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Abstract

Temperate forest ecosystems have recently been identified as an important net sink in
the global carbon budget. The factors responsible for the strength of the sinks and their
permanence, however, are less evident. In this paper, we quantify the present carbon
sequestration in Thuringian managed coniferous forests. We quantify the effects of
indirect human-induced environmental changes (increasing temperature, increasing
atmospheric CO, concentration and nitrogen fertilization), during the last century using
BIOME-BGC, as well as the legacy effect of the current age-class distribution (forest
inventories and BIOME-BGC). We focused on coniferous forests because these forests
represent a large area of central European forests and detailed forest inventories were
available.

The model indicates that environmental changes induced an increase in biomass C
accumulation for all age classes during the last 20 years (1982-2001). Young and old
stands had the highest changes in the biomass C accumulation during this period.
During the last century mature stands (older than 80 years) turned from being almost
carbon neutral to carbon sinks. In high elevations nitrogen deposition explained most of
the increase of net ecosystem production (NEP) of forests. CO, fertilization was the main
factor increasing NEP of forests in the middle and low elevations.

According to the model, at present, total biomass C accumulation in coniferous forests
of Thuringia was estimated at 1.51tCha 'yr ' with an averaged annual NEP of
1.42tCha 'yr ' and total net biome production of 1.03tCha 'yr ' (accounting for
harvest). The annual averaged biomass carbon balance (BCB: biomass accumulation rate-
harvest) was 1.12t Cha ' yr ' (not including soil respiration), and was close to BCB from
forest inventories (1.15t Cha ' yr %). Indirect human impact resulted in 33% increase in
modeled biomass carbon accumulation in coniferous forests in Thuringia during the last
century. From the forest inventory data we estimated the legacy effect of the age-class
distribution to account for 17% of the inventory-based sink. Isolating the environmental
change effects showed that these effects can be large in a long-term, managed conifer
forest.
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Kyoto protocol (UNFCC-United Nations Framework

Introduction Convention on Climate Change — http://unfccc.int/)
During the last decades it has become more and more allows accounting for increased carbon sinks related to
obvious that anthropogenic CO, emissions in the world direct human-induced activities such as afforestation
must be reduced to diminish global warming. The and reforestation as well as additional agricultural

or forestry activities leading to CO, reduction. The
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indirect human-induced effects, i.e. increased tempera-
ture, CO, and nitrogen fertilization, however, is not
accountable. It is a challenge although to separate direct
from indirect human-induced carbon sources and sinks.

A number of recent studies demonstrated that
European forests have been a significant carbon sink
over the last decades and presented several explanatory
variables such as CO, fertilization, increased tempera-
tures and increased nitrogen deposition as well as
forest management (Kauppi et al., 1992; Spiecker
et al., 1996; Townsend et al., 1996; Delucia et al., 1999;
Nadelhoffer et al., 1999; Beck, 2000; McGuire et al., 2001;
Mund et al., 2002; Houghton, 2003; Nabuurs et al., 2003).
However, they have not been able to determine relative
contributions of those factors. Mund et al. (2002)
showed that the standing biomass of a spruce chron-
osequence in Central Germany was 150-300% higher
than the one indicated in standard yield tables, and
attributed this discrepancy to the synergistic effects of
management and environmental changes. Nabuurs
et al. (2003) suggested that the increased European
forest carbon sink might be associated with a large area
of managed young forest age classes, which typically
accumulate carbon at high rates. At the same time,
management of the European forests has also im-
proved site quality through fertilization and peat-land
drainage programs (Kauppi et al., 1992; Spiecker et al.,
1996; Beck, 2000). Many forest sites strongly degraded
by litter raking in the past are still recovering.
Furthermore, timber harvest has been reduced from
90% to 95% of annual increment in 1950 to about 55% at
present, leading to increasing vegetation carbon stocks
in European forests. Environmental changes (increased
temperature, increased CO, and nitrogen fertiliza-
tion), may also contribute to the faster site recovery,
but the magnitudes of the effects are uncertain
(Spiecker et al., 1996; Townsend et al., 1996; DeLucia
et al., 1999; Nadelhoffer et al., 1999; Caspersen et al.,
2000; McGuire et al., 2001; Houghton, 2003). A recent
estimate of the forest carbon sink of Europe is 363 Tg
carbon per year (Janssens et al., 2003). This estimate
suggests that the European carbon sink absorbs about
20% of the European anthropogenic emissions (Jans-
sens ef al., 2003).

To distinguish between direct and indirect human
impacts on forest carbon sequestration, it is necessary
to look at the appropriate spatial and temporal scales
where anthropogenic influences become quantifiable.
Studies at larger scales have frequently investigated the
impact of environmental changes on carbon sequestra-
tion (Churkina et al., 1999; Churkina & Running, 2000;
Nabuurs et al., 2002), but failed to discriminate the
direct human influence because indirect and direct
effects overlap. Studies at local scales indicate that
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young and old stands react differently to environmental
conditions (Law et al., 2001; Anthoni ef al., 2002; Mund
et al., 2002), probably because tree physiology changes
with age (Ryan et al., 2000). On the other hand it is
difficult to isolate the factors contributing to changes in
forest carbon sequestration by experiments alone.
Hence, very few experiments deal with this separation.
Ecosystem models offer a possibility to ‘translate’
knowledge gained in field experiments to landscape
or biome scales.

With this study we present a regional quantification
of the relative contribution of different aspects of forest
management and climatic and atmospheric forcing to
changes in carbon stocks and fluxes using coniferous
forests in Thuringia (confederate state of Germany) as a
study area. Norway spruce covers 68% of the conifer-
ous forest and 49% of the total forest area. The only
other important coniferous is Scots pine comprising
31% of the coniferous forests and 22% of the total forest
area. In Thuringia, the current structure and age-class
distribution of coniferous forests is the result of more
than two centuries of intense forest management.
Knowledge of site history is thus essential for under-
standing carbon dynamics and for simulating carbon
sequestration in these ecosystems. We combine model
simulations performed with the ecosystem model
BIOME-BGC (Thornton et al., 2002) and detailed
analyses of geographic information system (GIS)-based
soil and forest inventories (Thuringian State Institute
for Forestry, Game and Fishery; TLW]JF) to investigate
both the effect of climate and changing environmental
factors on carbon sequestration in coniferous forests
during the last century. We address the following
questions: What was the magnitude of the biomass
carbon sink during the last 20 years (1982-2001)? How
well do model simulations and inventory-based esti-
mates match? What fraction of this sink is induced by
climatic and atmospheric changes and how much of it
can be explained by forest management?

Methods

Separating the indirect and direct human-induced
effects on the carbon sequestration of a managed forest
is not straight forward. As suggested by IPCC (2003)
the environmental effect is relatively easy to separate
with the help of model simulations. Our model
scenarios represent cases C and D according to IPCC
(2003). The direct human-induced effects are estimated
using the age-class distribution from the forest inven-
tories. Table 1 shows an overview of how the different
scenarios and how the indirect and direct human-
induced effects on the carbon sequestration are re-
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solved. A more detailed description of the methods is
given below.

Initialization of climate and soil conditions

The GIS of the Thuringian forest service (TLWJE
Thuringian State Institute for Forestry, Game and
Fishery, unpublished) was used to extrapolate detailed
point measurements of climate and soil texture to
environmental strata at the landscape level. The forest—
GIS encompasses a forest area of more than 500000 ha
(92% of total forest area) and lists entries for over
300000 individual stands. The site conditions are
characterized by six environmental layers, which
provide qualitative information on climate and soil
conditions for each stand.

In the forest-GIS combinations of elevation (five
classes) and exposition in relation to the main wind

direction (six classes) are used to define a total of 18
topographic climate classes. Each of these is character-
ized by a 50 years average of mean annual temperature
(MAT) and precipitation based on data which were
recorded in climate stations throughout Thuringia
between 1900 and 1950 (Fig. 1a — open triangles). The
18 classes were further aggregated to three climate
strata based on their position in the precipitation—
temperature space (Fig. la — boxes). Note that the
topographic climate classes do not exactly correspond
to altitudinal bands, because of the differentiating effect
of exposition. Hourly climate data from 11 stations
covering the period from January 1972 to December
2001 (temperature, relative humidity and daily pre-
cipitation sum) were acquired from the German
Meteorological Society (DWD, Offenbach, Germany)
with the aim to construct mean climate series repre-
sentative for each of the three climate strata. However,

Table 1 Methods used for estimating direct and indirect human-induced effects on carbon sequestration of a managed forest using
forest inventories and model simulations

Forest inventories

Model simulations

Baseline (B)
Present (P)
Indirect human-induced effects

Direct human-induced effects

Growth harvest (1993)

Actual vs. ideal age-class distribution

(legacy age effect)
Age class shift (1993-2001)

1
2
2-1 and legacy age effect

Age class shift (1993-2001)

(a} v Topographic climate classes (1900-1950)
® DWD data (1972-2001)
5]
1600 DWD data (20thcentury trend removed) 10
(b)
]
—. 1400 . TIN)
£ N —
£ ™. P T [
— (5] . B =
c 1200f '8 =
he - N
E \-iﬁ_,' ’ ", - N
S 1000 ' 4 E
g High ™ ¢ N (c) e | 1400 E
a N N S 1200 ¢
o 800 A 07" 1000 £
z “ Y ou oy o * 28 =
c . L e i 2 son0 &
= Middle @94 o '@.—- [+
600- NPT ﬁ goo ©
Lg0 % .| . e
Low .7 400 3
400 : : — : — 200 E
3 4 5 3] 7 a8 ] 0 200 400 600 800 1000 <

Mean annual temperature (°C)

Elevation {m)

Fig. 1 Elimination of trend in climate data from German Weather Service (DWD) in climate space (mean annual temperature vs. mean
annual precipitation), with the aim to make DWD data and climate data from the Forest Service comparable. The DWD data were
grouped in the climate groups based on quality site maps (the eclipses marked the three climate classes and indirectly the high, middle
and low elevation classes).
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Table 2 Average values of temperature and precipitation of the DWD climate stations defining the elevation classes. The

measurement period was from 1972 until 2002

Annual
averaged
temperature Precipitation Elevation
Class (°O) (mm) (ma.s.l.) Stations
High 59 1243.3 802 (626-937) Schmiicke, Neuhaus am Rennweg, Sonneberg
Middle 8.4 764.6 448 (356-487) Kaltennordheim, Schleiz, Leinefelde
Low 8.5 601.6 297 (164-450) Gera, Meiningen, Weimar, Artern

climate change in Thuringia during the 20th century
has complicated the assignment of stations to the three
climate classes (note position of filled circles in Fig. 1la
outside the boxes). An ANcOvA, with elevation as
covariate, revealed a significant increase in MAT by
0.93°C (95% CI 0.64—1.21, F;; = 44.8, P<0.001, Fig. 1b)
between the two measurement periods independent of
elevation. At the same time precipitation increased by
100-150mm only at higher elevation (interaction
between elevation and measurement period:
Fip1 =128.0, P<0.001, Fig. 1c). These models were used
to remove the 20th century climate change trend from
the DWD data in order to reconcile the position of the
thus transformed mean values of MAT and precipita-
tion (grey circles in Fig. 1a) with the historical climate
classes. The resulting assignment of stations to climate
strata which form the link to the GIS database is shown
in Table 2.

Soil texture is an important driver variable in
BIOME-BGC because it affects the ability of soil to
store water. The water status of the soil influences the
transpiration rate and thus the productivity and the
microbial activity. Data on particle size distribution
exist for 132 soil profiles in Thuringia (VEB Forstpro-
jektierung Potsdam, 1987) which were established to
characterize the substrate group which is one of four
site quality indicators in the forest-GIS. On a ternary
plot (percentage clay vs. silt vs. sand) the profiles fall
into three distinct clusters (Fig. 2). Profiles of the
substrates ‘carbonate-rich’, ‘silt/loam’ and ‘clay’ were
pooled to form the texture stratum ‘fine’. Profiles of the
substrate group ‘loam’ and ‘silicaceous’ form the
texture stratum ‘medium’ and profiles on the substrate
‘sand’ or ‘sandstone’ form the texture stratum ‘coarse’
(Table 3).

Combining the three topographic climate classes
(low’, ‘middle” and ‘high’ elevation) and the three soil
texture classes (‘fine’, ‘medium’ and ‘coarse’) the
coniferous forest area of Thuringia (383400ha) is
divided into nine environmental strata. Since in four
of those the forest area was less than 0.5% of the total,
we analyzed only the five most important environ-
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Fig. 2 The percentage of sand, silt and clay content of the 132
soil profiles in Thuringia (VEB Forstprojektierung Potsdam,
1987) fall into three distinct clusters. Profiles of the substrates
‘carbonate-rich’, ‘silt/loam” and ‘clay’ form the texture stratum
‘fine’. Profiles of the substrate group ‘loam” and ‘silicaceous’
form the texture stratum ‘medium’ and profiles on the substrate
‘sand’ or ‘sandstone’ form the texture stratum ‘coarse’.

mental strata: high elevation/medium soil texture,
middle elevation/medium soil texture and low eleva-
tion class with the texture strata coarse, medium and
fine (Table 4). In the following we define these strata as
elevation classes.

The Present environmental scenario

To simulate the present biomass carbon pool for all age
classes at all elevations we needed to estimate long-
term climate time series. For each of the elevation
classes defined above, we ran MT-CLIM (Thornton
et al., 2000) for each station, then averaging the time
series spatially over the stations for each elevation class.
To achieve a long-term climate record, we looped the 30
years of data (present time series) for each elevation
class. To account for the fact that the MAT has increased
by about 1°C during the 20th century, the DWD
temperature series was progressively lowered by 1°C
over a 60-year ramp phase from 1972 back to 1912.
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Table 3 Definition of soil texture classes based on 132 soil profiles from Thuringia (VEB, 1987) used in the model simulations

Soil classes Associated substrate groups

Sand fraction (%)

Silt fraction (%) Clay fraction (%)

Coarse Sand 65.6 + 12.5 22.7 +£10.1 11.7 £ 6.2
Medium Silica, loam, clay 40.5 +13.8 424 +11.9 16.6 £5.3
Fine Carbonate, silt, loam, clay 147 + 124 58.1 £ 11.3 272 +£8.7

Table 4 The area distribution of needle-leaf forest in percent
of the nine possible elevations (EC) and soil texture (SC)
classes (numbers in parentheses are area in hectares)

SC coarse SC medium  SC fine
EC ‘high’ 0.4 23.7 (88439) 0.2
EC ‘middle’ 0.1 17.0 (59 147) 0.2

EC ‘low’ 28.8 (106233)  12.8 (61433)  16.9 (124 882)

Only five combined classes contributed significantly to the
total area occupied by the needle-leaf forest.

Before 1912 the DWD climate series was looped with
the reduced temperature.

The precipitation did not change during the last
century (slight increase in the highest elevation class)
and we therefore selected the station matching best the
annual averaged precipitation over all stations belong-
ing to the actual elevation class. Water vapor deficit and
radiation were estimated with MT-CLIM (Thornton
et al., 2000). Because we only had the long-term series
for the averaged maximum and minimum temperature,
we ran MT-CLIM with these averaged temperatures
and received VPD and radiation values corresponding
with the reduced temperatures. Because these values
were biased towards too low values of radiation and
VPD compared with the present climate series de-
scribed above, we adjusted the long-term climate series
with a correction obtained from running the present
climate series with the averaged max and min values as
done in the long-term series then correlating it to the
present climate series. We obtained a linear correlation
line for both VPD and radiation. High elevation: rad =
0.99rad; +86, R>=0.93; VPD=0.71VPD; +133, R*>=
0.76; middle elevation: rad = 0.94rad; + 85, R®>=0.82;
VPD = 0.85VPD, + 97, R>=0.64; low elevation: rad =
0.97rad; +46, R*>=0.94; VPD=0.98VPD; +70, R*=
0.84. This way, we obtained an artificial long-term
climatic record, describing the temperature increase in
the last century and still covering the typical climate
conditions in Central Europe. CO, concentrations have
steadily increased since the preindustrial time. From
1642 until present, we used an exponential increase of
CO,, from 276.9 reaching 368 ppm in 2000 (Prentice
et al., 2001). We used the actual CO, development
during the three rotational periods of each 120 years

reaching 370 ppm in 2001. The nitrogen deposition first
started to increase strongly in the second half of the
last century mainly because of increased burning of
fossil fuel. In the Present scenario the N deposition was
kept constant on the preindustrial level 2kgha 'yr ")
until 1959 and then continuously increased to
~ 32kgha 'yr! in 2001 for all elevations. The N-
deposition scenario was taken from the EMEP model
(Jonson et al., 1998) based on measurements of the total
N deposition in Tharandt (Germany) and Brasschat
(Belgium) during the 1990s (Churkina ef al., 2003).

The Baseline environmental scenario

The Baseline scenario represents preindustrial condi-
tions for our model estimates. Subtracting the Baseline
scenario from the Present scenario, we estimate the
effect of the increasing temperature and increasing CO,
and nitrogen fertilization during the last centuries. The
Baseline climate time series was obtained by reducing
the temperature by 1°C for each elevation class
compared with the ‘Present’ climate time series from
1972 to 2001. The long-term Baseline climate series was
obtained by looping this reduced time series from 1642
until 2001. Precipitation did not change during the last
century, so precipitation was used as measured in the
period 1972-1971. The atmospheric CO, concentration
was set constant at 276.9 ppm (before 1642) (Prentice
et al.,, 2001). The atmospheric nitrogen deposition in
the Baseline scenario was initialized at 2kg haflyrf1
which is the highest preindustrial estimate reported by
Holland et al. (1999).

Model and model simulations

The model. We used the biogeochemical model BIOME-
BGC (version 4.1) which simulates carbon, nitrogen and
water fluxes in a terrestrial ecosystem (Running, 1994;
Hunt et al., 1996; Thornton et al., 2002). The model was
successfully evaluated for a wide range of hydrological
and carbon ecological components (Nemani &
Running, 1989; Band et al., 1993; Churkina et al., 1999;
Churkina & Running, 2000). In recent years, the model
has been validated with eddy-covariance data (Anthoni
et al., 2002; Law et al., 2002; Thornton et al., 2002;
Churkina et al., 2003; Law et al., 2003). The general

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827
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ecophysiological parameter scheme for evergreen
needle leaf forest was used.

The BIOME-BGC model was originally developed
for natural forest ecosystems (Running & Gower, 1991).
Owing to the fact that the forests of Europe have been
managed for centuries, we chose to adjust the whole-
plant mortality rate to reflect the mortality regime
imposed by density regulation, which is an integral
part of the German management practice (Assmann,
1968): Forest inventory data (FID) from the beginning of
the 20th century were used to achieve the mortalities
of a natural and a managed forest under almost
preindustrial conditions (temperature and CO, con-
centration only moderately increased, no increase in
nitrogen deposition: Baseline scenario). The stronger
mortality regime in managed forests was achieved in
the model by adjusting the mortality parameter (0.03
years ).

To simulate natural forest dynamics in an
undisturbed forest, we reviewed the literature on
long-term thinning experiments (Carbonnier, 1957;
Franz, 1983; Kramer, 1988; Wenk et al., 1990). We
assumed a moderate thinning level as characteristic
for the past forest management in Thuringia. At the end
of the rotation period, control plots typically exceeded
the standing volume of moderately thinned stands by
25-50% (Gingrich, 1971; Kramer, 1988; Nyland, 1996).
The whole-plant mortality was tuned (decreased to
0.015 years ') to approximate the dynamics in control
plots. Spinup was done using the natural whole-plant
mortality of 0.015 years ' together with the
preindustrial climate scenario, constant preindustrial
CO, concentration (276.9ppm) and N deposition
(2kgCha 'yr ™.

Simulation of the forest age dynamics. A large fraction of
the Thuringian forest area (95.5%), is dominated by
even-aged forests forming a mosaic of age classes at
landscape level. This implies that depending on their
age today’s forests have experienced the recent changes
in climatic and atmospheric forcing during different
developmental stages. It is well documented although
that young stands are more reactive towards
environmental changes than mature stands (Mund
et al., 2002). To account for differences in sensitivity,
we performed age-class-specific model runs. In Europe
(or Thuringia), coniferous forests are managed in
rotations of up to 120 years. Only 2.6% of coniferous
forests exceed a stand age of 120 years. Following the
inventory scheme we grouped the population of stands
into 20-year age classes and simulated the development
of the resulting six cohorts (today 20, 40, 60, 80, 100 and
120 years old) starting in the years 1882, 1902, 1922,
1942, 1962 and 1982, respectively.

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827

All state variables of interest to our study, such as
various carbon pools, net primary production (NPP),
heterotrophic respiration (R;) and net ecosystem
production (NEP) as the difference between NPP and
Ry, reveal a distinct age pattern (Heinsdorf et al., 1986;
Janisch & Harmon, 2002; Wirth et al., 2002) (i.e. stand
age is an indispensable predictor for scaling up stocks
and fluxes to the landscape level). For consistency, we
averaged the annual biomass C pool, annual biomass
accumulation and NEP over the last 20 years (from 1982
to 2001) for each run to the actual stand age. To
investigate the relative effect of environmental changes
(E) for the modeled fluxes on each age class, we used a
normalization formula as follows:

_ ‘ﬂuxPresent - ﬂuxBaselinel
|ﬂuxPresent| + |ﬂuXBaseline| ’

where E ranges between 1 and 0, where 1 means a
strong effect and 0 means no effect of environmental
changes on the specific age class.

The total coverage area for each modeled age class
was obtained from FID established in the beginning of
the 1980s (TLWJF, Thuringian State Institute for
Forestry, Game and Fishery, 1992).

Simulation of site history. The conventional harvest through
clear cutting constitutes a disturbance of the natural
succession of coniferous forest. First, a large fraction of the
carbon pool is lost through the extraction of merchantable
wood (Kreutzer, 1979; Krapfenbauer & Buchleitner, 1981).
Second, the microbial activity in the soil is boosted by the
input of logging residues (Hakkila, 1989) and an increase
in soil temperatures and moisture (Wittich, 1930; Hager,
1988). As a consequence, heterotrophic respiration and
mineralization of nutrients is strongly increased causing a
reduction in soil carbon stocks and an increase of nutrient
availability. In addition, there is a reduced litter input
after clear cut, which is also leading to a reduction of the
soil carbon over time, and a reduced plant demand for
mineral N immediately after harvest which can produce a
big increase in net N mineralization but has little direct
impact on gross N mineralization. A net loss of nutrients
may occur if the nutrient availability exceeds uptake rates
of the regenerating plant cover. To account for the
ecological legacy of repeated harvests in the past
(Johnson & Curtis, 2001; Churkina et al., 2003), we
implemented a ‘management’ scheme: We let the model
spinup with the mortality of a natural forest (0.015). After
spinup, we initialized litter pools with site-specific data
from Thuringia representative for managed forests (Table
5). This was necessary since the model, originally
developed for natural forests, yielded unrealistically low
litter pools compared with measured values. This
disequilibrium causes a higher soil respiration than
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without initializing the litter pools. We then ‘harvested’
the forest according to the biomass allocation patterns in
Wirth et al. (2004): 60% of the biomass pool was exported
from the system as stem carbon. Forty percent of the
biomass before harvest remained in the system
redistributed in the following way: Branches, in total
comprising 14% of the total biomass, were redistributed
7% to the litter pool. The other 7% was transferred to the
coarse woody debris pool together with 20% of the root
carbon pool. All of the leaf carbon pool (6% of biomass
carbon pool) was transferred to the litter carbon pool. We
‘replanted’ the forest with plant pools equivalent to 1% of
the biomass carbon and nitrogen pools of a mature stand
before harvest. The leaf carbon pool was initialized with
0.06 kgm 2 at each planting. After cutting, the forest was
allowed growing for 120 years. We repeated the harvest
three times according to Pietsch & Hasenauer (2002), and
then let the forest grow to the different stand ages (always
ending in 2001, Fig. 3).

Simulation of C fluxes at landscape level. Because of the
age and site dependence of carbon stocks and fluxes
(e. g. NPP, NEP, R,, Ry) the age-class distribution as

Table 5 Initial values of the litter carbon pools from
measurements for the five combined elevation and soil classes
used to adjust the simulated values as well as the original
model values

Litter layer

Soil Litter layer (original
Elevation texture measured model values)
class class (tCha™ (tCha™
High Medium 324 7.9
Middle Medium 30.4 6.9
Low Coarse 21.5 6.2
Low Medium 33.0 6.2
Low Fine 35.6 5.9
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Fig. 3 Protocol of the model simulations. Each simulation was
started with a ‘spinup run’ towards a steady state. Arrows
indicates forest harvest and reallocation of the biomass not
exported out of the system. The numbers indicates the number
of years in each iteration.

well as the distribution of environmental strata has a
strong influence on the landscape level estimates of
these quantities. The total simulated fluxes of the
conifer forests (Table 6) were calculated from the area
fraction of the different age and site classes as follows:

=5 =6
Z;‘zl izt fluxiiAj
=5 \~i=6 4 .
21 2aim1 Aji

where A is the area (ha), j the indicator of the
environmental strata (1-5: high-medium, middle-
medium, low—coarse, low—medium and low—fine), and
i the indicator of the age classes (1-6). Stands older than
120 years were assigned to the sixth age class.

To estimate the net change in carbon stocks at the
landscape level (net biome productivity (NBP) since fire
is not relevant in Thuringia NBP is not including fire),
carbon losses through harvest H¢ have to be subtracted
from NEP (i.e. NBP =NEP—-H(). Hc was calculated
assuming that 60% of the biomass of mature trees at age
120 years is extracted. To account for the fact that stands
are harvested exactly at age 120 years, 60% of the total
biomass carbon of the sixth age class (spanning 20
years) was divided by 20 to arrive at an annual flux.
Since the mortality rates in the model were adjusted to
reflect the age trend of biomass carbon in the
inventories, carbon that would in reality be extracted
by thinning operations remains in the stand in form of
litter and CWD. Because harvest statistics include an
unknown proportion of thinning, applying them in
calculating NBP would overestimate losses through
double counting and thus underestimate NBP.

ﬂuxaverage = P

Carbon fluxes from FID

The Thuringian forest inventory system serves to guide
small-scale management decisions and is based on
stand-level estimates of stand age, species composition,
mean diameter, mean height and basal area. Standing
stock and volume increment is estimated based on local
yield tables with the above-mentioned quantities as
input data. Unlike gridded point inventories based on
permanent sample plots, the inventory here is exhaus-
tive, and comprises data entries for all existing stands
(>300000 stands in Thuringia with an average area of
1.5ha). Since it takes about 7 years to acquire this large
amount of data, there is no fixed reference date.
However, in a single effort after the reunion of the
two German states the complete database was synchro-
nized for the year 1993 using a yield table-based
extrapolation scheme for those stands that lacked recent
measurements.

To convert increment of merchantable volume into
carbon accumulation rates at the whole-tree level, new

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827
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generic biomass functions were developed for Norway
spruce based on biomass data from 688 trees. These
were combined with data on stand structure (309 fully
inventories stands) to develop age- and site-specific
conversion factors Fg (Wirth et al., 2003, 2004). For Scots
pine the age-specific conversion factors of Burschel et al.
(1993) were used. We define the net change in biomass
carbon resulting from growth and harvest as biomass
carbon balance (BCB) (or the biomass component of
NBP). BCB was quantified as the difference between the
volume increment G in 1993 and the average growing
stock volume H extracted annually as recorded in
harvest statistics during the 1990s expressed in carbon
units (termed Gc¢ and Hc, respectively). For any given
tree species,

m

BCB = Gc —He = ) | Y (AGF); — HFy,
i=1 j=1

where j indicates the m site quality classes (here
different from environmental strata introduced above),
i indicates the n age classes (here 1-year bins), A is the
area (ha), G the growth as volume increment per unit
area predicted by yield table based on inventoried
growing stock and site quality (m3ha~! yr_]), F; the
site- and age-specific conversion factor from volume
increment to biomass carbon accumulation (tCm™°)
and H the state-wide estimate of harvest volume
(m®ha™! yrfl) converted into carbon units with a
generic conversion factor for mature trees Fy; which is
not site specific (tCm ). It has been reported that yield
tables tend to underestimate growth rates (Mund et al.,
2002; Pretzsch, 2002). BCB calculated as above therefore
provides a minimum estimate of carbon accumulation.

Partitioning indirect and direct human-induced effects

The terms ‘direct’” and ‘indirect” human-induced effects
have been used in the Kyoto protocol to separate
between increases in forest carbon sink size that result
from deliberate (direct) management activities and
those which come as windfall profit being indirectly
caused by nitrogen deposition, CO, fertilization, cli-
mate change or the legacy of past forest management
(especially with respect to the age-class distribution)
(Schulze et al., 2002). The indirect effects of nitrogen
deposition, CO, fertilization and climate change are
simply calculated as the difference between the model-
ing results of the Baseline and the Present scenario.
Since there is no standard way to quantify the age-class
effect we present two different approaches. First, we
quantify the imprint of the current observed age-class
distribution (Ag,s) on biomass carbon accumulation
rates in comparison with an ideal even distribution of

age classes (Ai—1, ., =1/n>"" Aj = Aeven) with a rota-
tion period of 100 years for spruce and 120 years for
pine. A departure from an even age-class distribution
will influence BCB because growth rates are age
dependent with young forests exhibiting higher rates
than old ones. Assuming that Hc is largely unaffected
by changes in the age-class distribution this ‘legacy’ age
effect is calculated as

n m n m

BCBager = » Y (Abs GF6)j— > D (AevenGFo)j-

i—1 j=1 i—1 j=1

A different age effect (BCB,ge) results from current
shifts in the age-class distributions. Since mature forests
generally have higher biomass carbon densities ¢ per
unit area than young forests any shift in the age-class
distribution towards higher ages results in a positive
BCB.ge2 given that site-and age-specific carbon densi-
ties c;; stay constant. Tracking the change in the age-
class distribution requires a repeated inventory, which
was not available for a large enough area. We therefore,
projected the age-class distribution in 1993 forward into
2001 with constant c;; of 1993 under the assumption that
stands are harvested at 100 years for spruce and at 120
years for pine and thereafter replanted. Stands older
than 120 years in 1993 (2.6% of the area) were left
unharvested. This age effect is calculated as

BCB,ger = (Cpy — Cog) /At

n m
= (AOlC)ij*
i—1 j=1

=

m

(A93C)ij /At,

i=1 j=1

where C’y; and Coj3 are landscape biomass carbon stocks
in 2001 and 1993 (tC), and At=9 years. These
calculations were performed with 1-year bin age
classes. BCB,ge1 could be viewed an indirect human-
induced effect, whereas, BCB,., operates on a shorter
timescale and, therefore, has the quality of a direct
human-induced effect.

Results

Carbon dynamics at stand level

In our simulation experiment, we investigated the effect
of global change on standing biomass, biomass accu-
mulation rate and NEP of different forest age classes for
both Baseline and Present environmental scenarios.
With this information, it was also possible to investigate
the effects of stand age dynamics on biomass and NEP
for each elevation/soil class and how these fluxes
changed under changing environmental conditions.
The model simulations with the Present environ-
mental scenario suggested that the growth of managed
coniferous forests significantly increased relative to

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827
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Baseline scenario during the last century. Even 100-
year-old forests continued to accumulate biomass (Fig.
4a). In contrast, the biomass of forests simulated with
the Baseline scenario saturated already after 60 years.
Sixty-year-old forests under Present scenario had
accumulated almost the same amount of carbon as
100-year-old forests under Baseline conditions. Twenty-
year-old forests had 20% higher biomass when simu-
lated with the Present rather than with the Baseline
scenario.

For both scenarios, the simulated biomass of all forest
age classes increased with increasing elevation. For the
Present scenario, the biomass of mature (100-120 years)
stands in the high, middle, and low elevations reached
170, 150 and 130tCha~', respectively. The simulated
biomass was lower for Baseline scenario (150, 140 and
120tCha™!) than for Present scenario, but higher than
the biomass estimates from forest inventories (100, 115
and 110tCha™'), where no such elevation trend was
observed.

(a) 150 o = Present
] Baseline

Biomass (t C ha™')
~
[6)]
1

U U U U 7
1882 1902 1922 1942 1962 1982

Year of planting

(b) 10,0
7.5
5.0
25
0.0

2.5

5.0 Present 120 years
g Present 60 years
Present 20 years

~7.5
] Baseline 120 years
-10.0 T T T T

T
0 20 40 60 80 100 120
Stand age (years)

NEP (tC ha™'yr

* 4D

Fig. 4 (a) Changes in the biomass through the last 120 years for
the six modeled forest age classes under Baseline (solid line) and
Present (dotted line) conditions. (b) Changes in the net
ecosystem production (NEP) as a function of forest age (years)
over the last 120 years. Thick solid line shows the development
of NEP under Baseline environmental conditions.
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In all environmental strata and age classes, biomass
accumulation rates were higher under the Present
scenario with the relative effect (E) ranging from near
zero to almost 0.6 (Fig. 5). With exception of the
youngest age class at high elevation, the relative effect
of environmental changes increased towards higher
ages. This was mainly because under the Baseline
scenario biomass in mature stands was close to
equilibrium after a stand age of 80 years. The highest
relative changes in mature forests were seen at high
elevations. Absolute biomass accumulations rates
were also highest at high elevations with a peak of
4tCha'yr ' in 20-40-year-old stands. Variability
related to different substrates was generally very low.

The modeled NEP followed a typical age pattern for
both scenarios (Fig. 4b). Young forests were a source of
carbon to the atmosphere. The source strength reduced,
as the forests grew older, turning into a carbon sink
after 15 years. The NEP of forests reached a maximum
after approximately 15-20 years and then decreased
continuously. Depending on climate variability there is
strong interannual variability of the NEP also for older
age classes. Under Baseline conditions NEP decreased
to values close to zero after about 100-120 years, the
120 years old forest under the Present scenario
still functioned as a significant carbon sink of
1.4tCha 'yr ' Forests turned from a carbon source
into a sink about 3 years earlier under Present scenario
than under Baseline scenario.

Under the Baseline scenario the highest amplitude
and absolute values of NEP were found at high
elevation forests. Here, an initial source of about
5tCha'yr ' turned into close to being carbon neutral.
In contrast, the initial swing was less pronounced at
low and middle elevations and mature forests acted as
carbon sinks of 0.7tCha 'yr ' (Fig. 6, left panel). As
for the biomass accumulation rates the variability
related to different substrates was low. Under the
Present scenario increased biomass accumulation
rates reduced the strength of the initial source and all
mature forests sequestered carbon at rates of about
1.7tCha " yr ' under the Present scenario. The relative
response of NEP to the environmental changes (E)
showed an age pattern similar to the biomass accumu-
lation rates (Fig. 6, right panel) but less pronounced.
Also, for NEP the highest elevations showed a stronger
relative effect of the environmental changes than
middle and low elevations.

Carbon dynamics at landscape level

The average NEP of the Thuringian conifer forests from
1982 to 2001 was simulated at 1.42tCha ' yr ' with the
Present scenario and at 0.72tCha 'yr~' with the
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Fig. 5 Modeled annual biomass accumulation rate and the relative effect of environmental changes on the biomass accumulation rate
at high (upper panels), middle (middle panels) and low (lower panels) elevation classes for the period 1982-2001. The deviation bars in
the lower panels are showing the effect of coarse, middle and fine soil structure on the biomass accumulation rate.

Baseline scenario (Table 6). There were, however,
distinct differences between the contributions of differ-
ent elevation/soil classes to this total. The contribution
of the class ‘high medium’ to the total NEP was high,
because of the combined effect of high NEP and
regenerating of forests planted in the middle of the
20th century after major snow breaks and reparation
cutting after world war II, which occupied large areas
at all elevations (Fig. 9). These age classes are exactly
those with the highest NEP (Fig. 6, left panel).

Rates of changes in carbon sequestration at landscape
level were quantified through NBP, which is the
difference between NEP and forest harvest (Schulze,

2000). Fire is not relevant for the Thuringian forests
and is not included in the simulations. The NBP
simulated with Baseline scenario was estimated as
0.37tCha! yr_1 (Table 6). For the Present scenario, the
average NBP of Thuringian forests was 1.03tCha 'yr !
(=NEP-Hc=142-039tCha 'yr ).

The higher atmospheric CO, concentration, elevated
temperatures, and N deposition led to an increase in
NEP by 49% under Present scenario compared with
Baseline conditions (Table 6). While NPP increased by
approximately 16% (from 6.1 to 7.3tCha 'yr 1,
heterotrophic respiration increased only by 8% (from
54 to 59tCha™! yrfl) despite increased temperature.

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827
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Fig. 6 Modeled annual net ecosystem production (NEP) and the relative effect of environmental changes on the NEP at high (upper
panels), middle (middle panels) and low (lower panels) elevation classes for the period 1982-2001. The deviation bars in the lower
panels are showing the effect of coarse, middle and fine soil structure on the NEP.

The environmental changes led to a shift of the ratio
between carbon uptake (NPP) and carbon loss (R}) in
favor of the uptake (Schulze et al., 2001).

To investigate the impact of the different environ-
mental factors such as increased temperature, increased
atmospheric CO, and increased nitrogen deposition
(added in this sequence), we calculated the rates of
annual biomass accumulation and NEP at landscape
level using the assumption of equally distributed age
classes (Fig. 7). In the high elevation/soil class the
increase of temperature and CO, led to an increase in
biomass accumulation rates (Fig. 7, upper panel), but
the strongest increase in biomass accumulation rate was
found by accounting for N deposition. In the middle
and lower elevation/soil classes the temperature and
CO, increase showed the strongest increase in carbon

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827

sequestration, while additional increasing N deposition
did not cause any further increase of the carbon
accumulation rate.

A slightly different picture was found for NEP. All
elevations showed an increase in NEP because of
increased temperature (Fig. 7, lower panel). The
combined effect of increasing temperature and CO,
resulted in a further increase of NEP in all elevation/
soil classes being highest in the lower and middle
elevations. N deposition in addition to the other factors
had the strongest impact on NEP at high elevation/soil
classes. In the middle and lower elevation/soil class, it
led to only small changes in the NEP as compared with
the other scenarios. At middle elevations, as well as,
at lower elevations with medium and fine soil texture,
we observed no change in NEP related to N deposition.
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Table 7 The biomass carbon balance BCB estimated from
model simulations and forest inventories (tCha~'yr™') for
Thuringia as well as the contribution of age-class effects

Model Forest
simulations inventories
(tCha'yr™" (tCha'yr™"

BCB (Present) 1.12 1.15

BCB (Baseline) 0.75 -

BCB,ge1 (legacy) 0.09 0.18

BCB.ge2 0.25 0.31

The age-class effect is calculated based on different assump-
tion: BCB,g.1, the age-class effect based on even-aged
distribution; BCB,g.,, the age-class effect based on forest
growing one age-class older with ‘business as usual’ (new
planting of age-class 1).

In comparison the lower elevation with coarse soil
structure showed a small increase in NEP. The effect of
different environmental changes may be summarized
as follows: For the high elevation, the most important
factors for elevated biomass accumulation rates and
NEP were increasing N deposition followed by
increasing CO, concentration. For the middle and
lower elevations, increased temperatures and CO,
concentrations had the greatest impact on NEP. The
most pronounced change in the carbon sequestration
was found for high elevations.

Comparison with inventory-based carbon fluxes and
partitioning in direct and indirect effects

The inventory-based BCB was 1.15tCha ' yr ! (Table 7)
and resulted from the difference of biomass increment
Gc of 258tCha 'yr ' and carbon export through
harvest Hc of 1.43tCha 'yr~ ! (Norway spruce alone:
1.35=2.86-1.51tCha 'yr ' (BCB=Gc—Hc) and Scots
pine: 0.66 =1.90—1.24tCha 'yr ). The modeled BCB
for coniferous forests (based on the annual averaged
accumulated biomass rates) was estimated to be
1.12tCha 'yr ! (Table 7) and was therefore, close to
the estimate based on the FID. In Fig. 8 a direct
comparison between forest inventories and model
simulations (with Present environmental scenario) of
the age classes shows that the age-class-dependent
biomass curves were similar, but that total modeled
biomass was too high compared with the forest
inventories. The discrepancy between model predic-
tion and inventory were greatest for the 20-40 and 100-
120-year-old trees.

In our numerical experiment, we estimated indirect
(changed environmental conditions during the last
century and age-class legacy effect, BCB,gz.1) and direct
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Fig. 7 Impact of temperature (T), carbon dioxide (CO,) and N
deposition (N) on the biomass accumulation rate and net
ecosystem production (NEP) for five climate/texture classes.
To investigate the effect of the environmental changes without
considering the age-class effect the forest age classes were
assumed to have equal areas. The major changes occur at high
and middle elevation by adding N deposition. In the lower
elevation class the increasing CO, caused the greatest changes.

human-induced effects (short-term shift in age-
class distribution, BCB,ge») on the carbon sequestra-
tion (Table 7). The total increase in biomass carbon
because of environmental changes was 0.4tCha'yr™"
(Present—Baseline). This indirect human-induced effect
counted for 33% of the BCB at present. The ‘legacy” age
effect BCB,ge1 based on the modeled growth rates was
small and amounted to 0.09tCha 'yr ' or 8% of total
BCB at present. Projected shifts in the age-class
distribution between 1993 and 2001 with constant
carbon densities induce a BCB,ge, of O.25tChaFlyr71
or 22% of total BCB. The corresponding values for
BCB.ge1 and BCB,ge»> based on inventory data are 0.18
and 031tCha 'yr ' (17% and 27%, respectively)
and were thus, higher in both cases. This is because
of the difference in age-class-dependent biomass

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827



EFFECTS ON CARBON SEQUESTRATION 823

Biomass (t C ha
()]
o

---------- Forest inventories
—— Model simulation

0 -------- I".-.--: I I I I I
0-20 20-40 40-60 60-80 80-100 100-120

Stand age (years)

[
o
RN ERER SRERI RRRNE SRRNE FRERE ARRRE SRNE]

Fig. 8 Comparison of the biomass carbon accumulation from
model simulation (Present scenario) and the inventory data for
the class ‘middle-middle’. The rate of change between the age
classes is similar, the modeled age classes having the greatest
rate of change.
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Fig. 9 Age-class distribution of coniferous forests (1-100 years)
according to the inventory in 1993 (thick line). The average wood
increment predicted by BIOME-BGC (dotted line-smoothed to
remove the variability induced by climate) peaks much earlier
than the wood increment predicted by local yield tables (white
dotted line). The marked peak in the age-class distribution
at stand age 45 years is related to postwar reparation
logging and coincides with the time of highest yield table
growth rates inducing a legacy age-class effect on the con-
temporary carbon sink.

accumulation between forest inventory and model
simulations (Fig. 9).

Discussion

Carbon dynamics at stand and landscape level

Results from other studies (eddy-covariance measure-
ments) demonstrated that mature forests (>70 years)

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827

were by no means carbon neutral, but net sinks with up
to 5tCha™! yrf1 (Schulze et al., 1999; Carey et al., 2001;
Law et al.,, 2002). Studies of age-dependent develop-
ment of biomass, NEP, respiration and NEE in Oregon
also support the findings of our study (Law et al., 2001,
2003). Under the Present scenario mature stands
showed the strongest increase in biomass accumulation
in all elevations. This is because of the fact that these
stands saturated at an age of approximately 80 years
under Baseline conditions. The young stands also
showed a positive response to the environmental
changes were as the middle-aged stands showed least
response. These stands are already close to their
maximum growth rate and are not strongly limited by
nutrients. The middle and low elevations did not
respond to the increased nitrogen deposition. This is
probably because of higher temperature and large
inputs of CWD and litter directly after clear-cutting
resulting in a high nutrient input and plant available N.
Additionally, the new planted trees have less demand
of N. Nadelhoffer et al. (1999) also found that temperate
forests only shows a minor contribution to the carbon
sequestration in temperate forests. For middle and low
elevations the increase of CO, showed the strongest
increase in biomass accumulation mainly because of
improved water-use efficiency. Compared with high
elevations, the low elevation has less than half of the
precipitation in the high elevation, and 150mm less
than the middle elevation. At the same time, the annual
averaged temperature is more than 2°C higher. The
increased temperature in low and middle elevations
caused the increased CO, to be the strongest effect on
biomass accumulation as well as NEP (Fig. 7). At higher
CO, concentrations, the stomata conductance is re-
duced and less water is respired, hence the stands are
less limited by water. At high elevations, the additional
increase in N deposition gave an increased biomass
accumulation and NEP may be because of lower
temperature and N mineralization and higher N
leaching because of higher soil water content at this
elevation.

The effect of global warming has been shown to be
significant, resulting in increased soil respiration, N
mineralization and plant productivity (Rustad et al.,
2001). In the European Alps, temperature-driven
changes were responsible for forest belt changes at
wet sites and that boreal and temperate forests have a
high sensitivity to changes in precipitation (Badeck
et al., 2001). The effect of CO, fertilization on forest
growth has been studied in several cases. The FACE
study from the Duke forest suggests that gradually
increasing atmospheric CO, concentrations also led to a
gradually increase in carbon sequestration at shorter
time scales (Lou et al., 2003). At larger time scales this
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seems to level off because of an increased nitrogen
demand at higher CO, concentrations (Finzi & Schle-
singer, 2003). Our simulations followed those patterns:
The effect of temperature led to increased biomass
accumulation in all elevations. The effect of increased
atmospheric CO, concentration led to increased bio-
mass accumulation in all elevations. Adding increased
nitrogen deposition confirmed this pattern as the high
elevation showed the greatest increase of carbon
sequestration whereas middle and low elevations
showed almost no increase (only a small increase for
coarse soil structure). The difference between the
responses of high and low elevations to increased N
deposition may be partly because of temperature
differences inferring a less nitrogen limited forest at
lower elevations (compare Rustad et al., 2001).

The differences in age development are important,
because they have an effect on using the age-class
distribution on landscape level averages of BCB and
NBP. The discrepancy between model simulations and
forest inventories arose because the mortality in
BIOME-BGC was set constant during the simulation,
which is not mirroring the real forest development
(mortality may be age dependent). The total carbon
pool is in this way overestimated, but the annual
averaged changes were in range (a further increase of
the modeled plant mortality would lead to an increased
carbon loss of old forests, which would be a model
artifact). The biomass accumulation rate estimated from
the model simulations peaked much earlier than the
accumulation rate estimated from the inventories
(Fig. 9).

The absolute magnitude of the modeled carbon
fluxes for Thuringian forests agreed well with other
published data. Schulze (2000) estimated an averaged
NPP for European spruce forests of 9tCha 'yr !,
while our simulations yielded an actual NPP on
landscape level of 7.3tCha 'yr~'. The averaged NPP
in a spruce chronosequence in Fichtelgebirge (Bavaria,
south of Thuringia) was found to be 91%+
25tCha 'yr! (range: 6.1-13.4tCha 'yr ') (Mund
et al., 2002). Other model studies achieved lower NPP
values in the range of 6-7tCha™! yrf1 (Milne et al.,
2001, EuroBiota-model, mixed forest in Europe:
6.0tCha 'yr'; Karjalainen et al., 2002, EFISCEN-
model, mixed forest in Germany: 6.1 tCha’]yr’l;
LTEEF-project site Harz, TREEDYN3-model, spruce
forest: 7.0tCha™! yrfl, http:/ /www.usf.uni-kassel-de/
ecosys/projects/abschluss.htmt). The ratio NPP to
gross primary production (GPP) of 0.4 corresponded
with statements of Makela & Valentine (2001), whereas
the calculated ratio of NEP to GPP of 0.08 in our study
was lower than the value of 0.2 calculated for European
forest sites from eddy-covariance measurements in the

Euroflux project. This discrepancy was probably be-
cause of an underestimation of the modeled NEP in the
old stands in the model simulations.

The modeled value of the NBP (landscape average
1.03tCha 'yr ") was in a very realistic range. Other
published values ranged from 0.3 to 4.7tCha 'yr !
with an average of 1.16 +1.12tCha 'yr ! and a
median of 0.77 (n=21; based on literature listings of
Boswald, 1996; Nabuurs et al., 2003). In agreement with
Valentini et al. (2000), particularly heterotrophic respira-
tion and its changes had the greatest effect on the sinks.
At the same time, the simulation showed that N
deposition was the major factor responsible for an
increasing NEP in higher altitudes. The primary effect
of the N deposition was certainly to increase the GPP
and in a similar way the NPP as well, while the
heterotrophic respiration could not follow this trend.
This is in agreement with results observed in the
CANIF project (Schulze et al., 2001). Against previous
assumptions, it appears that increased N deposition
does not increase the decomposition of organic material
as much as the plant production at this elevation.

Indirect and direct human-induced impact on carbon
sequestration

Because warmer temperatures and fertilizing effects of
increased CO, and nitrogen deposition may have
generally a positive effect on the carbon sequestration
of Central European forests, the amount of this
additional carbon sink would not be accountable under
article 3.4 of the Kyoto protocol (Schulze et al., 2002). In
contrast, to deliberate contemporary forest manage-
ment activities, CO, fertilization, nitrogen deposition
and climate change represent unintentional indirect
human influences. The same is true for sinks that
arise from the current age-class distribution and,
therefore, represent a legacy of management deci-
sion in the past. Comparing the carbon sink under
the Present (1.12tCha 'yr ') and Baseline scenario
(0.75tCha 'yr ") (Table 7) a contribution of the above-
mentioned environmental changes was quantified as
33%. This indirect effect had the strongest impact on
high elevation sites with cold climate where tempera-
ture and nutrient limitations can be expected. The result
of this study suggests that care should be taken when
selecting sites for investigating effect of environmental
changes in field studies since substantial variability
may exist at the landscape level.

The inventory-based sink was very close the modeled
sink under the Present scenario (1.15tCha ' yr ). This
estimate represents a minimum estimate since conven-
tional yield tables on which the growth predictions are
based have been to underestimate contemporary
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growth rates (Mund et al., 2002; Pretzsch, 2002). The
current age-class distribution induced a carbon sink of
0.18tCha 'yr ! if compared with an even age-class
distribution (BCB,ge1). This is because of a high
proportion of 50-year-old stands, which were replanted
after the postwar reparation loggings. This pronounced
peak in the age-class distribution coincides with the
time of maximum growth rates. The legacy-age effect
accounts for 17% of the inventory-based flux estimate
from 1993 of 1.15tCha ' yr ' (growth minus harvest).

Simulating the effect of a shift in the age-class
distribution on the changes in carbon stocks (BCBgge2)
during the time period from 1993 to 2001 in a business
as usual fashion (harvest of spruce at age 100 and pine
at age 120 years and replanting thereafter) we obtained
an additional sink of 0.25 and 0.31tCha'yr' for the
modeled and inventories biomass carbon densities,
respectively. This indicates that the sink size has
probably increased since 1993.

Caspersen et al. (2000) correlated that the above-
ground biomass accumulation because of enhanced
growth caused by environmental changes was only
approximately 2%, the rest being driven by land-use
changes. In contrast, our model results suggest a 33%
increase. These results highlight the idea that particular
caution should be used in defining land-use changes
and site history when estimating the impact of
environmental changes and human management on
forest ecosystems.

Conclusions

From the synthesis of our results we conclude that the
mean sink strength of Thuringian coniferous forests on
the order of 1.1tCha 'yr ' with a range of 0.6-
1.3tCha 'yr '. The major uncertainty was found to
originate from the discrepancy of different methods
used in estimating biomass accumulation from forest
inventories and model. This study demonstrates that it
is possible to separate the direct and indirect human-
induced effects on carbon sequestration in a managed
coniferous forest by combining model simulations and
forest inventories. Moreover, this study showed that
older forests had the strongest relative increase in
carbon sequestration at Present scenario. All elevations
showed an increase in biomass accumulation in
response to Present scenario with the highest elevation
showing the greatest increase. We conclude that the
greatest effect of climate change on forest growth will
be found at higher elevations. Thus, we suggest
designing experiments to investigate vegetation re-
sponse at higher elevations (here 600-900ma.s.l.)
where changes are more prominent.

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 810-827

This study showed that modeling should go hand in
hand with measurements because none of the techni-
ques leads to satisfying results alone. Experimental data
alone (frequently too cost expensive) cannot distinguish
between the impacts of environmental changes and
direct human influence on the carbon sequestration of
forests. However, models are powerful tools for this
purpose if the scenarios are clearly defined in the model
input data. Information about forest area and age-class
structure, from the forest inventories, was essential for
the model results. Success of separating between direct
and indirect human-induced carbon sequestration is
dependent on choosing the appropriate spatial and
temporal scale. On a global scale the effect of the direct
human-induced carbon sequestration will overlap with
the indirect effects. Human activities in forests take
place on a much smaller scale, thus on this scale we can
most easily distinguish direct and indirect effects on
carbon sequestration, e.g. through a combination of
model simulations and forest inventories as we did in
this study.

In this paper, we succeeded for the first time
distinguishing between direct and indirect human
impacts on carbon sequestration in a managed con-
iferous forest. The procedure is not simple, and requires
a well-known knowledge of the site history and
environmental heterogeneity. Our study showed results
stating that 33% of the carbon sink can be related
to environmental changes during the past century and
8% and 17% origin from management (legacy) esti-
mated by model simulations and forest inventories,
respectively.
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