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Abstract Tree growth and carbon dynamics are impor-
tant issues especially in the context of climate change.
However, we essentially lack knowledge about the effects
on carbon dynamics especially in mixed stands. Thus, the
objective of this study was to test the effects of climatic
changes on the above and below ground carbon dynamics
of a mixed stand of Norway spruce (Picea abies [L.]
Karst.) and European beech (Fagus sylvatica L.) by means
of scenario simulations. To account for the typical tree
interactions in a mixed-species stand a spatial explicit tree
growth model based on eco-physiological processes was
applied. Three different climate scenarios considering
altered precipitation, temperature, and radiation were cal-
culated for an unthinned and a thinned stand. The results
showed significant changes of above and belowground
biomass over time, especially when temperature and
radiation were increased additionally to decreased preci-
pitation. The reduction in biomass increments of Norway
spruce were more attenuated above than below ground. In
contrast, the results for beech were the opposite: The
belowground increments were reduced more. These results
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suggest a shift in the species contribution to above and
belowground biomass under dryer and warmer conditions.
Distinct effects were also found when thinned and
unthinned stands were compared. A reduced stand density
changed the proportions of above and below ground carbon
allocation. As a main reason for the changed growth
reactions the water balance of trees was identified which
lead to changed biomass allocation pattern.
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Introduction

Evidence for climate change is consolidated by the results
of more and more research. The IPPC report (2007)
showed the drastic consequences that global warming will
have in the next decades. Precipitation and temperature
will most likely change substantially in the coming years
on a global scale (IPCC 2001, 2007) as well as on a
regional scale (e.g. UBA 2007; KLIWA 2006). Not only
mean values, but also distribution during the year will
probably differ from the current climatic situation (KLIWA
2006). It also seems that the frequency of climatic
extremes, such as droughts, will increase in the coming
decades (Meehl et al. 2000; Jonas et al. 2005).

Considering all these aspects, the impacts of these
climate changes upon our forest ecosystems are still in
many ways unclear. The interest in the scientific commu-
nity for the effects of global warming upon tree growth has
obviously increased. There is more literature touching upon
this topic than could be considered in this article. Therefore
only some relevant examples are highlighted, which should
document the research fields.
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Many publications deal with observed changes in
forest growth. Some of them are attributed to possible
effects of global change (Pretzsch 1996, 1999). Scenario
simulation was soon identified as a tool necessary for
assessing the possible consequences of climate change
(Malanson 1993; Coops and Waring 2001; Pretzsch and
Dursky 2002).

More recently the effects of climate change on tree
vitality have also been considered (Rotzer et al. 2005).
This topic is closely connected with the question of
possible effects of environmental changes on plant-
parasite and plant-herbivore interactions. Ayres and
Lombardero (2000) tried to identify the impact on forest
ecosystems due to global change by reviewing the
available literature. They were able to reveal ecologi-
cal as well as economic consequences of these
interactions.

Apart from growth considerations, carbon budgeting of
the forest ecosystem was also identified as a field of
increased scientific effort. Boreal forests, which are most
likely affected strongly by climatic changes, received
increasing attention (Price and Apps 1995; Barr et al. 2002;
Black et al. 2007). One probable reason for the focus on
boreal forests is the greater complexity of temperate for-
ests, which are usually dominated by a more complex
species interaction.

The impact of climate change on the allocation pattern of
trees is especially interesting because of their long life
cycles. One essential aspect is the variation in above and
below ground carbon dynamics under changed environ-
mental conditions, which is not fully understood yet (Black
et al. 2007). Even without the consideration of climatic
effects, only a few empirical studies deal with a comparison
of carbon or biomass allocation above and below ground
with mature forest trees. The great effort required to study the
below ground carbon allocation means that most empirical
studies consider only juvenile trees (e.g. Oleksyn et al. 1999;
Wang et al 2000) or are limited to pure stands (e.g. Sko-
vsgaard et al. 2006). Empirical studies on mixed stands
considering old trees and dealing with the interspecific
effects are even more rare, and are not able to consider
dynamic effects because of the destructive nature of
sampling.

To contribute to the open questions addressed above, a
spatially explicit process oriented tree growth model was
used to simulate carbon dynamics in a mixed stand of
Norway spruce (Picea abies [L.] Karst.) and European
beech (Fagus sylvatica L.). By means of scenario simula-
tion the following questions were tested:

1. Is the total above and below ground carbon allocation
of trees in mixed spruce-beech stands changed under
dryer and warmer conditions?
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2. Do species contribute in the same proportions to the
total above and below ground carbon allocation under
dryer and warmer conditions?

3. Does stand density affect carbon allocation of spruce
and beech under warmer and dryer conditions?

Material and site description

The site ‘Kranzberger Forst’ is located in southern Bavaria
(Germany), about 40 km northeast of Munich in the natural
region “Tertidres Hiigelland” at about 500 m altitude. The
experimental site was established in the year 1994. The
main tree species are Norway spruce and European beech.
There are other tree species present, however these do not
contribute significantly to stand structure.

The soil of the Kranzberg Forest is a luvisol which
originates from loess over tertiary sediments. The required
soil input values for the model are field capacity and
wilting point in the single rooting layers. The necessary
values were taken from the nearby level II plot ‘Freising’
(Rotzer et al. 2005). For the soil with an estimated rooting
depth of 100 cm an average field capacity of 34 mm/dm
and a mean wilting point of 14 mm/dm were calculated. At
the beginning of the simulation runs, the soil and nutrient
status of the trees were set at their optimum and no nitrogen
deposition was assumed.

The base simulations were done for the climate condi-
tions of the years 2000-2005 (status quo scenario). Values
of the weather were taken from the climate station ‘Freis-
ing’ of the Bavarian State Institute for Agriculture, which
is about 2 km away from the Kranzberg forest. The
simulations were based on daily temperature, precipitation,
humidity, wind speed and radiation data. In Table 1 the
mean annual values for the period 2000-2005 as well as for
the scenario runs are listed.

Averaged over the years 2000-2005 the mean annual
temperature of the Kranzberg forest was calculated at
8.7°C with a mean annual radiation sum of 1,205 J/cm?
and a precipitation sum of 814 mm. Whilst the

Table 1 Mean annual values for temperature, precipitation and
radiation at the site “Kranzberger Forst” (period 2000-2005 and
scenarios)

Precipitation Temperature Radiation

(mm) (°C) (J/em?)
2000-2005 814 8.7 1,205
Scenario 1 651 8.7 1,205
Scenario 2 651 11.7 1,447
Scenario 3 692 8.9 1,253
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precipitation sum is almost equal to the climatological
mean for this region, which ranges between 750 and
850 mm, the mean annual temperature and the radiation
sum calculated for the period 2000-2005 are clearly higher
than the long term means of the Kranzberg forest region
which amount to 7-8°C and 1,015 J/em? according to
BayFORKLIM (1996).

In scenario 1 precipitation was reduced evenly by 20%
resulting in a mean annual sum of 651 mm. In scenario 2
additionally temperature was increased by 3°C and radiation
by 20% according to the results of the IPCC (2001). Because
IPCC (2001) also assumes a more frequent occurrence of
extreme weather events, in scenario 3 the extreme year 2003
with a very dry and hot summer was repeated every second
year [for physiological effects of the year 2003 see e.g.
Nikolova et al. (2008a)]. This way the weather data of the
years 2001 and 2005 were replaced by the values of the year
2003, whereby the mean annual precipitation sum decreased
to 692 mm. Temperature and radiation showed only a small
increase to 8.9°C and to 1,253 J/em?.

For simulation an initial stand was defined, comprising
of a part of the original experimental site ‘Kranzberger
Forst” to keep computation time in acceptable limits. The
initial stand was composed of 172 spruce and 37 beech
trees (Fig. 1).

Whilst all 209 trees are used for the simulations, the
outer two tree rows were excluded for the analyses to
eliminate edge effects. Therefore the results shown depend
on 87 spruce and 32 beech trees. Table 2 shows the char-
acteristics of the analysed stand.

Table 2 Characteristics of the site

“Kranzberger Forst”

analysed mixed forest

Pmean (M) dbhyneqn (cm)  ba (m*/ha)

Species Age (years) n

Spruce 50 87 235 27.0 35.6
Beech 56 32 23.1 23.0 9.3
Total 119 449

n number of trees, h,,.,, mean height, dbh,,.,, mean diameter at
breast height, ba basal area

A more detailed description of the site ‘Kranzberger
Forst” can be found in Pretzsch et al. (1998) and Wipfler
et al. (2005).

For a further simulation run, stand density of the
Kranzberg forest was reduced. For a thinning scenario 29
spruces and 11 beeches were removed, those having the
smallest diameter at breast height, simulating a thinning
from below. As a result for the stand with the reduced stand
density a basal area of 38.5 m*/ha was calculated. The
initial modelled biomass of the entire stand decreased from
71.8 tC/ha for the original stand to 64.6 tC/ha.

Model

The physiological growth model BALANCE computes the
three-dimensional development of individual trees depen-
dent on the environmental factors weather, CO,, soil
conditions, pollutants and the individual competition for
light, water and nutrients. BALANCE derives explicit

Fig. 1 Tree allocation at the 50 60 70 80 90 100
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Fig. 2 Spatial and temporal scheme of the model BALANCE

spatial crown shapes and rooting dimensions from the
initial parameters tree height, stem diameter and from the
tree coordinates. These are the basis for the initialisation of
foliage-, stem-, branch-, coarse and fine root biomasses as
well as for the leaf and root surfaces (Grote 2002).

The spatial calculation levels range from stand level and
individual trees over single tree components (crown, stem,
root) to crown and root layers, which are again vertically
and horizontically divided into segments. The segments
form the basis for the calculations of the physiological
processes and cycles (Fig. 2).

The simulation of the processes for each segment of an
individual tree is done in different time intervals. The
availability of resources, i.e. the values of weather, water
supply and phenology, is calculated daily. Therefore daily
values of temperature, radiation, precipitation, wind and
relative humidity are needed as well as daily values of the
air chemistry (CO,, air pollutants, N-deposition). Addi-
tionally, values characterising the soil (layers, nutrient
release, maximal water availability) must be available.

At the end of each month or of each decade (10 days)
the daily values of the resource availability are added up.
They form the basis for calculating the physiological pro-
cesses and the biomass changes. These are photosynthesis,
respiration and nutrient availability. Allocation of carbon
and growth of the different compartments is computed in
the same time interval. The above ground biomass (agb) is
the sum of the biomass of the foliage (bmyg,), the twigs
(bmyyig), the branches (bmy,,), the buds (bmyyg), the
reserve (bm,.) and the stem (bmgep,):

agb = bmg, + bmtwig + bmy, + bmypyg + bmyes + bmgeem
(1)

The below ground biomass (bgb) is the sum of the fine
root biomass (bmy,) and the coarse root biomass (bmg,):
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bgb = bmyg + bmg, (2)

Foliage biomass is calculated based on the actual
foliated volume of the segment (v¢), the foliage density
(95) and the specific foliage area of the segment (sfa):

bmfol =vf X 5f/sfa (3)

Foliage density in Eq. (3), in turn, is a function of the
maximum foliage density, the maximum volume of the
segment and the competition factor. The specific foliage
area of the segment (sfa), on the other hand, is a function of
the maximum and minimum specific foliage area and the
competition factor.

Based on the foliage biomass, the twig biomass can be
estimated using the species specific ratio twigs/foliage
biomass (riwig):

bmlwig = bmyg, X Ttwig (4)

The biomass of the branches is estimated from the
branch wood density (Jy,,) and the branch biomass volume
(vp), which is calculated from the foliage biomass and the
fraction of sapwood area needed to supply the foliage
biomass within the segment:

bMpr, = Vp X Opw (5)

The stem biomass is calculated in an analogue way to
the branch biomass:

bMyem = Vstem X Ow (6)

Bmyg,, is the product of the volume of the stem (Vgem)
and the wood density (J,). Hereby stem volume is
described as function of tree height, diameter at breast
height and species specific stem form.

Whilst bud biomass (bmy,y) is calculated from the
demand of carbon required to produce the foliage for
the next year, the biomass of the reserve pool (bm,), i.e.
the free available carbon, is a fraction of the living woody
tissue.

Fine root biomass (bmy,) as a part of the below ground
biomass is estimated from foliage biomass by using a
species specific ratio of fine roots to foliage (rg):

bmg = bmgy X rg (7)

Coarse root biomass is—similar to the branch
biomass—derived from the coarse root density (J.,) and
the coarse root volume (v..), which in turn is calculated
from the fine root biomass and the fraction of sapwood area
needed to supply the fine root biomass within the segment:

bmg, = ver X Ocr (8)
Once a year, i.e. at the end of the vegetation period, the

three-dimensional structure of each tree, the development
of the entire stand and the mortality are calculated.
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Fig. 3 Modules and cycles of

deposition
model BALANCE

2] le )
|

stand climate

lempermmel radiation |[ humidity Hwind |||J|ecipilmion
|

stress

L/‘_"_‘_
Lt 3
water
carbon cyc balance
growth
A4
0
Jd
-

nutrient cycle

evapo-
transpiration

[ooor |

By modelling the essential parameters of the water,
carbon and nitrogen balance, the growth of trees that
depend on these parameters, and the consequences for the
stand structure can be analysed. Within the different cycles
calculated in different time intervals numerous interactions
can be seen, which are indicated by arrows in the Figs. 2
and 3.

Height, diameter, stem, crown and root growth are
simulated on the base of the annual net carbon gain,
which is a result from the physiological processes of
photosynthesis (Haxeltine and Prentice, 1996), respiration
(Penning de Vries et al. 1989), distribution of carbon and
nitrogen in the tree (Grote 1998) and the aging of
tissues.

Respiration and photosynthesis

Respiration is the sum of maintenance and growth respi-
ration. Photosynthesis, in our context, is calculated as a
function of leaf surface, light, temperature and CO,-con-
centration and is reduced by the lack of water and nutrients
as well as by pollutants. The calculation of the relative light
consumption was derived from the competition algorithm
of the single tree simulator SILVA (Pretzsch 1992) and
extended by a light extinction function of a Lambert-Beer
type. In contrast to SILVA, in BALANCE the search cone
for the competition estimation is not applied once for every
individual tree, but separately for each single crown
segment.

Phenology

In order to depict the annual development of a tree, the
annual cycle of foliage development must be known. With
the beginning of bud burst foliage, biomass and leaf area as
well as light availability and radiation absorption change.
Thus, the date of foliage emergence in a tree determines its
assimilation and respiration rate and also affects the envi-
ronmental conditions of the trees in its vicinity. Therefore,
in BALANCE the beginning of bud burst is modelled by
using a temperature sum model (Rotzer et al. 2004), and
foliage senescence is estimated in dependence on the res-
piration sum (Rotzer 2003).

Water balance

The simulation of the water balance considers the soil
conditions in different layers as well as the influence of
interception and percolation based on canopy and root
distributions. Rooted volume and the soil characteristics
define the water and nutrient availabilities of a tree. The
rooting volume is dependent on the tree size and on
the competition situation and therefore the influence of the
stand structure and of the species mixing is reflected again
in these processes. The evapotranspiration is described as
the minimum of the potential evapotranspiration (ETp) and
the maximum of the evaporation (Monteith 1965). The
maximum evaporation is estimated from the actual crown
interception and the water supply for the tree. The relation
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of actual evaporation to ETp determines the extent of water
stress for the photosynthesis.

Nutrient cycle

The nutrient uptake results from the minimum of demand,
supply and absorption capacity (Grote 1998). In a first step
only the nitrogen cycle as the most important nutrient
element is considered. The demand is determined by the
difference between the actual nitrogen concentration and a
given optimal concentration. The supply is defined by the
soil characteristics of the rooted volume, the uptake
capacity by the root surface and its specific absorption rate.

Allocation

The distribution of the net assimilates and of the nitrogen is
adapted to the demand of the individual compartments
(Grote 1998), which in turn are determined by the rela-
tionships between the compartments according to the
“functional carbon balance”-theory (Mikela 1990) and the
“pipe-model”-theory (Valentine 1985) and by the N-con-
tent differences between the single compartments and their
optimal contents.

A detailed description of the model BALANCE can be
found in Grote and Pretzsch (2002) and in Rotzer et al.
(2005).

Results

Figure 4 shows the above and below ground biomass of the
spruce (right) and the beech trees (left) at the site
‘Kranzberger Forst’ for the years 2000-2005, simulated
with the model BALANCE. Starting with an initial agb of
46.6 tC/ha for the 87 spruce trees in January 2000 the agb
rises up to 65.1 tC/ha in December 2005. For the bgb an
increase from 5.6 to 10.3 tC/ha was calculated. The
32 beech trees showed a rise of the agb from 17.9 to
25.5 tC/ha, while the bgb was 1.7 tC/ha at the beginning of

10,0
tC/ha

Dabove ground

8,0 11
mbelow ground

6,0 - [ ]

4,0 - ]

2,0 141 .- T T

00 | | Li

20 12/2000  12/2001 12/2002  12/2003  12/2004  12/2005

Fig. 5 Above and below ground biomass increment of all trees for
the analysed site “Kranzberger Forst” for the years 2000-2005

the simulations in 2000 and 2.1 tC/ha at the end of the
simulations in 2005.

For the beech trees a steady increase of the biomass is
predicted for the entire period, whereas spruce trees show a
decline for the dry year 2003. The decrease was more
pronounced for the below ground biomass.

This can again be seen in Fig. 5, where the increments
of the above and below ground biomass summed up over
all trees are shown for the years 2000-2005.

With the exception of the year 2003, the annual above
ground biomass increment of the analysed stand at the
Kranzberg forest varied from 3.3 to 8.1 tC/ha and the
annual bgb increment was between 0.1 and 2.8 tC/ha. For
the extreme dry and hot year 2003, the above ground
biomass increment was simulated with only 0.3 tC/ha,
whereas the below ground biomass increment was negea-
tive, which denotes a loss of biomass of 1.1 tC/ha.

In the next step biomass dynamics of the site ‘Kranz-
berger Forst’ was estimated for three scenarios. In Figs. 6
and 7 the course of agb and bgb is illustrated for the beech
and spruce trees based on the weather conditions outlined
in Table 1. The values in Fig. 6 are based on the annual
results of the status quo scenario, where carbon dynamics
were simulated with actual empirical climate data of period
2000-2005, which were set as 100%.

Fig. 4 Simulated total above 30 o beech
and below ground biomass of (c/ha eec
the beech (left) and the spruce 25

(right) trees at the site
“Kranzberger Forst” for the
years 2000-2005
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If only precipitation was changed with a decrease of
20% (scenario 1), above as well as below ground biomass
diverged increasingly from the reference based upon the
annual simulation results of the years 2000-2005. At the
end of the simulation agb and bgb had 3% less biomass.
For scenario 2, which additionally assumed a temperature
and a radiation increase, smaller biomass increments were
evident in every year for the above as well as for the below
ground biomass, which lead to a drop in biomass of 6% for
agb and 5% for bgb in the last year. The simulations based
on scenario 3, in which the extreme year 2003 is repeated
three times, show no steady decline of agb and bgb, but at
the end of the 6-year period biomass is reduced by 5% for
agb and 3% for bgb.

For the spruce trees of the Kranzberg forest a steady
decline of the above ground biomass was found for sce-
nario 1 compared to the status quo scenario, which lead to a
reduction of 4% in the last year. The bgb had a maximum
deviation of 4% in year 5, however, at the end of the
simulations for scenario 1 the deviation was only 2%. The
above ground biomass of scenario 2 decreased to 94% until
year 5, whereas for year 6 a small increase of 1% was
determined, leading to a total reduction of 5%. The bgb in
scenario 2, on the other hand, showed no steady course for
the single years. However, at the end of the simulation, bgh
had a loss of 6% of the base period biomass. Agb for the
“extreme” scenario 3 decreased to 95% in year 2 (an

extreme year) and afterwards increased up to 98% in year
4, followed by a decrease to 95% at the end of year 6. The
bgb varies from higher values in the years 4 and 5 to lower
values in the years 2, 3 and 6 for scenario 3, all compared
to the base period. At the end of the simulations bgb is
lowered by 9%. At the end of year 4, which was very hot
and dry, the bgb from scenario 2 and 3 is about 10% higher
compared to that from the base period.

The reduction of the total above and below ground
biomass increment for the three scenarios referenced to the
increments of the status quo scenario is illustrated in Fig. 8.
In addition to the original stand, the simulations were
performed for a stand with a reduced stand density.

For scenario 1 agb and bgb increment of the spruce trees
of the original stand were reduced by 15 and 4% respec-
tively, while for the spruces with the reduced stand density
the reduction was only 12 and 0% compared to the base
period 2000-2005. For scenario 2 we found clearly smaller
reductions for the stand with the reduced stand density,
both for the above (18% vs. 9%) and the below (14% vs.
4%) ground biomass increment, all compared to the status
quo scenario. For scenario 3 agb and bgb increments were
all reduced for over 15%. The differences between the
original and the reduced density stand, however, were
distinctly lower than 3%.

For the beech trees the scenario 3 simulations result in
reductions of 16% for the agb increments and 15 and 14%
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Fig. 8 Reduction of the total above and below ground biomass increment of the spruce and the beech trees of the original stand and the stand
with the reduced stand density (sd) for the three scenarios based on the increments of the period 2000-2005

for the bgb increment, compared to the reference scenario.
For scenario 2 the beech trees of the original stand show
the highest decrease with 20% for the agb and 26% for the
bgb increment. For the stand with the reduced density high
values with 18% and 21% were found. For scenario 1 the
lowest reductions were calculated: Whilst for the original
stand agb and bgb increment were reduced by app. 8 and
12%, for the stand with the reduced density the reductions
were 9 and 11%.
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Discussion

Using the physiologically based model BALANCE, growth
for the mixed spruce and beech stand at the site ‘Kranz-
berger Forst’ was simulated. The calculations of the above
and below ground biomass for the original stand and for a
stand with a reduced stand density over the period 2000—
2005 as well as for three climate scenarios can be sum-
marised as follows:
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e Scenarios: The smallest reductions of the biomass
increment compared to the status quo scenario could be
found for scenario 1, in which only precipitation was
reduced. For scenario 2, in which additionally temper-
ature and radiation were changed, and for the
“extreme” scenario 3 agb and bgb increments (original
stand) were all reduced for more than 14% compared to
the status quo scenario. The highest reductions are
obvious for beech in scenario 2 with up to 26% for the
bgb increment. Despite a temperature change of only
0.2°C, a radiation change of only 48 J/cm® and a
precipitation decrease of less than 12%, bgb and the
agb increment for scenario 3 show high growth
reductions. The biomass increment of spruce was
shortened more for scenario 3 than for scenario 2,
particularly for the bgb increment.

e Agb/bgb: In scenario 1 and 2 the reduction of the agb
increment for spruce trees (original stand) was clearly
higher (15 and 18%) compared to the bgb increment (4
and 14%). For beech trees in these scenarios, however,
the reduction of the bgb increment was higher (agb: 8
and 20% <« bgb: 12 and 26%). For scenario 3 a clear
differentiation between the agb and bgb increment
pattern is not possible, both for beech and spruce.

e Stand density: If the stand density is reduced, the
highest growth reductions are obvious compared to the
original stand for scenario 2. For scenario 3 (extreme
scenario) only small resp. no differences could be
found.

One main reason for these growth reactions of the trees
can certainly be found in the water balance of the trees
(Nikolova et al. 2008b). In Fig. 9 the mean annual total
evapotranspiration (sum of actual evapotranspiration and
interception) of the original stand and of the stand with the
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Fig. 9 Mean total evapotranspiration of the orignal mixed stand eta
(org) and of the stand with the reduced stand density eta (red) and
mean annual precipitation sum at the site “Kranzberger Forst” for the

base period 2000-2005 and for the three scenarios

reduced stand density as well as the mean annual precipi-
tation sum can be seen for the period 2000-2005 and for
the three scenarios.

It is obvious that for the base period 2000-2005 the
average precipitation sum is higher than the evapotranspi-
ration sum. This means that on average water does not
restrict growth. In scenario 2 and 3 the evapotranspiration
sums are higher than the precipitation sums, which can
limit growth. Because of the good soil conditions at the site
‘Kranzberger Forst” with a high water storage capacity,
excessive water stress could be avoided until the end of the
simulated period. Over the 6 years, however, the mean soil
water content for all scenarios decreases from year to year.
This could result in extreme water stress for the following
years related to further growth depressions. A second effect
is that ground water recharge is diminished because with
decreasing precipitation and increasing potential evapo-
transpiration run off decreases. This will further intensify
water stress and growth reduction.

A good parameter showing the degree of water stress is
the ratio of the actual and potential evapotranspiration eta/
etp. In Fig. 10 this ratio is illustrated for the spruce and the
beech trees of the original stand and for the stand with the
reduced stand density for the base period and for the three
scenarios.

Lowest eta/etp values can be found for scenario 2 with
0.52 for spruce and with 0.63 for beech. Highest values
were calculated for the base period with 0.71 for spruce
and 0.74 for beech. Despite the fact that for scenario 3 the
precipitation sum is greater than the evapotranspiration
sum (Fig. 9), the biomass increment decreases clearly
compared to the values of the base period (Fig. 8). Fig-
ure 10 shows the reason: the eta/etp ratio is definitely
smaller than the ratio for the base period and also for
scenario 1. This means that in the annual course of some
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Fig. 10 Ratio of the actual and potential evapotranspiration for the
spruce and beech trees of the orignal stand and of the stand with the
reduced stand density at the site “Kranzberger Forst” for the base
period 2000-2005 and for the three scenarios
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(extreme) years the soil water content is so small that eta is
reduced severely.

It is also evident from Fig. 10 that the stands with the
reduced stand density (rs) have higher eta/etp ratios com-
pared to the original stands (os), which shortens the growth
reductions. The highest reduction of the biomass increment
(agb from 18% for os to 9% for rs and bgb from 14% for os
to 4% for rs) in scenario 2 for spruce is linked to the
greatest difference in the eta/etp ratio (0.52 vs. 0.54).

The results of this study confirm that water balance of
the trees is closely connected to the growth increment of
the above and below ground biomass. Whether a tree
invests more carbon in root growth or in foliage, branch
and stem growth mainly depends upon the water supply for
a tree.

To elucidate these relationships the mean annual eta/etp
ratios of all simulation runs were classified in three drought
classes separately for the spruce and the beech trees. Class
1 contains all ratios above 0.7 (no water stress), class 2
ranges between 0.5 and 0.7 (water stress) and class 3
includes all ratios below 0.5 (severe water stress). For all
classes also the average ratios of the below and the above
ground biomass increments were calculated. In Fig. 11
these ratios for spruce and beech are shown for the three
drought classes.

For spruce as well as for beech trees the bgb/agb
increment ratio is significantly higher for drought class 2
than for class 1. On average the bgb/agb ratio of spruce is
0.33 for drought class 1 ‘no water stress’ and 0.64 for
drought class 2 ‘water stress’. For beech the ratios are 0.04
for the drought class 1 and 0.13 for drought class 2,
denoting that if trees are stressed by water shortage more
carbon will be invested in root growth while the above
ground biomass increment is reduced. These findings were
supported by Polomski and Kuhn (1998), who found that
trees under decreasing water supply increase the absorption
surface and the branching of roots, i.e. increase root
growth.
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O drought class 2
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e
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spruce beech

Fig. 11 Mean ratio and standard error of the below and the above
ground biomass increment of beech and spruce for the three drought
classes based on the eta/etp ratio (class 1: eta/etp > 0.7; class 2:
0.5 < etaletp < 0.7; class 3: eta/etp < 0.5)
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Under severe water stress (drought class 3) the bgb/agb
increment ratio of beech results in significantly higher
values compared to drought classes 1 and 2, indicating a
higher root growth compared to the above ground biomass
growth. For spruce a non significant drop of the bgb/agb
increment ratio could be found for drought class 3 com-
pared to drought class 2 indicating that under severe
drought stress root growth of spruce is reduced compared
to the growth of the above ground biomass (Fig. 11).

Severe water stress can lead to drastic growth reduc-
tions, in which roots as well as above ground biomass die
off. This result found for spruce corresponds to Polomski
and Kuhn (1998) citing Drew (1987) that droughts cause
irreversible damage when water loss exceeds more than
70%. An other example of such an extreme water stress
period is the summer drought in the year 2003 (see Fig. 5),
where the bgb increment is negative in the simulations.

The mean bgb/agb ratios of the two tree species are 0.16
for spruce and 0.10 for beech. Compared to root/shoot
ratios from literature (e.g. Bolte et al. 2004, Mund et al.
2002) we also found higher ratios for spruce than for beech,
whereas the absolute values differ somewhat from the
values in literature because of the different compartments
defined as agb or shoot and bgb or root.

If the ratio of the initial coarse root biomass and above
ground biomass for beech and spruce is calculated the
values of 0.113 for spruce and 0.091 for beech are only
somewhat lower than the ratios of 0.127 for spruce and
0.138 for beech that could be calculated from the data
Pretzsch et al. (1998) published for the entire ‘Kranzberger
Forst’. The entire Kranzberg forest, however, has different
basal areas of 30 m*/ha for spruce and 12 m*/ha for beech
compared to the values for the stand used in this study
(35.6 m>/ha for spruce and 9.3 m?/ha for beech; see
Table 2). On the other hand, the coarse root/wood ratios
Fehrman et al. (2003) found for spruce (0.215) and for
beech (0.090) fit well to the ratios calculated in this study
with 0.179 for spruce and 0.093 for beech (based on the
assumption of a wood density of 377 kg/m> for spruce and
554 kg/m3 for beech). However, it has to be considered that
ratios between below and above ground biomasses strongly
depend on the plant age and on the increasing plant weight
(Roloff and Romer 1989).

Conclusions

The results of the simulations for the mixed spruce-beech
forest of the site ‘Kranzberger Forst’ showed that the
model BALANCE produces realistic values for the above
and the below ground biomass. Different scenarios
demonstrate the reaction of biomass growth to special
climate situations. We were able to show that water supply
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for the single trees is one of the main factors influencing
growth and the allocation of carbon into the diverse com-
partments. For a better understanding of the reaction and
the feedback of climate on the biomass growth in forest
sites longer simulation runs have to be done. Furthermore
the influence of the site structure (e.g. mixing ratio of tree
species, stand density) must be investigated more in detail.

Regional climate scenarios (e.g. the REMO scenarios
with a spatial scale of 10 km; Jacob et al. 2001) improve
the simulations of the impacts of climate changes on
growth. Extreme climate situations (drought events or
storm disasters) and/or secondary stress effects like dis-
eases and pests must be regarded as well (Seifert 2007).
Allocation patterns of trees may additionally vary consi-
stantly between years because of alternating cone and fruit
production (Seifert and Miiller-Starck 2008).

Another point of interest is the relationship of carbon
allocation with the different plant compartments (roots,
leafs, branches, stem) by including not only the water
balance but also further environmental parameters in the
analyses, such as soil temperature or soil structure for root
growth as mentioned by Polomski and Kuhn (1998).

To improve the understanding of tree growth depending
on environmental conditions the nutrient availability, par-
ticularly nitrogen, has to be considered in the simulations
(e.g. Glynn et al. 2007). In this study for the Kranzberg
Forest we assumed an optimal nitrogen supply. A further
challenge for the simulation studies with the model BAs-
LANCE will be to examine how nutrient availability
changes in time, different for the species as well as for
single trees, and how the growth of the below and the
above ground biomass will change when influenced by a
changed nutrient availability.

Closely connected with the nutrient availability but also
with the water uptake are the rooting depth and the rooting
systems of the species and the single trees. To analyse
these influences is one of the next tasks of the simulations
that have already been started for the Kranzberg Forest and
other forest stands in Germany.
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