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How Forest Management and Climate Change Affect the

Carbon Sequestration of a Norway Spruce Stand?

Raisa Makipaa™, Tapio Linkosalo®', Sami Niinimaki*'?, Alexander Komarov™,

Sergey Bykhovets* Olli Tahvonen** and Annikki Makeld*’

ABSTRACT

Mitigation of climate change by forest carbon sequestration is one of the ecosystem services that will be tak-
en into account in future forest planning. The potential capacity of forests to sequester carbon is determined by
edaphic and climatic factors, but the actual carbon accumulation is highly controlled by management. The ef-
fects of the management practices on stand development are successfully analyzed with traditional stand simula-
tors that rely on empirical data. One of the current challenges is to understand how ecosystem services, such as
carbon sequestration and timber production, can be managed in the changing climate, i.e. under conditions of which
there are no observations. The objective of this study was to investigate the responses of forest soil and vegeta-
tion to a climate change under different management scenarios ranging from intensive thinning to unmanaged
stands. The responses of tree growth and forest carbon sequestration to changes in temperature and precipita-
tion (+3°C and +10%, respectively) under different management scenarios were investigated with a process-based
forest model (PipeQual) which was combined to a soil decomposition model (ROMUL) and a soil water balance
model. According to our simulations, the growth response of Norway spruce to increased temperature was posi-
tive. Carbon stocks of both vegetation and soil were increased with the changing climate in all the simulated
management scenarios. In the changing climate decomposition of soil organic matter was accelerated, however,
increased litter input resulting from enhanced growth of vegetation compensated this decrease. Intensively har-
vested stands had a decreased carbon stock in the vegetation, which resulted in low litter production and decline
in soil carbon stock after thinnings. The simulations with the process-based forest growth and soil model can guide
management by determining a sustainable level of biomass harvest.
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INTRODUCTION

Forest carbon sinks have a significant role in global car-
bon balance, and the mitigation of climate change by forest
carbon sequestration is one of the ecosystem services that will
be taken into account in future forest planning. Forest carbon
sinks and sources resulting from forest management and
land-use changes were already included in the Kyoto protocol

(UNFCCC, 1997) and, most likely, forests are increasingly con-
sidered in the future commitments under the Climate Conven-
tion. Thus, evaluation of the management systems in terms of
their influence on carbon balance is needed for future plan-
ning of effective measures to mitigate climate change. The
effects of climate change on coniferous forest ecosystems have
been widely studied by model simulations (e.g. GE et al, 2010;
KeLLoMAKT and KOLSTROM, 1993; KELLOMAKI and KOLSTROM, 1994;
KELLOMAKI et al, 2008; LASCH et al, 2005; MAKIPAA et al, 1999;
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WANG et al, 1996). The potential of forest management prac-
tices to influence the forest-atmosphere carbon balance in the
changing climate can also be analyzed with process-based
models (see however BRICENO-ELIZONDO ef al, 2006; LASCH et al,
2005, MIKHAILOV et al, 2004). Such analysis, including extreme
management options ranging from non-managed forests to in-
tensive harvests, could guide the forest policy that is aiming to
mitigate climate change with modified management practices.

At a landscape scale, variation in the forest carbon se-
questration results from age-class distribution and the amount
of harvests, as well as from year-to-year variation of the cli-
matic parameters (LISKI ef «l, 2006). At a stand scale, the
potential capacity of forests to sequester carbon is determined
by edaphic and climatic factors, but the actual carbon accu-
mulation is highly controlled by management, ie., the timing
and intensity of the harvests (thinning and final cutting) and the
proportion of the removed biomass (LASCH et al, 2005; MAKIPAA
et al, 1999; NABUURS et al, 2008; PALOSUO et al, 2008; PUSSINEN
et al, 2002). The effects of management on forest carbon stocks
are typically evaluated with stand simulators that rely on em-
pirical data (e.g. HYNYNEN et al, 2005; PALOSUO ef al, 2008), but
their applicability to new stand structures and changing cli-
matic conditions cannot be validated. One of the current chal-
lenges is to understand how ecosystem services (e.g. carbon
sequestration, timber production, ecosystem functions main-
tained by diversity of species) can be managed in the chan-
ging environment, i.e., under conditions of which there are no
observations.

Changes in the climate will affect both the primary pro-
duction and the decomposition of organic matter. Understand-
ing tree growth and its interaction with soil processes is re-
quired for projections of forest carbon sequestration potential in
different management and climate change scenarios. Both at
large scale and at a stand scale, the carbon stocks of vegeta-
tion and soil may change in either direction, which underlines
the importance of including all relevant carbon pools into the
analysis (LISKI ef al, 2006; MAKIPAA et al., 1999). KARJALAINEN ef
al. (2003) predicted that, under changing climatic conditions, the
carbon sinks of both trees and soil will be larger than under the
current climatic conditions. In Finland, average growth was
predicted to increase by 30% resulting in a 30% increase in
biomass C stock and a 7% increase in soil C stock (KELLOMAKI
et al, 2008). In southern Finland, the growth response of Nor-
way spruce to climate change was predicted to be marginal
or even negative (KELLOMAKI ef al, 2008). On the other hand,
JANSSON et al. (2008) predicted that light use efficiency and
water use efficiency will be improved in the future climate,
resulting in increased productivity of Norway spruce stands.
Based on simulations of various management alternatives with
a process-based model, LASCH et al (2005) concluded that the
average values of carbon stocks showed hardly any net effect
of climate change in the temperate mixed pine-broadleaved
forests. Thus, the overall sensitivity of carbon sequestration of
the boreal spruce stands to climate change remains unknown.
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Several studies have indicated a considerable potential for
carbon sequestration with alternative management practices
(e.g. KELLOMAKI et al, 2008; eg. LASCH et al, 2005, PUSSINEN et
al, 2002). In general, long rotations and low intensity of thin-
nings have been shown to be favorable for forest carbon
sequestration (LASCH et al, 2005; Lisk1 et al, 2001; PUSSINEN ef
al, 2002). Furthermore, climate change has been predicted to
enhance carbon sequestration in managed forests (e.g. HYVONEN
et al, 2007, KELLOMAKI et al, 2008). Currently, carbon seques-
tration is not a major objective of forest management. Rather,
forests are managed for sustainable timber yield and economi-
cal profitability. The influence of more intensive harvests pro-
posed by economical optimization of forest management
(HYYTIAINEN et al, 2004) on forest carbon balance has not been
analyzed.

With a process-based growth model (KANTOLA ef al, 2007,
MAKELA and MAKINEN, 2003) combined to a similar model of
decomposition of soil organic matter and a soil water model
(CHERTOV et al, 2001), the responses of photosynthesis and
respiration as well as the allocation of photosynthetates and
dynamics of organic matter in the soil can be analyzed. We
believe that analysis on growth response of Norway spruce with
a process-based model will yield improved understanding of the
effects of management practices on forest growth and carbon
sequestration in the changing conditions. Coupling of the dy-
namic stand and the soil models makes it easy to determine the
whole dynamics of carbon within the forest ecosystem, inclu-
ding both the stand and C sequestration into the soil. With the
designed set of growth and soil models, one can analyze dif-
ferences of the proposed management scenarios in terms of
timber production and carbon stock changes of forest vegeta-
tion and soil. The relative sensitivity of carbon sequestration in
the different management scenarios to the changing climate will
be assessed in order to understand the potential risks and
sensitivity of forest carbon to management and climatic con-
ditions.

The objective of this study was to investigate the respon-
ses of tree growth and forest carbon sequestration in Norway
spruce stands to changes in temperature and precipitation un-
der different management scenarios. The management scena-
rios were: (i) thinnings from below and final harvest according
to the current recommendations, (ii) a management plan based
on economic optimization (delayed thinnings from above with
higher removals and early harvest), (iii) natural development
without management.

METHODS
Modelling
The model troika used in this study consists of three
process-based models: the PipeQual stand growth model

(KANTOLA et al, 2007; MAKELA and MAKINEN, 2003; MAKELA et
al, 2008), the Romul decomposition model for litter and soil
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organic matter (CHERTOV ef al, 2001) and a simple model for the
soil water content and temperature (Fig 1). The stand growth
model simulates the development of the stand depending on
environmental conditions and management and produces,
among other things, output of the produced litter, which is then
used as an input for the decomposition model. The soil cli-
mate model uses daily weather data (air temperature, irradi-
ance, water vapor pressure deficit and precipitation) to simu-
late soil conditions which are then used as an input for the
decomposition model. The decomposition model simulates the
dynamics of the organic matter in the forest floor and soil.

The process-based growth model PipeQual (KANTOLA et al,
2007; MAKELA, 1997; MAKELA and MAKINEN, 2003) was used as
the stand growth simulator (Fig. 2). The model represents trees
in terms of biomass and form in a hierarchical structure com-
prising tree, whorl, and branch levels. At the tree level, the
biomass components include foliage, fine roots, stem, bran-
ches, and transport roots biomass, and the tree form is de-
scribed by tree height, diameter, crown ratio, crown width, and
root system extension. At the whorl level, the whorl module
describes the vertical structure of stem and branches. At the
branch level, the branch module provides the annual dynam-
ics of individual branches and their properties in each whorl.
The stand consists of several tree size classes each represen-
ted by a mean tree of the size class, and the distribution of
trees is assumed random.

Tree growth is calculated on the basis of photosynthesis
and the growth and the maintenance respiration of live bio-
mass components. Tree photosynthesis is based on the cano-
py GPP and its allocation between trees on the basis of their
size and position with respect to shading. Total growth is al-
located to the biomass components on the basis of structural
constraints, including the pipe model (SHINOZAKI ef al, 1964) and
the theory of crown allometry (MAKELA and SIEVANEN, 1992).
These also determine the extension growth of the dimensional
variables. Mortality is calculated using a semi-empirical model
and is mainly related to competition for light.

The impacts of weather have been included in the present
(preliminary) model version through effective temperature sum
(ETS), which in Finland has been found to be a good proxy for
the climate-related variation of GPP (HARKONEN et al, 2010). The
effective temperature sum (ETS) was defined as the sum of
those daily mean temperatures that exceeded the threshold
temperature (+5 ‘C). ETS has an impact on the stand level GPP
(HARKONEN et al., 2010), the specific maintenance respiration
rates, and the allocation of growth between foliage and wood
(PALMROTH et al, 1999).

The Romul decomposition model was presented by CHERTOV
et al. (2001), and is a further development of the earlier Somm
model (CHERTOV and Komarov, 1996; CHERTOV and KOMAROV,
1997). Our application utilizes a new set of functions defining the
decomposition rates of soil ash and nitrogen content, tempera-
ture, and soil water (CHERTOV et al, 2007) (Appendix 1). The
Romul model handles the litter as separate cohorts based on the
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Fig.1 The applied process-based forest model (PipeQual) was
combined with a soil water balance model and a soil
decomposition model (ROMUL)
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Fig.2 The structure of the stand growth model (PipeQual)

origin (litter from needles, shoots, fine roots, coarse roots and
stems), which makes coupling with a stand model most
straightforward. The model has two parallel mass flows, one for
the soil organic matter (SOM) and the other for the corre-
sponding nitrogen. These are presented as separate mass flows,
but the nitrogen content of the organic matter in the decom-
posing soil affects the decomposition rate in many phases (Fig.
3.

The fresh litter enters the model in storages for undecom-
posed litter ("Le” for SOM and ("Ly” for corresponding N, in
Fig. 3), where 7i” refers to the separate cohorts for litter from
different origins. Part of this litter is metabolized by the de-
composing organisms, and the corresponding carbon is released
as gaseous CO, (flows C, in Fig. 3). Majority of the organic
matter ends up in a more slowly decomposing complex of
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Fig.3 A flow-chart and mass-flow functions of the ROMUL
model

partly decomposed organic matter and humus (flows C. and
storages "F¢” in Fig. 3). Some of the material in the "F¢”
storages is also metabolized by the decomposing organisms,
releasing a further amount of gaseous CO: (flows C; in Fig. 3).

Parallel to the flux of soil organic matter, nitrogen in the
litter is stored in the storage Ly, and it flows, as a result of
decomposition, into the storage Fy;. The nitrogen flux out of the
system (N, and M), corresponding to the release as gaseous
CO; from the decomposition of SOM, is considered mineral-
ized nitrogen, thus in a form available to plants.

The contents of the storages Fc, eventually ends up in the
storage of immobilized humus ("H” in Fig. 3). There is only

”»

one common storage "H?’ for immobilized humus, unlike the
previous phases, where the organic matter was divided into
cohorts based on the litter origins. The first three decomposi-
tion coefficients (&1, k., k;) are obtained by statistical methods
from laboratory experiments with different litter cohorts. The
coefficients of decomposition, k:;, (7=1.3) depend on the

nitrogen and ash content of the originating cohort, as well as
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the soil temperature and water content. The ks coefficient for
soil decomposition is constant, hence the decomposition of
H fraction is modified only by temperature and soil moisture.
The corresponding coefficient for nitrogen mineralization from
the H fraction has an additional component slowing down the
process when C/N ratio in the humus compartment is low
(CHERTOV et al, 2001).

The transformation of organic matter into the compart-
ment He, ie. mass flows C., and Gs,, is based on the assump-
tion that all the matter in the compartment "H” is mostly
produced by the metabolism of the decomposing organisms
(Bacteria, Arthtropoda and Lumbricidae), and we use a C/N
ratio for these groups obtained from soil biology experiments.
Therefore, nitrogen has a special role in this phase: first, the
rate of nitrogen moving from compartments Fy,; into the com-
partment Hy is calculated using some modifiers in the main
scheme of SOM decomposition, because carbon and nitrogen
dynamics have different rates of transformation, and thereaf-
ter, a corresponding amount of organic matter, typical for the
type of decomposers and depending on the C/N ratio of pro-
duced humus (24.0 for Bacteria and Arthtropoda and 12.8 for
Lumbricidae), is moved from the compartments Fe, to the com-
partment Hc.

The immobilized humus pool is also decomposing, at a
rather slow rate, modified by the soil temperature and mois-
ture conditions. The decomposition flux, C, has a range of a
minimum 1-2% annually up to 15% annually, depending on the
soil texture and the clay content. Maximal rate of H decompo-
sition may be observed for arable soils. On the other hand, as
roughly half of the soil organic matter in the boreal zone is in
the compartment H, the value of the rate factor & has a sig-
nificant effect on the total storage of organic matter in the soil.

The temperature and soil moisture modifiers of the fluxes
take a variety of forms, given as step-vise defined functions.
Typically, all these show an optimal range of values, where the
decomposition takes place at a full rate and tapers off out-
side the optimal conditions (Appendix 1). The optimal condi-
tions for different fluxes are, however, somewhat different.

The soil water model is a simple application of an “open
bucket” type model. In other words, it considers the soil a
vessel, or a bucket, holding the water within. The bucket is
filled with precipitation. The “depth” of the bucket translates
into the soil water holding capacity, or the difference between
saturation, at which the soil can no more hold the water, and
a wilting point, at which plants cannot extract any more wa-
ter remaining in the pores of the soil. Once the saturation point
is exceeded, any additional water flows out of the system.
Evapotranspiration (ET) drains the bucket. ET depends on
stand characteristics, but most of all, environmental condi-
tions. Here we used a simple relationship obtained as a statis-
tical fit to evapotranspiration data from eddy covariance mea-
surements in Hyytiald, Southern Finland (ILVESNIEMI ef al, 2010).
Although the model is preliminary, there is already an indica-
tion that it does work for a wide variety of vegetation types and
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weather conditions, even with the same parameterization (un-
published work). Therefore, the ET model was used inde-
pendently of the stand model.

The ET model is as follows:

E,=[Ey PAR)-AT) AVPD)+ a1 PAR+ ;] 0), 1)

where E, is maximum rate of evapotranspiration, 1.74:10* (mm/
day), constants @ = 0.0007 and @ = 0.0836, APAR) is a modi-
fier function depending on PAR, AT) is a modifier function
depending on delayed temperature average with a time con-
stant of 14 days, and f(VPD) is a modifier function depending
on the water vapour pressure deficit VPD.

Function f{#) is a drought modifier (DUURSMA et al, 2008) based
on the relative soil water content 6:

0, 0=01
f0)= %,o.1<a<o.1s @
L 9>015

The soil temperature model is a simple delayed average driv-
en by the air temperature, with a low limiter:

A Tsn= ( T:z’r* Tsmz)/ T, (6)
and

T:h: max( Tir» Tmin)- “)

where Tin=-045C=minimum soil temperature, Ts,;=actual soil
temperature, 74, = air temperature, and 7 = time constant (8.3
days).

We represented the current climate using a mean of daily
temperature and the precipitation data from the period 1961-
2007, supplied by the Finnish Meteorological Institute (Appen-
dix 1). For PipeQual simulations, this was further used for
computing the respective ETS. The geographic location for the
calculations was Southern Finland.

A simple method of uniform temperature and precipita-
tion increases were used to simulate the climate change. The
current predictions for the A2 climate change scenario (IPCC,
2001) suggest an increase of about 10% in precipitation and +3
‘C of the average temperature in the summer months for
Southern Finland, which is why the changed climate condi-
tions were simply to simulated by adding 3°C for each tem-
perature value in the “average year” data and the correspond-
ing rainfall figures were multiplied by a value of 1.1. The ad-
dition of 3 Celsius degrees underestimates the warming of the
winter months somewhat, but this is not considered to have
much of an effect on the decomposition in the soil.

For the PipeQual model, it was estimated that the tem-
perature sum of 1,720 degree days corresponds to a tempera-
ture rise of 3 degrees, compared to the calculated temperature
sum of 1,200 degree days for current conditions. These values
were used as the simulation inputs for the model.
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Management Options

All the simulations were started as if the stand had been
previously managed according the current recommendations
and had been growing in the current climatic conditions. In
other words, the initial state of soil carbon and nitrogen stocks,
similar for all simulations, was derived from the end state of
such a simulation. The initial litter input to the system was the
final state of such a simulated stand, short of the stem wood,
therefore simulating a harvest where the entire harvest resi-
due was left to decompose in the stand.

We simulated the stand development and soil conditions
under 3 management options (Table 1). The first option is based
on the recommendations of the national authority for good
practice guidance and the recommendations for forest man-
agement (Tapio Forest Center). This conventional scenario has
the primary aim of timber production. According to this
option, the stand is thinned twice, based on reaching a target
basal area which also depends on the dominant height. The
thinnings are from below, leaving the dominant trees to grow
until final harvest.

The second option aims in optimizing the monetary out-
come from the stand. This economical optimum has been cal-
culated with a model that incorporates PipeQual, economics
and optimization (HYYTIAINEN et al, 2004). The parameters are
fixed throughout the optimization period, for example prices
are constant and the interest rate is 3%. In the applied ver-
sion of the model (NINIMAKI et «l, manuscript), the roadside
prices we choose (51.17 € per m’ for sawtimber and 25.00 € per
m’ for pulpwood) were in line with 2009 levels and reflect the
fact that Finnish forest sector is in transition and that timber
demand and prices are predicted to be at somewhat lower
levels compared to their history (HETEMAKI and HANNINEN, 2009;
HANNINEN and SEvoLA, 2009). The harvesting costs are calcula-
ted using cost models for mechanized cutting and hauling
similar to Kuitto ef al (1994). The optimization problem uses
the classical formula by FAUSTMANN (1849) as the objective
function. It calculates the net present value of the stand over
an infinite horizon also known as the bare land value (BLV).
The optimization was conducted using the generalized pattern
search (GPS) algorithm. The optimized variables include, the
initial stand density, the number, type and intensity of thin-
nings, and the rotation period. The maximization of bare land
value leads to a rather different management scheme, i.e., the
first thinning is delayed compared to the previous convention-
al management scheme, but the thinning is then more intense,
as is the second thinning, and also the overall rotation time is
shorter. The use of interest rate shortens the economically
optimal rotation period (HYYTIAINEN et al, 2004; NIINIMAKI ef al.,
manuscript). The actual structure of the scheme depends, of
course, quite heavily on economical parameters, such as the
overall interest rate (3%), and the relative prices of pulp and saw
timber (HYYTIAINEN et al, 2004; NIINIMAKI et al, manuscript).

The third option was a “no-management” one. In other
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words, the stand was left to grow without any operations. The
reduction of the number of stems is solely due to natural
mortality.

RESULTS

Stand Succession and Carbon Stock Changes

The simulated stands were a carbon source for the first two
decades after a stand replacing harvest (clear-cutting) in all
different scenarios (Fig. 4). The vegetation was remarkable
carbon sink for the most of the years after stand establish-
ment (Fig. 5A-5C). The carbon sink of vegetation was highest
in the middle-aged stands, but the size of the vegetation car-
bon sink strongly depended on timing of the thinnings (Fig. bA,
Table 1). At the time of the thinnings, carbon stock of trees
decreased remarkably (drop to negative values not shown in
Fig. 5A and 5B, but change reported in Table 1). The carbon
sink of vegetation was larger for a few years after thinnings in
comparision to years before a treatment (Fig. 5A and 5B), but
the total carbon sink of vegetation and soil was decreased be-
cause soil was carbon source after thinnings (Fig. 6A-6B and
Fig. 7A-7B). The carbon removals from a stand at the time of
the first and second thinning was 8 Mg/ha and 15.7 Mg/ha,
respectively, when the current management regime was ap-
plied (Fig. 4A, Table 1).

At the start of the simulation, after a clear-cutting, carbon

Makipaa et al.

stock of litter and soil increased as the harvest residues were
left on the site (Fig. 4). Thereafter, the soil carbon stock de-
creased for some 20 years, because the tree biomass was low
and consecutively litter fall from the living trees was lower than
the amount of carbon released due to decomposition (Fig. 4).
After being a carbon source during early succession, the soil
tended to turn into a carbon sink; however, the increased
amounts of litter following the thinnings increased the decom-
position rate and tended to turn the soil into a carbon source,
at least for a few years after the treatment (Fig. 6A-6B).

The Effect of Climate Change on Carbon Sequestration of
Forest Vegetation and Soil

In the changing climate, both biomass and soil carbon
stocks were higher than in the current climate (Fig. 4). In the
unmanaged stands of intermediate age, the average carbon sink
of vegetation varied from 1.5 to 2.5 Mg/ha/year, being about 1
Mg/ha/year higher in the changed climate (Fig. 5C). When the
stands grew older, the difference between the climate options
reduced, but finally at the age of 100 years vegetation carbon
sink in the changed climate was strongly reduced due to high
natural mortality.

In the changing climate, the rate of decomposition in-
creased with temperature and precipitation, but the increase in
the biomass stock and litter production was even larger. Thus,
in the changing climate the rate of soil carbon sequestration and

Table 1 Harvests in different scenarios under current and changing (A2) climate

Management ;o6 1st thinning 2md thinning 3rd thinning Final harvest
scenario
i i i i
g 2 S ELE) 5 8o g 2 Ca g 2 ¢
5§ § L% E § L% § § L% § § £%
s » < ) » <& ) » <& ) » o g
"~ % 1% "~ % 3% "~ % 5% " <% 8%
o g S Al o g E <=2 o =) L =4 o g L =a
s S & BE| S & 8 BE| § 3 8 ®BE| § i 8 BE
0] 17 Q 7] L 7] v 2]
= = g B S| = = E B S| » = E E S| = = g E 3
8 < - » L < - » 8 < - » 38 < - »
3 s 88 3 s £33 8 s E3 8 g &9
e - =5 £ - =£ c - =& e - cE
< 3.2 < 5.2 < 3.2 < 3.2
=8 £° =8 £ =2 £ = £ 2P
S S S S S S s S
a m‘ha Mg/ha Mg/ha| a m’/ha Mg/ha Mg/ha| a m’/ha Mg/ha Mg/ha| a m’/ha Mg/ha Mg/ha
Current Cl‘.ment 36 436 80 73 | 62 84 157 104 | - - - - | 84 37 654 364
recommen- climate
dations A2 30 452 83 76 | 56 843 155 92| - - - - | 75 481 885 466
Economical Eﬁgg{‘et 48 347 64 44 | 62 402 74 47| - - - - | 80 386 712 356
optimum
A2 25 225 38 53| 43 335 57 43| 49 121 21 17 | 54 326 555 335
o Clgrrent _ _ _ _ _ _ - - - - - - 150*  750* 142.4* 46.2*
No thinning  climate
A2 - - - - - - - - - - - - | 150*  829* 186.6* 58.8*

*not harvested, but simulated status of the living trees at the age of 150 years.
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soil carbon stock tends to be higher than in the current cli-
mate (Fig. 6A-6C and Fig. 4).

Carbon Sequestration Affected by Management

In addition to the tendency of tree biomass accumulating
with the stand age, the vegetation carbon stock was driven by
the timing and the intensity of timber harvests. After com-
mercial thinnings after the stand age of 40 years, the biomass
carbon stocks with current management were 13 Mg/ha lower
in comparison to the unmanaged stand (Fig. 4). Mature stands
of both current and economically optimal management regime
had lower biomass carbon stock than unmanaged forests at the
same age (Fig. 4). Mature unmanaged forest was a carbon sink
for entire simulation period of 150 years (Fig. 7C). The amount
of carbon removed from the managed stands with harvested
stem wood is lower than difference seen in the standing car-
bon stock between managed and unmanaged stands (Fig. 4,
Table 1).

The economic optimization of thinnings resulted in a
higher biomass of the carbon stock in the stands younger than
50 years and to a lower biomass in the older stands in
comparison to the current management recommendations (Fig.
4). Length of the rotation period was shorter with the econom-
ically optimal management scenario, which resulted in lower
average carbon stock of biomass over a rotation period. At the
age of 70 years in the current climatic conditions, the biomass
carbon stock was largest in the unmanaged stands (Fig. 4).
Economically optimal thinnings resulted in a lower standing
tree biomass and, a lower proportion of the biomass was allo-
cated to the stem wood (Fig. 4).

The economically optimal thinning regime in the current
climate resulted in relatively fast soil carbon sequestration
until the first thinnings, but thereafter the soil carbon sink was
very small (Fig. 4), because the flux of carbon from vegetation
to soil (e, the amount of litter) was greatly reduced after re-
movals (Fig. 8B, Table 1). The amount of produced litter tends
to be low for a few years after thinnings with decreased amount
of living trees, since the litter production is directly dependent
on the standing biomass (Fig. 4, Fig. 8A-8C).

DISCUSSION

Our estimates of the average net primary production (NPP)
(i.e., the rate of carbon bound in plant structures together with
annual litter production) as well as the predicted amount of
carbon in the vegetation and soil were consistent with earlier
studies in boreal coniferous stands (FINER ef al, 2003; LISKI et
al, 2001; MAKIPAA et al, 1999). In this study, a simulation was
made for a spruce stand at a mesic site type, which is the most
common site type (fertility class) in Southern Finland. Norway
spruce is one of the dominant tree species in Northern Europe
(SYKES and PRENTICE, 1995), and in Finland the majority of the
mesic sites are spruce dominated (REINIKAINEN et al, 2000).

Makipaa et al.

Thus, our simulations of Norway spruce stands reflect the po-
tential climate responses of a large proportion of forests in
Southern Finland.

In our simulations, Norway spruce had a positive growth
response to the changing climate in an unmanaged stand as
well as in a forest stand managed according to the current
recommendations. A considerable increase in the net primary
production (NPP) and in the net ecosystem exchange (NEE) of
Norway spruce stands was also predicted by BERGH et al. (2005)
and JANSSON ef al. (2008). In a review on forest growth in a
changing climate, KikscHBAUM (2000) concluded that growth has
a positive response to increasing temperature, provided that
adequate water is available, since photosynthesis is positively
affected by a temperature increase. Additionally, the ratio of
respiration to photosynthesis is not significantly altered with an
increase in temperature. BRICENO-ELIZONDO ef al (2006) simula-
ted increased growth of Norway spruce with elevated tempera-
ture, but in Southern Finland this positive growth response was
sensitive to concurrent reduction of precipitation. Earlier studies
with a gap type ecosystem model have predicted an opposite
(declining) trend in the growth of Norway spruce in a chan-
ging climate (e.g. KARJALAINEN, 1996; KELLOMAKI ef «l, 2008), but
the responses of tree species to temperature were based on a
simple approximation of a multiplicative model from the bio-
geographical range of species distribution, which introduces
large uncertainties into the model predictions (see AUSTIN, 1992).
The simulated positive growth response to an increase in
temperature is consistent with analyses of increment chronolo-
gies, which have shown that the growth of Norway spruce is
positively related to temperature in a wide range of tempera-
tures (e.g. MinNa, 2000; MAKINEN ef al, 2000). Some negative
relationship is seen only with Norway spruce growth and the
temperatures of previous July and August (MiNa, 2000), which
results from enhanced flowering of Norway spruce that de-
creases growth in the following year (PUKKALA, 1987).

According to our simulations, the carbon accumulation in
the forest soil was increased in the changing climate. The in-
crease in the soil carbon stock as a result of increased
temperature and precipitation was also reported by Cao and
Wo0DWARD (1998) and KARJALAINEN ef al. (2003). However, some
studies with a gap type ecosystem model (MAKIPAA et al, 1999)
and with a dynamic soil carbon model combined to a forest
scenario model (KARJALAINEN ef al, 2002) have also reported an
opposite trend. JANSSON et al (2008) simulated ecosystem re-
sponses to a climate change with a coupled ecosystem model
that included feedbacks of nitrogen cycling, and they found only
small changes in soil carbon of Norway spruce stands in
Sweden. In our simulations, a positive response of soil carbon
to a climate change was mainly due to the increased biomass
production and the resulting increase in the litter input to the
forest soil. Our stand growth model may underestimate natu-
ral mortality, which would lead to a slightly overestimated bi-
omass production and an underestimated input of dead wood
into the soil. On the other hand, our current implementation of
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the ROMUL model does not consider the effect of log dimen-
sions to the rate of decomposition, and therefore in the cur-
rent results, the decomposition rate of tree stems is overesti-
mated. The slower rate of stem wood decomposition may well
overcome the effect of underestimated mortality.

In the simulations of the changing climate, the rate of
decomposition was increased, but the increase in the litter
production was even larger. Thus, our results suggest that
boreal forest soils may act as carbon sinks also in the chan-
ging climate, provided that the balance between the litter
produced by standing biomass and the rate of decomposition
remains sustainable. A positive feedback between nitrogen
availability and enhanced growth of trees followed by increased
litter production may further increase the carbon sink poten-
tial of the stand biomass and soil carbon stocks of boreal
conifer stands in the changing climate (see also JANSSON et al,
2008). The potential enhancement of growth due to the in-
creased availability of nitrogen will be introduced to our mod-
el in the next development phases.

In the simulation of the managed forests, vegetation acted
as a carbon sink excluding the times of harvest, but the car-
bon sink in managed forests was smaller than that in the un-
managed stands. Decline in soil carbon stock for the first two
decades after a clear-cutting was followed by a continuous soil
carbon sequestration in the unmanaged stand, but in the
managed stands soil was a carbon source for some years af-
ter the thinnings. Heavy thinnings can turn forest soil to a net
carbon source for some years after treatments. The decreasing
trend of soil carbon stock can be strengthened, if heavy thin-
nings are continued over several rotation periods. Short rota-
tion periods may also decrease site productivity (SEELY et al,
2002). According to our simulations, the forest carbon stock was
at its largest in the unmanaged forests and unmanaged stands
were net carbon sinks also in the end of the simulation at the
age of 150 years. The result is consistent with a number of
previous reports; e.g., CooPER (1983), THORNLEY and CANNELL
(2000), MIKHAILOV ef al. (2004), ScCHMID et al. (2006) and ERIKSSON
(2006) have reported that unmanaged forests store more carbon
than their managed counterparts. In addition, GARCIA-GONZALO
et al. (2007) have shown that shifting to thinning regimes that
allowed a higher stocking density of trees resulted in an in-
crease in carbon sequestration. Based on simulations with a
process-based model, LAscH et al (2005) have concluded that
long rotation combined with a low thinning intensity is the best
management scenario, if the objective is to maximize carbon
sequestration in temperate pine-broadleaved forests.

Climate change will greatly affect forest ecosystems and
their carbon sequestration potential, but in managed forests
carbon accumulation is also strongly driven by management
decisions. Sustainability of alternative management regimes has
to be considered from both ecological and economical aspects
before science based recommendations for management in
changing environment can be launched. The conflict between
carbon management, and management to optimize the econom-
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ic values of forestry was already demonstrated by ERIKSSON
(2006), who concluded that a strategy with no thinning, which
would maximize the carbon pool, would not be ideal from an
economic perspective. A future challenge is to link biodiversity
measures and economical optimization routines to the model.
We conclude that simulations with the process-based forest
growth model together with a soil model can be of help in
developing ecologically and economically sustainable manage-
ment practices.
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Appendix 1 Equations of the ROMUL decomposition model as reported by CHERTOV ef «l (2007) and daily variation of tem-
perature and soil moisture
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Fig. A1 Temperature and moisture dependencies of the soil fluxes
The sub-indices of the functions refer to the corresonding kfactors, ie. the coefficient k; of mass flow (from Lx, fraction to Fx,i
fraction) is adjusted with the temperature coefficient f; and the soil moisture coefficient gs.
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Fig. A2 Variation of the daily temperature and relative soil
moisture content in the current and changing climate



