 0.5 to 2.5 % (Pietsch and Hasenauer
2006), while the interval of maximum mortality rates was identical with a
range from 0.5 to 15 %.

In the study by Pietsch and Hasenauer (2006) the median and 0.1 and 0.9
percentiles for all mortality combinations were determined and compared
with observations obtained from the Rothwald virgin forest. They expres-
sed the differences of the three tested variables ((i) stem carbon, (ii) coarse
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woody debris, and (iii) soil carbon content) as relative values between the
model predictions versus field observations regardless of the sign, and grou-
ped them into categories with a 33 % step (i.e. predictions and observations
differ by less than 33 %, 67 %, 100 %, etc.). The results were overlaid and all
the graphs of calculated differences between the model predictions and ob-
servations had to differ by less than 33 %. The best solution was found with
a minimum and maximum mortality rate of 0.9% and 6.0 %, suggesting
that for Rothwald these mortality settings produce unbiased and consistent
results (Pietsch and Hasenauer 2006).

In this study we applied a classical statistical approach based on frequency
probability techniques by calculating the mean and the variance of the pre-
dictions of modeled variables (stem carbon content, coarse woody debris,
and soil carbon content) for the different mortality variants. The mean si-
mulated results were compared with the mean of the observations derived
from all 57 inventory plots of the Babia hora forest. Thus, we obtained
mean differences (modeled versus observed means) and their standard er-
ror.

The calculated differences and their variability were interpolated using spa-
tial interpolation techniques across the range of the minimum and maxi-
mum mortality rates. Nearest neighbor techniques were applied, which take
into account a specific number of nearest points. In our case, the number
of the nearest neighbors was set to 6 and the power, i.e. the exponent of
the distance that controls the significance of the influence of surrounding
points on the value given to the cell that is being analyzed, was set to 3.

Error graphs for all of the examined parameters were produced and the dif-
ferences between the simulated and the observed mean values were tested
using a paired t-test to specify the areas where differences are not signifi-
cant at 95 % confidence level (Figure 2).

The graphs of the individual parameters (Figures 2A to 2C) provide the are-
as where the examined parameters (i) stem carbon, (ii) coarse woody debris,
and (iii) soil carbon, at a given range of minimum and maximum mortality
exhibited no significant difference between predicted versus observed va-
lues (Figure 3). The black areas in Figure 3 exhibit the range in which the
calibrated mortality model produces unbiased and consistent estimates of
stem carbon, coarse woody debris and soil carbon content.
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Figure 2: Examination of model performance over the range of examined combinations of
minimum and maximum mortality rates. Black areas represent differences not significant
at Cl 95% between simulated and observed values of carbon content in three different
carbon pools (stem, coarse woody debris, soil).
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Figure 3: Specification of the area where the simulated results of all assessed carbon pools
were not significantly different from observations (Cl 95%). Black area represents the
overlap of the insignificant areas of all assessed carbon pools (carbon in stem, coarse woo-
dy debris, and soil). The circles represent the combinations of minimum and maximum
mortality, which were simulated with the model.

Table 3: Validation results of the mortality module in BIOME-BGC for the virgin forest of
Babia hora. Differences represent the deviations of the model from the observations. N
is the number of simulations for each mortality combination (57 plots x 30 Monte Carlo
simulations per plot).

Annual mortality N Carbon in stem Carbon in deadwood Carbon in soil [kg.m?]
rate % [kg.m-2] [kg.m?]
Max. Min. Mean Standard Mean Standard Mean Standard
difference error difference error difference error
4.8 0.7 1710 1.18 0.22 ** -0.05 0.11 -0.25 0.12 **
5.9 0.75 1710 0.79 0.22 ** 0.07 0.11 0.16 0.11 *
6 0.75 1710 0.73 0.22 ** 0.06 0.11 0.13 0.11 *
5.8 0.75 1710 0.86 0.22 ** 0.08 0.11 0.19 0.11 *
5.9 0.73 1710 0.59 0.22 ** -0.03 0.11 -0.19 0.11 *
5.9 0.74 1710 0.48 0.23 ** 0.02 0.11 -0.02 0.1
6 0.74 1710 0.42 0.23 ** 0.01 0.11 -0.05 0.11

4.2. Model evaluation

While for model calibration only two plots were used (the plot with the
highest and the plot with the lowest carbon content accumulated in vege-
tation), we next evaluated the mortality model settings using all 57 plots
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by applying all valid mortality variants specified in the calibration process.
Similarly as in the calibration process, the plots were simulated using the
Monte Carlo approach, i.e. each plot was simulated 30 times with a random
start within the 300-year cycle. This resulted in 1,710 simulations for each
mortality combination (57 plots x 30 Monte Carlo simulations per plot).

The simulated results covering the stem carbon, coarse woody debris, and
soil carbon component were compared with the corresponding observa-
tions. The results revealed that only a small number of mortality variants
produced unbiased (non-significant differences between predicted and ob-
served values) and consistent estimates.
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Figure 4: Simulated and observed carbon content in stem biomass, coarse woody debris
and soil in tC.ha-1. Simulated carbon content represents model results obtained with the
dynamic mortality cycle 300 years long, 225 years of low mortality phase, minimum and
maximum annual whole-plant mortality rates 0.74% and 6.0%, respectively. Average and
variability of simulated results were obtained from all plots, while each plot was simulated
30-times with random end within one developmental cycle.
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The variant with minimum and maximum mortality rates equal to 0.74 %
and 6.0 % per year, respectively, (Table 3, Figure 4) exhibited the best results
for all three considered parameters: (i) stem carbon, (ii) carbon in coarse
woody debris and (iii) soil carbon. Consequently this variant was taken as
the correct combination for addressing the mosaic different stages of the
Babia hora virgin forest.

4.3. The carbon flux dynamics of the Babia hora virgin forest

Based on our previous findings the ecosystem model BIOME-BGC allows us
to conceptually mimic the carbon flux dynamics. Thus we were next interes-
ted in examining the carbon fluxes for the virgin forest Babia hora across
the whole successional cycle. Figure 5 gives the mean development of the (i)
stem carbon content, (ii) the coarse woody debris, and (iii) soil together with
(iv) annual natural mortality rate, plus (v) net primary production (NPP), (vi)
heterotrophic respiration (Rh), and (vii) the net ecosystem exchange (NEE)
using the minimum mortality rate of 0.74 % and the maximum mortality of
6.0 %.

Carbon content in stems may be seen as an equivalent to “stand volume”.
At the beginning of the developmental cycle, it increases steadily indicating
that a large proportion of NPP is allocated to stem growth. The stem carbon
reaches its maximum when NPP equals heterotrophic respiration, i.e. when
NEE is zero (Figure 5). After this point, the stem carbon content decreases
until the second transition point. The second transition point of the stem
carbon cycle is given when NPP again equals Rh (heterotrophic respiration)
(see Figure 5). In the period between the first and the second transition, i.e.
for about 100 years, the stand acts as carbon source, because Rh exceeds
NPP, while in the remaining part of the developmental cycle the forest acts
as carbon sink (Figure 5).

5. Discussion

Our analysis revealed that for Babia hora virgin forest the only appropria-
te variant producing insignificant differences between predictions and ob-
servations for the three analysed variables, i.e. carbon content in stems,
coarse woody debris, and soil is the combination of 0.74 % minimum and
6.0% maximum mortality rates. The maximum mortality rate is the same as
that found for the Rothwald virgin forest in Austria (Pietsch and Hasenauer
2006). Minimum mortality rates differ between the two regions; in Roth-
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wald 0.9 % was found to be the suitable value versus 0.74 % in Babia hora.
We presume that the difference in minimum mortality rates is due to the
differences in tree species composition in the two regions. While Babia hora
is a pure spruce forest, Rothwald is a mixed forest with a predominance of
beech, for which the model was parameterised. Hence, beech seems to have
a higher minimum mortality rate than spruce.
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Figure 5: Temporal development of simulated output over the whole developmental
cycle Top: carbon content in stem (——), coarse woody debris (— - —), soil (— - -
—), and annual regular mortality rate (------—-- ). Bottom: Net primary production
(NPP), heterotrophic respiration (Rh), net ecosystem exchange (NEE), numbers
1 and 2 indicate 1st and 2nd transition points, respectively. Dynamic mortality
cycle settings: cycle length 300 years, 225 years of low mortality phase, minimum
and maximum annual whole-plant mortality rates 0.74% and 6.0%, respectively.

Our work showed that multidimensional spatial error analysis supported
by GIS tools as applied here is an appropriate tool for model calibration. It
is an objective approach based on statistical testing of differences between
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the model and observations. Here we applied the tests of the significance
of sample means of differences between the predictions and observations,
which are known to have a normal frequency distribution (Snedecor and
Cochran 1980). As Maronna et al. (2006) points out, in the case the assump-
tion of normality holds, classical statistics has a better statistical performan-
ce than robust statistics..

While model evaluation revealed only one appropriate variant of mortality
rates for Babia hora (Table 3), the results of the model calibration detec-
ted more possible combinations of minimum and maximum mortality rates
(Figure 3). This is in contrast to Pietsch and Hasenauer (2006) who found
only one appropriate variant of mortality when calibrating the model for
Rothwald forest. This might result from a different approach of analysing
the differences between the model and the observations, when Pietsch and
Hasenauer (2006) pre-defined the categories of relative differences (33, 67,
100, 133 %, etc.), while here we applied statistical t-test to examine the sig-
nificance of the differences between the model and the observations.

The assessment of the simulated developmental cycle was based on the
temporal performance of carbon pools and fluxes over the whole cycle (Fi-
gure 5). The carbon fluxes of the examined parameters followed a biolo-
gical pattern over the whole cycle. The performance of carbon content in
stem, which is an equivalent to stand volume, coincides with the curves of
stand volume hypothesised and presented by e.g. Korpel’ (1995) for virgin
forests of Central Europe following a small developmental cycle. From Fi-
gure 5 we can see that a mountainous spruce forests acts as a carbon sink
during two thirds of its developmental cycle, and only in one third it acts as
a carbon source.

The comparison of the modeled results of the two virgin forests revealed
that all analysed carbon pools and fluxes follow the same trajectory in both
virgin forests. The curves of carbon content in stem, coarse woody debris
and soil are shifted upwards in Rothwald in comparison to Babia hora, be-
cause Rothwald forest is more productive than Babia hora (stand volume
is 559 m3.ha' versus 313 m3.ha'). This is also documented by the perfor-
mance of NPP, NEE and Rh (Figure 5), which reach greater maximum values
in Rothwald than in Babia hora. The differences in absolute values of the
examined variables reflect the differences in species composition as well as
in site conditions of the two forests. Babia hora is situated further on the
north at higher elevations and has a cooler climate. The soils in Babia hora
are shallower with a greater proportion of sand.
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6. Conclusion

The self-initialisation procedure with the dynamic mortality model incor-
porated in the species specific version of BIOME-BGC (Pietsch et al.2005,
Pietsch and Hasenauer 2006) produces unbiased and consistent estimates of
an equilibrium that can be observed in virgin forestsope. Multidimensional
spatial error analysis based on the assessment variables covering a large
range of input criteria is an appropriate approach for calibrating the dyna-
mic mortality model which is required to mimic the successional dynamics of
old growth forest ecosystems. The assessment of the temporal performance
of carbon fluxes across a full developmental cycle revealed that the BGC
model is capable of simulating the dynamic developmental cycle of virgin
forests in Central Europe.
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