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Abstract
Numerous studies have analyzed the carbon sequestration potential of forests and forest management. However, most studies either focused on
national and supra-national scales or on the project level in the context of the flexible mechanisms of the Kyoto Protocol. Few studies are available
which analyze the effects of alternative silvicultural strategies on carbon sequestration, timber production and other forest services and functions at
the operational level of the forest management unit (FMU). The present study investigates effects of three alternative management strategies for
secondary Norway spruce forests (Picea abies (L.) Karst.) (Norway spruce age class forestry; continuous cover forestry; conversion to mixed
broadleaved forests) and an unmanaged control variant on C sequestration in situ, in wood products and through bioenergy production at the level
of a private FMU in Austria, and analyses the interrelationships with timber production and key indicators of biodiversity. The hybrid patch model
PICUS v1.4 and a wood products model are employed to simulate forest ecosystem development, timber production, carbon storage in the forest
and in wood product pools. Results show that in situ C sequestration is sensitive to forest management with the highest amount of carbon stored in
the unmanaged strategy, followed by the continuous cover regime. All three management strategies store substantial quantities of C in the wood
products pool. Considering alternative biomass utilization focused on bioenergy production, substantial C offsets could be generated from potential
substitution of fossil fuels. Opportunity cost estimates for C sequestration reveal that C sequestration through forest management can be a cost
efficient way to reduce atmospheric CO2, but the achievable quantities are limited due to biological limitations and societal constraints. The study
emphasizes the importance of developing sustainable forest management strategies that serve the multiple demands on forests in the future.
# 2007 Elsevier B.V. All rights reserved.
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1. Introduction
The role of forests as a carbon sink in mitigating climate
change has been underpinned at the politically binding level by
the Kyoto Protocol (UNFCCC, 1997), and guidelines for the
inclusion of forest sector carbon sequestration in the national
greenhouse gas balance have been developed (IPCC, 2003).
Besides the human-induced changes in forest cover addressed
by Article 3.3 of the Protocol, there has been much debate on
the optional inclusion of sink enhancement by forest management under Article 3.4. In general there are three ways that
existing forests can contribute to climate change mitigation via
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active management: through increased storage in situ, increased
storage in wood product pools, or the substitution of fossil fuels
by bioenergy. A number of recent studies on forest carbon
sequestration have focused on in situ C storage, which has been
investigated on varying scales, for different ecosystems and
regions (e.g., Kurz et al., 1995; Liski et al., 2000, 2003;
Thornley and Cannell, 2000; Lee et al., 2002; Pussinen et al.,
2002; Dean et al., 2004; Howard et al., 2004; Pregitzer and
Euskirchen, 2004; Backeus et al., 2005; Lasch et al., 2005).
Results inter alia point towards considerable effects of
management on forest carbon storage, however, quantitative
impacts and economic feasibility vary. C storage in wood
products is not always accounted for, especially since the wood
product pools are not considered in the guidelines for the first
Commitment Period under the Kyoto Protocol. However,
considerable amounts of carbon are stored in long-lived wood
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products (Karjalainen et al., 1994, 2002, 2003; Karjalainen,
1996; Winjum et al., 1998; Pingoud et al., 2001; Cote et al.,
2002; Masera et al., 2003) and there is a call for an improved
accounting methodology including such storage for post-2012
assessments (e.g., Marland and Marland, 2003). Another means
to offset fossil fuel emissions is via an increased use of
bioenergy, which has seen a revival lately. A number of studies
point towards the positive aspects of the substitution of fossil
fuels by renewable energy from forest biomass (Pingoud and
Lehtila, 1997; Berndes et al., 2003; Kirschbaum, 2003; Kraxner
et al., 2003; Sims, 2003). Several studies on bioenergy,
however, have applied a broad top-down approach on potential
extractable biomass (e.g., Hoogwijk et al., 2003; Parikka, 2004;
Andersen et al., 2005) and have largely neglected ecological
limitations, trade-offs with other forest products and services or
restrictions to implementation.
There is a growing body of scientific knowledge on various
aspects of forest carbon sequestration, but to operationally
implement alternative forest management strategies these
findings need to be transferred to the operational scale where
actual management decisions are taken. Operational forest
management in Central Europe is characterized by the multiple
demands of a densely populated, heterogeneous landscape and
a mostly small-scale forest ownership structure. The growing
societal demand for forest services and functions beyond timber
production contributes to the increasing complexity of forest
management decision-making (cf. Lexer and Brooks, 2005;
Rauscher et al., 2005).
In Central Europe, Norway spruce (Picea abies (L.) Karst.)
has been promoted heavily as a productive timber species at
sites naturally supporting broadleaved and mixed species
forests. However, these secondary conifer forests are prone to
an array of insect and disease organisms (e.g., Klimo et al.,
2000) and are at particular risk in case of a warmer and possibly
drier climate (e.g., Lexer et al., 2002; Matulla et al., 2002).
Additionally, repeated rotations of pure Norway spruce may
negatively affect soil productivity. To circumvent these
problems alternative management strategies are discussed
intensively. One option is the conversion of pure Norway spruce
stands to mixed species stands to improve stand stability and
resilience towards biotic and abiotic disturbances (e.g.,
Spiecker et al., 2004). Another strategy promotes continuous
cover forestry and the transformation of even-aged conifer
forests into uneven-aged vertically structured stands (e.g.,
Reininger, 2000). While there are several studies focusing on
the economic analysis of stand conversion strategies (Hanewinkel, 2001; Knoke and Plusczyk, 2001), the inclusion of nontimber products and forest services such as carbon sequestration in an assessment of the costs and benefits of alternative
forest management strategies has rarely been attempted.
Therefore, the primary objective of this contribution is to
analyze carbon sequestration under alternative forest management strategies for secondary Norway spruce forests within a
framework of multi-purpose forestry, using a private forest
management unit in southern Austria as a case study. We
consider above- and belowground forest carbon stocks by
means of the hybrid forest patch model PICUS v1.4 (cf. Lexer
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and Hönninger, 2001; Seidl et al., 2005) as well as C storage in
wood products and substitution effects of utilizing forest
biomass for bioenergy by applying a recently modified wood
products model (Briceno-Elizondo and Lexer, 2004). The
specific objectives of the contribution are to (i) assess a
combination of forest management and timber utilization
scenarios with regard to timber production and carbon
sequestration; (ii) evaluate scenario performance with regard
to economic trade-offs; (iii) analyze scenario performance with
regard to key indicators of forest biodiversity.
2. Methods and materials
2.1. Simulation models
2.1.1. PICUS v1.4
The model used in the study to track forest C flows and to
project different forest management regimes is the hybrid forest
patch model PICUS v1.4. The model is based on a threedimensional structure of 10 m  10 m patches extended by
crown cells of 5 m height as described in Lexer and Hönninger
(2001). The model layout is conceptually motivated by the
findings of several authors (e.g., Mäkelä et al., 2000; Peng,
2000), that the hybridization of different modeling approaches
is a suitable means to circumvent the limitations of the
individual approaches. Building on the classical gap model
PICUS v1.2 (Lexer and Hönninger, 2001), a process-based
stand-level estimator of NPP derived from the 3-PG model
(Landsberg and Waring, 1997) is applied to enhance the
physiological foundation of the model. The hybridization aims
at combining the abilities of gap models with regard to interand intra-specific competition, multi-species and multi-layered
stand structure and general applicability with the benefits of a
widely applied, robust stand-level estimate of forest production
based on the concept of radiation use efficiency. The model
coupling was described in detail by Seidl et al. (2005).
Regeneration and mortality, key processes of forest dynamics,
have been retained from the gap model approach of Lexer and
Hönninger (2001). Tree mortality includes both an intrinsic as
well as a stress-induced component (e.g., Keane et al., 2001).
Dead trees, if not removed through forest management, are
transferred stochastically from snags to wood detrital pools on
the forest floor. A flexible management routine was incorporated to allow for individual-based harvesting interventions as
well as for spatially explicit planting operations (Seidl et al.,
2005). PICUS runs on monthly data of temperature, precipitation, radiation, and vapor pressure deficit. In an evaluation
study (Seidl et al., 2005) the abilities of the hybrid model with
regard to the simulation of potential natural vegetation
composition as well as in the simulation of intensively
managed, multi-species stands were tested. Seidl et al.
(2005) found realistic results in the simulation of natural
forest succession and equilibrium species composition along an
environmental transect in the Eastern Alps, confirming the
retained gap model strengths of the hybrid model approach. In
addition, model tests against long-term growth and yield data of
intensively managed, multi-species forests revealed the ability
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of the model approach to simulate complex management
regimes at accuracy levels comparable to growth and yield
models (Seidl et al., 2005).
In model variant 1.4, a process-oriented model of carbon and
nitrogen cycling in soils has been incorporated into the PICUS
framework to track belowground C storage and to obtain a
dynamic update of site nutrient status. The soil submodel builds
on the concept and algorithms used in the TRACE model
(Tracer Redistributions Among Compartments in Ecosystems;
Currie et al., 1999; Currie and Nadelhoffer, 1999). TRACE
includes a detailed submodel of belowground N dynamics and
C/N interactions because it was designed to simulate the
redistribution of N isotopes over decadal-scale isotopic tracer
experiments (in PICUS the isotope features were not used). The
greatest strength of the TRACE-derived processes for the
present analysis is that long-term feedbacks in plant production,
soil nutrient status, and soil C storage are simulated. Carbon
storage is calculated separately in the forest floor, mineral soil
organic matter, and downed woody debris, with humification of
foliar, root and woody litter contributing to slow-turnover
humus pools. Pools of soil organic C and N are modeled as
microbial–detrital pools containing microbial biomass implicitly and storing or releasing N based on C/N ratios in the forest
floor and mineral soil organic matter separately. Fine litter
enters the forest floor detrital pools according to C-classes
(acid-insoluble, acid-soluble, extractives, cf. Ryan et al., 1990)
and undergoes processes of decomposition, humification and
production of dissolved organic C and N. Soil N transformations, leaching, and plant uptake of NH4+ and NO3 are
simulated separately, with soil N availability exerting a strong
control on plant production on a monthly time-step. Recently,
the TRACE modeling approach has been successfully tested
against field data (Currie et al., 2004) and across biomes
(Moorhead et al., 1999) and is applied to simulate and forecast
the effects of elevated nitrogen deposition on carbon storage in
deciduous and coniferous forests of the Eastern USA (Currie
et al., 2004).
2.1.2. Wood products model WPM
The model WPM (Briceno-Elizondo and Lexer, 2004) tracks
carbon stored in the wood product pools by means of an
approach first presented by Karjalainen et al. (1994), following
the C flow in harvested timber through production processes
and its storage in wood-based commodities until it is released to
the atmosphere (Karjalainen et al., 1994; Briceno-Elizondo and
Lexer, 2004). WPM considers four production lines
(PL1 = sawmill industry, PL2 = particle board/plywood industry, PL3 = pulp and paper industry, and PL4 = fuelwood) and a
number of intermediate products, end products and byproducts. For each product group, a lifespan function based
on work by Eggers (2002) is used to define the annual
percentage taken out of use, to be either recycled to other
product groups, burned for energy production or disposed in
landfills. The landfill disposal releases carbon at a constant rate
to the atmosphere, whereas C allocated to combustion is
released immediately. The model includes detailed recycling
loops for paper products and has been parameterized for

Austrian conditions with data from national statistics and
yearbooks of the wood processing industry (see BricenoElizondo and Lexer, 2004). Model applications include an
evaluation study at the level of a forest enterprise in Austria
(Briceno-Elizondo and Lexer, 2004) as well as a C sequestration assessment for several sites across Europe (Gracia et al.,
2005) using country-specific parameter sets. For the study
presented here the model has been applied as described in
Briceno-Elizondo and Lexer (2004).
2.2. Simulation data
2.2.1. Study area
The study was conducted for a 248.7 ha forest enterprise in
the province of Carinthia, Austria (Fig. 1), situated at
approximately 550 m a.s.l. (latitude 46.78N, longitude
14.37E). Climate is characterized as subcontinental. Geological
conditions are dominated by crystalline sediments of the last
glacial stage which are sparsely penetrated by calcite
formations. Geomorphology is smooth, allowing for a good
forest road infrastructure (see Fig. 1) and the application of
fully mechanized harvesting technology. The potential natural
vegetation consists mainly of deciduous tree species (Quercus
sp., Fagus sylvatica L.) with co-dominance by conifers (e.g., P.
abies, Pinus sylvestris L.), mainly differentiated by soil
conditions (see Mayer, 1974; Kilian et al., 1994).
2.2.2. Climate data
Climate data for the simulation experiment are represented
by a 100-year time series based on the de-trended observed
climate 1961–1990. Climate parameters required as input for
the simulations had been interpolated to the study site from
nearby weather stations of the Austrian weather service
(ZAMG, 2001). Mean annual temperature of the climate

Fig. 1. Map of the 248.7 ha forest management unit. Site types are indicated in
the 103 inventory compartments.
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scenario is 7.6 8C and mean annual precipitation sum is
1013 mm, whereof approximately 50% occurs during the
vegetation period. In the scenario simulations, the same climate
data were used for all stands.
2.2.3. Soil data
Soils of the study area are mainly characterized by fertile
Cambisols over crystalline gravel layers with medium to high
water holding properties. A small area in the south of the forest
management unit (FMU) is characterized by shallow rendzic
Leptosol over dolomitic bedrock (Steiner, 1998). For the
simulation, the forest area was grouped into three site types
according to soil properties, where site types ST1 and ST2
represented eutric Cambisols, mainly differing with regard to
soil water holding capacity (field capacity  permanent wilting
point), and ST3 was parameterized as rendzic Leptosol with
low water holding properties (Table 1, Fig. 1). Carbon and
nitrogen data for the site types had been derived from
laboratory analyses of soil samples from the study site. For
organic matter and N content in the forest floor statistical
relationships with stand characteristics had been established
that allowed for a stand-specific initialization of the forest floor
pools (Table A1, Appendix A). Mineral soil pools were not
differentiated for stands within a site type (Table 1).
2.2.4. Stand data
The FMU holds 93% P. abies and 6% P. sylvestris (related to
basal area). The age class distribution is skewed, with only a
few stands below age 20 or above age 80. The FMU consists of
103 stands, for which a complete set of inventory data were
available (Unegg, 1999). To reduce computing time, the 103
stands were clustered (method: partitioning around medoids, R
Development Core Team, 2006) into 25 stand types according
to the stand variables age, estimated mean annual increment
over 100 years (MAI100) of the inventory (de-trended due to
strong age trend), stand density, share of P. abies, basal area
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Table 1
Properties of the mineral soil for the three site types (ST1–3) as derived from 20
soil samples

Soil type
pH (H2O)
WHC (mm)
C (t ha1)
N (t ha1)
Soil depth (cm)

ST1

ST2

ST3

Eutric Cambisol
4.3
161
82.03
5.847
80

Eutric Cambisol
4.1
120
95.75
5.922
80

Rendzic Leptosol
6.2
60
66.30
3.350
40

WHC: water holding capacity.

weighted mean diameter, and existing regeneration. For each
cluster, the stand most similar to the cluster average of the
stand variables was selected for the simulation. Selected
characteristics of the 103 stands are displayed in Fig. 2, major
variables for the 25 stand types are given in Appendix A
(Table A1).
2.3. Experimental design
2.3.1. Silvicultural management strategies
Three alternative management strategies (MS) were defined
over a time horizon of 100 years. The first strategy, MS1,
reflects the current practice of the forest owner (used here as a
baseline for comparison), while the other three represent
hypothetical alternative strategies. MS1 is a Norway spruce (P.
abies) age class management regime with a rotation age of 90
years. This strategy includes natural regeneration of mainly P.
abies by means of a shelterwood system with a regeneration
period of approximately 10 years, a pre-commercial thinning to
control for stand density, and subsequent selective thinnings
from above (Schädelin, 1942; Johann, 1987). The second
strategy (MS2) represents a management strategy aimed at a
transformation to a continuous cover management regime by
applying ‘‘structural thinnings’’ (heavy thinnings from above,

Fig. 2. Summary statistics of the 103 stands as recorded by Unegg (1999). MAI100 refers to mean annual increment (m3 ha1 a1 gross volume over bark) at age 100
and is calculated from yield tables, stocking density is given relative to yield table estimates (Marschall, 1975). Share of Picea abies is based on stand basal area.
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see Reininger, 2000) in younger stands with a subsequent shift
to target diameter harvesting and continuous natural regeneration of mainly Norway spruce. Strategy MS3 is a conversion
strategy, aimed at bringing about a moderate species change by
introducing native broadleaved species. In this strategy, the
current Norway spruce rotation period was reduced to 80 years.
F. sylvatica and Quercus robur (L.) are the main species
introduced by planting. Depending on the initial share of
admixed species, site type and stand age, the stands are either (i)
converted to F. sylvatica (on ST2) or Q. robur (on ST2, ST3)
after clearcutting the current Norway spruce stand, or (ii) F.
sylvatica is introduced by advance planting in groups below the
shelter of Norway spruce aiming at a mixed future stand of P.
abies and F. sylvatica (on ST1) (see Table A2, Appendix A). In
addition to the three alternative management strategies a ‘‘donothing’’ variant (MS4) was simulated as reference, featuring
no active management interventions.
All three management strategies were fully specified for
every simulated stand and adopted according to initial stand
conditions; for example, if the timeline of a scenario suggested
a thinning in the second year of the simulation but the stand
already had a low stocking density, the thinning was skipped or
applied with a lower intensity. Harvesting interventions were
specified as the removed percentage of standing volume in five
relative diameter classes (class width = one-fifth of the
difference between the largest and smallest values of dbh
[diameter at breast height] in the simulated stand). A scheme of
the timeline and management interventions in the strategies is
given in Appendix A (Tables A3 and A4). The costs of
introducing deciduous trees for the conversion to mixed forests
(MS3) varies according to the conversion variant, from s
2150 ha1 to s 7000 ha1 including protection against
browsing by game (see Table A2). Assumptions on timber
prices are presented in relation to the biomass utilization
scenarios in Section 2.3.2.
Based on data in Stampfer (2001), harvesting costs assume a
fully mechanized harvesting system with slightly lower costs in
MS2 due to a larger mean diameter per harvested volume (MS1
and MS3: conifers = s 23 m3, deciduous = s 25 m3, MS2:
conifers = s 20 m3, deciduous = s 22 m3).
2.3.2. Forest biomass utilization scenarios
For every silvicultural management strategy, three biomass
utilization scenarios (BMU) were investigated with regard to C
sequestration and economic implications for the forest owner.
In all scenarios only timber with a minimum diameter larger
than 7 cm over bark was extracted from the forest, harvest
residues below that threshold were left on site. Simulated
harvested timber was graded into dimensional assortments
based on individual tree dimensions according to Sterba and
Griess (1983) and Sterba et al. (1986). In the present study a
biomass utilization scenario consisted of the species-specific
assignment of a certain proportion of an assortment to the four
production lines (PL) of the WPM. In defining the allocation
coefficients for production lines, regional expert knowledge on
the expected quality of produced timber assortments and the
demands of timber markets was employed. Species-specific

dimensional and quality-related timber prices in Austria had
been collected for the period 1990–2000 and were related to the
year 2000 employing the consumer price index. In the
economic evaluation, decadal average timber prices were used
to factor out inter-annual variability in timber prices. Prices and
costs were considered as exogenous variables and kept constant
throughout the simulation period (with the exception of BMU2,
see below). Aggregated values of the applied timber prices can
be found in Table A5 (Appendix A).
The biomass utilization scenario BMU1 reflected current
business-as-usual conditions concerning timber use (cf.
Briceno-Elizondo and Lexer, 2004). BMU2 and BMU3 differed
mainly with regard to an increased use of biomass for bioenergy
compared to BMU1. Whereas BMU1 and BMU3 assumed a
static economic environment (demand, prices) throughout the
simulation period, in BMU2 changes in demand in bioenergy
and consequently changing bioenergy prices were taken into
account for the 100-year study period. The scenario assumptions for BMU2 were based on a storyline by Haas and Kranzl
(2002), which predicts an oil price shock in 2010 followed by a
distinct increase in prices for oil and subsequently bioenergy. In
2010, biomass prices reached a level of 150% of the current
situation and stabilize at 120% in the year 2020 (Haas and
Kranzl, 2002). Prices for saw timber and pulp- and paperwood
assortments were, however, kept constant. Assuming rational
economic behavior of the forest owner, more timber is allocated
to the bioenergy sector at the cost of the particle board/plywood
industry (PL2) and the pulp and paper industry (PL3) in the
simulations. By assumption, at the highest biomass price level
30% of PL2 and PL3 are allocated to bioenergy (PL4). This
percentage is reduced gradually to 20% in 2020 (see Fig. A1,
Appendix A). The third biomass utilization scenario (BMU3)
assumed an investment of the forest owner in a local heating
plant operated with forest biomass. Thus, in BMU3 20% of the
timber going to PL2 and PL3 under BMU1 was re-directed to
the heating plant (e.g., PL4). The basic assignment of
assortments to different production lines under BMU1 can
be found in Tables A6 and A7 (Appendix A). Changes in BMU2
and BMU3 are understood relative to these figures. To derive an
energetic proxy for PL4 a lower bound caloric value of
3.46 kWh kg1 timber dry mass was used. To visualize the
effect in terms of carbon sequestration, the energetic value was
converted to C emitted from potentially substitutable fossil
fuel. An emission factor of 0.109 t C MWh1 (light fuel oil,
GEMIS, 2005) was assumed. However, the analysis did not aim
at a full net emission/reduction analysis, for which the fossil
emissions of timber harvest, transport and the wood processing
industry would have had to be accounted for.
2.3.3. Analysis methods
The issue of forest C accounting has intensively been
discussed recently (IPCC, 2000; Kirschbaum et al., 2001; Kurz
et al., 2002) and although the good practice guidance for land
use, land-use change and forestry (GPG-LULUCF, IPCC,
2003) proposes a coherent accounting scheme for the first
commitment period (CP1) of the Kyoto Protocol, future
accounting rules may differ significantly (cf., Kirschbaum
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et al., 2001; Cacho et al., 2004; Kirschbaum and Cowie, 2004).
Because the time frame of the current study extends far beyond
the CP1, we did not address formal aspects of C accounting
under the current Kyoto rules and regulations. Instead we
employed three general C accounting approaches that have
been proposed in the literature (see Newell and Stavins, 2000;
Richards, 2004). In presenting the C sequestration potential of
forest management on a per hectare basis we used (i) the mean
storage approach, comparing mean C stocks over the simulation
period; (ii) the flow summation approach (in short: flow
approach), summing up all C flows in the study period on
annual time-steps; and (iii) the levelization approach, where the
annual C flows calculated as in (ii) were discounted with an
assumed social interest rate of 2% (e.g., Hoen and Solberg,
1994). Carbon sequestration is analyzed in three hierarchical
levels of aggregation: (A) in situ carbon storage, separated into
aboveground (stem-, branch-, leaf-, and standing deadwood C)
and belowground (soil organic carbon, litter, humified matter,
fine woody debris and downed dead wood C) components; (B)
in situ carbon and carbon stored in wood product pools; and (C)
in situ C, carbon in wood product pools and C from potential
fossil fuel substitution by bioenergy from the forest.
To assess the potential costs of C sequestration through
forest management, we applied an opportunity cost approach
based on costs and revenues from timber production. Two
indicators were used to represent economic performance of the
alternative MS regarding to timber production. A contribution
margin (CMII) focusing on operational cost of timber
production and neglecting administrative and maintenance
costs was computed according to Eq. (1), reflecting the net
balance of the nominal cash flow over the entire simulation
period:
CMII ¼

100
X

ðRt  C t  sCt Þ

(1)

t¼1

where R is the harvest revenue (s ha1), C the harvesting cost
(s ha1), sC the silvicultural cost (s ha1), CMII the contribution margin (s ha1), and t is the simulation year (1–100).
To account for temporal effects of monetary flows, as a
second approach the equivalent annual income (EAI) was
calculated as the annualized net present value (NPV) of cash
flows including the potential liquidation value of the stand at the
end of the simulation period (Eqs. (2) and (3)), applying an
annual interest rate of 2%.
NPV ¼

100
X
Rt  C t
LV100
t þ
ð1
þ
pÞ
ð1
þ pÞ100
t¼1

EAI ¼ NPV

pð1 þ pÞt
ð1 þ pÞt  1

(2)

(3)

Opportunity costs were then calculated by relating the
differences in economic performance between a C sequestration strategy and the baseline strategy (MS1 and BMU1) to the
difference in the sequestered carbon where p is the interest rate
(0.02), LV100 the liquidation value of stand at end of simulation
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(s ha1), NPV the net present value of cash flows from timber
production, including stumpage value of standing stock in year
100 (s ha1) where EAI is the annualized NPV (s ha1 a1)
As an example for non-wood forest functions, key indicators
for biodiversity were selected since recently the compatibility
of the aims of increased C sequestration and conservation of
biodiversity has been debated intensively (e.g., Matthews et al.,
2002; Boscolo and Vincent, 2003; Caparros and Jacquemont,
2003; Huston and Marland, 2003). The selected indicators
include (i) naturalness of tree species composition, (ii) tree
species diversity, and (iii) standing dead wood, all assessed as
average values over the 100-year simulation period. Naturalness of tree species composition (NTS) was evaluated by
comparing simulated vegetation composition and structure with
the potential natural vegetation (PNV) as reported by Kilian
et al. (1994) at the level of site types according to the penalty
point system of Grabherr et al. (1998). Penalty points
characterize a possible mismatch of actual species abundance
and expected species abundance of the PNV. The classification
resulting from this evaluation ranges from natural (9) to
artificial (1). An FMU-level area-weighted estimate was
calculated over the 25 stand types in the simulation. The
Shannon index SI (see Magurran, 1988) was calculated as a
proxy for tree species diversity (Eq. (4)) from forest level
species-specific aboveground biomass.
SI ¼ 

n
X
psi ln psi

(4)

i¼1

where psi the share of species (i) on total aboveground biomass.
As additional indicator for (saprophytic and faunal) diversity
(e.g., Jonsell et al., 1998; Humphrey et al., 2002; Lohr et al.,
2002; Kappes and Topp, 2004) the mean standing deadwood
pool over the simulation period was evaluated.
3. Results
3.1. Timber production
Mean annual cuts (MAC, merchantable volume without
bark) over the simulation period were comparable for the
management strategies MS1–3 with the lowest MAC under
the continuous cover strategy MS2 (9.3 m3 ha1 a1). Harvest
levels were in the same range for MS1 and MS3 (10.6 and
10.1 m3 ha1 a1, respectively). While under the current
management practice (MS1) and the continuous cover
strategy (MS2) the share of broadleaves and P. sylvestris in
harvested timber was very low, the MAC of MS3 already
reflects the results of the conversion strategy (Fig. 3).
Furthermore, the management strategies differed substantially with regard to the economic performance indicators.
Averaged over the entire simulation period, the continuous
cover management strategy (MS2) yielded the highest
contribution margin CMII (s 350 ha1 a1) compared to
MS1 (s 287 ha1 a1) and MS3 (s 197 ha1 a1). The lower
value in CMII for MS3 is due to the establishment costs of
mixed species stands. The EAI did not change the ranking of
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Table 3a
C sequestration (t C ha1) according to the mean storage approach in the
management strategies (biomass utilization scenario: BMU1) over 100 years
A

MS1
MS2
MS3
MS4

Fig. 3. Mean annual cut [merchantable volume without bark] of the three
analyzed management strategies (MS1: Norway spruce age class, MS2: Norway
spruce continuous cover, MS3: conversion to mixed coniferous-broadleaf
stands) and the control variant MS4 (do-nothing, i.e., no harvest or other
management activity).

B

ag

bg

In situ C

CSA

wp

CSB

78.9
135.1
88.2
228.4

150.8
148.6
156.9
163.1

229.7
283.7
245.1
391.5

26.9
+27.1
11.5
+134.9

83.6
73.1
76.2
0.0

+56.7
+100.2
+64.7
+134.9

The initial mean C-stock equals 256.6 t C ha1. CS gives the changes in mean C
stocks to the initial value where the subscripts denote the corresponding levels
of aggregation (A: in situ; B: in situ plus wood products). ag: aboveground; bg:
belowground (SOM, roots); wp: wood products.
Table 3b
C sequestration (t C ha1) according to the flow approach in the management
strategies (biomass utilization scenario: BMU1) over 100 years
A

the management strategies compared to the results of the
CMII (Table 2). Allocating more harvested biomass into
bioenergy production (BMU2 and BMU3) reduced the
contribution margin (CMII) between 7.1% (MS3) and 3.1%
(MS2), and the EAI between 7.4% (MS3) and 3.7% (MS2). In
the do-nothing variant MS4 the CMII is zero. The EAI for
MS4 is exclusively based on the potential liquidation value at
the end of the simulation period. Differences among the
biomass utilization scenarios for MS4 are due to different
assumptions on timber utilization and consequently different
timber prices under the BMU scenarios.

MS1
MS2
MS3
MS4

bg

CSA

wp

CSB

22.0
37.7
3.2
218.7

14.0
8.3
24.3
35.4

8.0
+46.0
+21.1
+254.1

74.5
116.1
57.2
0.0

+66.5
+162.1
+78.3
+254.1

Table 3c
C sequestration (t C ha1) according to the levelization approach in the
management strategies (biomass utilization scenario: BMU1) over 100 years
A

As expected, the mean in situ C stock was highest in the donothing variant MS4 due to the continuing growth and the
accumulation of deadwood pools on site. In the management
strategies, mean aboveground C storage was highest in MS2
and almost identical in MS1 and MS3. Mean belowground C
stocks differed moderately between all four strategies
(14.5 t C ha1, mean storage approach) and were highest
under MS4. Compared to the initial above- plus belowground
forest C stock of 256.6 t C ha1, MS1 and MS3 showed a
moderate decrease in mean forest C stocks over the simulation
period (26.9 and 11.5 t C ha1, respectively), whereas
stocks increased moderately to strongly in strategies MS2 and
Table 2
Economic performance indicators for the analyzed strategies MS1–4 over 100
years under three biomass utilization scenarios (BMU1–3)

MS1
MS2
MS3
MS4

ag

CS gives the corresponding summarized C-flows where subscripts denote the
levels of aggregation (A: in situ; B: in situ plus wood products). ag: aboveground; bg: belowground (SOM, roots); wp: wood products.

3.2. Carbon sequestration

BMU1

B

BMU2

BMU3

CMII

EAI

CMII

EAI

CMII

EAI

286.6
350.0
196.5
0.0

344.1
371.9
261.1
136.6

274.3
342.8
190.5
0.0

331.0
363.7
252.7
134.2

268.6
339.2
182.5
0.0

322.7
358.2
241.8
133.4

CMII: contribution margin including harvesting and silvicultural cost and
timber revenues (s ha1 a1); EAI: annualized net present value including
stumpage value of standing stock in year 100 ( p = 2%) (s ha1 a1).

MS1
MS2
MS3
MS4

B

ag

bg

CSA

wp

CSB

22.5
22.7
18.4
102.8

6.5
5.0
11.1
17.0

16.0
+27.7
7.3
+119.8

72.9
63.6
68.3
0.0

+56.9
+91.3
+61.0
+119.8

CS gives the corresponding summarized C-flows where subscripts denote the
levels of aggregation (A: in situ; B: in situ plus wood products). ag: aboveground; bg: belowground (SOM, roots); wp: wood products.

MS4 (+27.1 and +134.9 t C ha1, respectively). The flow
approach showed somewhat contrasting results. Whereas the
results in MS1, MS2 and MS4 correspond to those of the mean
storage calculation, MS3 turned out as a small C sink instead of
a small source. When the temporal development of flows is
taken into account by discounting the C flows (levelization
approach), MS3 was again a small C source (Tables 3a–3c).
Extending the scope of the analysis to C stored in wood
products, the superior performance of the unmanaged reference
strategy MS4 was put into perspective. It could be demonstrated
that a significant amount of carbon is stored in the wood
products pool in management strategies MS1–3 under all C
accounting schemes (Tables 3a–3c). Increased use of biomass
for bioenergy (BMU2 and BMU3) resulted in lower flows of
wood into the plywood (PL2) and pulp and paper (PL3)
streams, with consequent decreases in C stored in wood
products. Under MS1, for instance, BMU2 and BMU3 resulted
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Table 4
Potential fossil fuel emissions substituted by bioenergy production over the
simulation period according to the flow approach (t C ha1)
Management strategy

BMU1

BMU2

BMU3

MS1
MS2
MS3
MS4

0.49
0.29
2.47
0.00

20.29
12.23
25.24
0.00

21.92
13.31
27.49
0.00

BMU1–3: alternative biomass utilization scenarios.

in a reduced C-flow into wood products of 6.3 and
6.1 t C ha1 compared to BMU1. However, as shown in
Table 4 for the flow approach, the increased substitution
potential of BMU2 and BMU3 compared to BMU1 more
than offsets the corresponding reduction in C stored in
wood products. Fig. 4 summarizes C sequestration according
to the flow approach for all management strategies and
biomass utilization scenarios at three hierarchical levels of
aggregation.
3.3. Trade-offs between timber production and carbon
sequestration
Trade-offs between timber production and C sequestration
were assessed by means of an opportunity cost approach where
the business as usual management MS1 under BMU1 was used
as the baseline scenario. Using the C flow approach and the
economic indicator CMII, the costs for additional storage of
one ton C in the forest (strategies MS1, MS3 and MS4) ranged
from s 1.1 t C1 a1 to s 3.6 t C1 a1, and from s
0.8 t C1 a1 to s 3.5 t C1 a1 when the annualized net
present value ( p = 2%) was used. If C storage in products and
through fossil fuel substitution is considered as well, the
opportunity costs per additional ton of C were s 0.9 t C1 a1
to s 6.6 t C1 a1 for CMII, and s 1.0 t C1 a1 to s
6.1 t C1 a1 for EAI ( p = 2%). Under any biomass utilization
scenario and C storage accumulation level, MS2 resulted in
negative opportunity costs (at best s 1.2 t C1 a1 with
CMII, s 0.5 t C1 a1 with EAI) due to higher C storage and
economic efficiency compared to MS1. Generally, increasing
the level of aggregation for C sequestration increased the
opportunity cost per additional ton of sequestered C (cf.
Table 5).
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Table 5
Opportunity costs of C sequestration relative to the business as usual management strategy MS1 in the corresponding level of aggregation, calculated from C
flows and two economic indicators under three biomass utilization scenarios
Level of
aggregation

BMU1
OC-CM

BMU2
OC-EAI

BMU3

OC-CM

OC-EAI

OC-CM

OC-EAI

–
NA
0.91

–
NA
0.97

–
NA
1.17

–
NA
1.40

MS1
A
B
C

–
–
–

–
–
–

MS2
A
B
C

1.17
0.66
0.66

0.51
0.29
0.29

1.04
0.61
0.54

0.36
0.21
0.19

0.97
0.57
0.50

0.26
0.15
0.13

MS3
A
B
C

3.10
7.68
6.57

2.86
7.08
6.06

3.31
17.51
3.18

3.14
16.65
3.02

3.58
17.15
3.15

3.52
16.87
3.10

MS4
A
B
C

1.09
1.53
1.53

0.79
1.11
1.11

1.09
1.53
1.53

0.80
1.12
1.12

1.09
1.53
1.53

0.80
1.12
1.13

Levels of aggregation: (A) in situ C storage; (B) in situ C storage plus C stored in
wood product pools; (C) in situ C, C in products plus C substituted by bioenergy.
OC-CM: related to the contribution margin (s t C1 a1); OC-EAI: related to
the annualized net present value ( p = 2%) (s t C1 a1). NA indicate combinations of lower C storage than the reference strategy, for which no opportunity
costs of C sequestration can be derived.

3.4. Biodiversity
A set of biodiversity indicators was used to represent an
additional non-timber forest function. The tree species
composition over the simulation period was evaluated for
naturalness and diversity. The conversion strategy MS3
resulted in a share of 25% F. sylvatica and 8% Q. robur
(relative to standing stock) at the end of the simulation period,
with P. abies still being the dominating species at the FMUlevel. The strategies MS1, MS2 and the ‘‘do-nothing’’ variant
MS4 resulted in almost pure stands of P. abies with less than
one percent of admixed P. sylvestris and various deciduous
species (e.g., Quercus sp.). Naturalness of tree species
composition (NTS) for the whole forest according to Grabherr

Fig. 4. C sequestration (flow approach) in the biomass utilization scenarios (a) BMU1; (b) BMU2; (c) BMU3. Bars denote the three levels of aggregation: (A) in situ
C storage; (B) in situ storage and storage in wood products; (C) in situ C, carbon stored in wood products and substituted C emissions through bioenergy.
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4. Discussion and conclusion
This study aimed at tackling the issue of carbon sequestration from the operational perspective of a forest management
unit (FMU), displaying the interaction of C storage with other
forest functions in Central European forests by means of an
exemplary FMU. Three management strategies and an
unmanaged control variant were investigated over a time
horizon of 100 years. The simulated strategies were designed to
reflect alternative silvicultural treatments currently discussed in
practical forestry (e.g., Reininger, 2000) as well as in the
scientific literature (Spiecker et al., 2004; Knoche, 2005; Knoke
et al., 2005; Loewenstein, 2005; Rojo and Orois, 2005), besides
the business as usual strategy (MS1) and a do-nothing control
variant (MS4). As such, the study did not search for a
management strategy with maximum C sequestration but rather
investigated selected silvicultural strategies with regard to their
C sequestration capacity over a period of 100 years and
analyzed the trade-offs with regard to timber production and
key indicators of biodiversity. Similarly, our study design did
not facilitate the comparison of management strategies per se,
such as different rotation periods for Norway spruce in MS1
and MS3.
4.1. Evaluation of model plausibility

Fig. 5. The performance of three management strategies (MS1: Norway spruce
age class forestry, MS2: Norway spruce continuous cover forestry, MS3:
conversion to mixed broadleaved stands) and the unmanaged control variant
(MS4) relative to the management strategy with the best performance with
regard to three key indicators of biodiversity (see text for details).

et al. (1998) thus yielded a fairly low rating of NTS = 1.53 for
MS3, and even lower with NTS = 1.02 for the other
investigated strategies, indicating major deficits regarding to
naturalness even for MS3. Tree species diversity calculated
with the Shannon index (SI) was highest under MS3 (SI = 0.59)
as well and lowest under MS4 (SI = 0.09), with slightly better
results for MS1 and MS2 (SI = 0.11). As an additional key
indicator for biodiversity, the average standing deadwood
stock was assessed. As expected, the standing deadwood pool
was considerable in the do-nothing variant MS4
(58.5 m3 ha1) and very low in the management strategies
(MS1: 1.6 m3 ha1; MS2: 0.6 m3 ha1; MS3: 1.8 m3 ha1).
The performance of the four strategies relative to the best
strategy with regard to the three indicators of biodiversity is
summarized in Fig. 5.

Before specific results and possible consequences thereof
will be discussed, the credibility of the employed simulation
models will be addressed. The core component of the analysis
was the hybrid patch model PICUS v1.4, which was used to
simulate stand-specific silvicultural treatments and forest
development under the four strategies investigated. In an
earlier study (Seidl et al., 2005), PICUS had been extensively
evaluated and had been found capable of reproducing
observed development of mixed and vertically structured
stands over several decades. For the present study, simulated
soil C stocks were compared to those obtained from other
process model estimates (Lasch et al., 2005) which showed
good agreement of the response of soil C to management (not
shown in this paper). However, an in-depth evaluation of
belowground processes in PICUS v1.4 would further add to
the credibility of the simulated soil carbon pools and their
interpretation.
Judging the credibility of the stand growth projections
cannot be separated from the stand treatment programs
simulated for each stand type of the FMU within each MS.
While strategy MS1 reflects the current age-class management
practice, continuous cover forestry (MS2) has recently been
proposed to achieve a more diverse stand structure and
circumvent particular drawbacks of age class forestry such as
high tending costs, a substantial share of low dimension timber
and subsequently less efficient harvesting operations (e.g.,
Reininger, 2000), and high risk of windthrow and attacks by
biotic agents (e.g., Schütz, 2001). Conversion of pure Norway
spruce forests to mixed broadleaved species stands better
adapted to the prevailing site conditions (MS3) is seen as a
means to reduce the amount of salvage due to abiotic and biotic
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disturbances (e.g., Mayer, 1992; Olsthoorn et al., 1999) and is
widely acknowledged to improve the adaptation potential of
forests to climate change (e.g., Kienast et al., 1996).
The operational definition of stand treatment programs was
based on literature and practical field experiences (e.g.,
Schädelin, 1942; Abetz, 1975; Johann, 1987; Reininger,
2000). The FMU harvest level was not constrained by an ex
ante defined annual allowable cut but consists of the aggregated
harvests of all individually simulated stands according to the
silvicultural prescriptions (‘‘silvicultural harvest level’’).
Despite this unconstrained bottom-up approach, the resulting
mean annual cuts (MAC) for all management strategies (MS1–
3) were highly plausible. For instance, for MS1, representing
business as usual management, the simulated MAC of
10.6 m3 ha1 a1 merchantable volume corresponds well to
the reported average MAI of the enterprise (15.7 m3 ha1 a1,
gross volume over bark, Unegg, 1999), and sustainable harvest
levels from recent management plans (Anonymous, 1949,
1960).
In assessing the realism of our estimates of economic costs,
comparing the contribution margins (CMII) for MS1 calculated
from simulated harvests and observed price and cost data with
results from the Austrian report on forests and forestry
(Anonymous, 2004) showed good agreement and further
strengthened credibility of the results. The CMII for MS2, a
strategy aiming at transformation of an even-aged forest into
continuous cover stands, was very similar to data for coniferous
uneven-aged forests reported by Hanewinkel (2001). Similarly,
the results regarding volume production and financial
performance of the conversion strategy MS3 are confirmed
by several studies from the literature (e.g., Kenk and Guehne,
2001; Knoke et al., 2005). The reasons for lower values in CMII
and EAI for MS3 are the high cost of introducing broadleaves
(throughout the simulation period) and lower average net
revenue per m3 broadleaved timber in later phases of the
planning period. Recently, Knoke et al. (2005) confirmed that
mixed forests of F. sylvatica and P. abies are economically
preferable over pure P. abies forests only if the uncertainty of
future net revenue flows due to high disturbance risk is taken
into account. In the current study, disturbances by biotic or
abiotic risk agents have not been considered, and therefore the
economic results for MS3 appear plausible. Overall, we are
confident that the applied forest simulation model in
combination with the employed algorithms to derive net
revenues of a MS is capable of simulating stand development
and timber production under the management strategies
analyzed in this study.
4.2. Sensitivities in simulated C sequestration
Forest carbon sequestration was highly sensitive to the
investigated strategies with the highest amount of C stored in
the unmanaged variant (MS4). However, MS4 has to be seen
as a ‘‘biological’’ reference run rather than a feasible
management alternative. Also the continuous cover strategy
(MS2) resulted in a considerably increase of aboveground C
stocks relative to the baseline management strategy. Over the
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planning period of 100 years, MS1 and MS3 sustained their
standing stock amazingly well, considering that no forest
level constraint on the harvest level had been defined. Both
MS2 and MS4 intentionally increased the standing stock.
Over the entire simulation period, MS2 showed an average
standing stock of ca. 475 m3 (merchantable volume). Reports
from the literature suggest that a continuous cover management strategy with Norway spruce may be possible also at a
lower average standing stock (e.g., Schütz, 2001). However,
given the climatic site conditions, both MS2 and MS4, being
strongly dominated by mature P. abies, are likely to be at
high risk due to storm events and bark beetle damage, which
had not been taken into account in this assessment. Seidl
et al. (in press) inter alia assessed the C storage effects of
disturbances by the European spruce bark beetle Ips
typographus (Scol. L.) which is a main disturbance agent
in secondary spruce forests in Central Europe (Spiecker
et al., 2004; Wermelinger, 2004) and has recently led to
severe damages at low elevation sites in Austria. For the
same study area Seidl et al. (in press) found a pronounced
effect of biotic disturbances on C storage with particularly
negative implications under climatic change. This is in
general agreement with various findings pointing at the
importance of disturbances on forest C storage (e.g., Li et al.,
2003; Thornley and Cannell, 2004; Thürig et al., 2005). In
general, the full range of disturbance agents, of which wind
is the most important in Europe (Schelhaas et al., 2003), and
their interactions (e.g., storm damage and bark beetle
gradation) have the potential to strongly alter the undisturbed
forest development as simulated in MS4. Furthermore, the
ecological and C storage benefits of, for instance, a
continuous cover forestry regime might be partly offset by
increased efforts in forest protection routines. Considering
the possibility of increasing pressure from disturbances as
mediated through climate change, a continuous cover
forestry regime would have to promote a tree species
composition better adapted to the prevailing site conditions
to circumvent negative effects for forest management and C
sequestration.
Uncertainties remain concerning belowground forest C
storage. For all four strategies an increase in average
belowground C stock was predicted, with the highest increase
occurring in MS4 (+21.4%). For MS4, this increase can partly
be explained through the increased deadwood input to the soil.
The increase in soil C pools under any of the MS may be
generally due to past land-use practices such as litter raking and
grazing, subsequently resulting in soil degradation (e.g.,
Glatzel, 1999). In a similar simulation study in Scots pine
forests in Brandenburg (Germany), Fürstenau et al. (2007)
report comparable soil C increases over the course of stand
conversion strategies.
Although not accounted for in the Kyoto Protocol
(UNFCCC, 1997), C storage in wood products has been
assessed in this study. The wood product pools were a
considerable forest sector C sink in all management
strategies (MS1–3) and biomass utilization regimes
(BMU1–3) of the study. This once more points at the fact
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that the assumptions of the GPG-LULUCF (IPCC, 2003) of
immediate emission of harvested C is rather crude and needs
revision, if the forest sector is to be accounted for beyond the
first Commitment Period of the Protocol. Especially for the
intensive forest management regimes of Central Europe,
the increase in in situ C storage is limited by resource
demands of the timber processing industry and because of
the important role of forest management in providing income
for rural populations. However, a societal shift to an
increased use of wood products would have positive effects
for forestry and forest-related industries, and it would also
increase the C stored in the products pool. In addition, with
the inclusion of wood product pools, the superiority of the
unmanaged variant regarding the C sequestration potential
diminished considerably. If mean C storage is considered,
MS2 under business as usual biomass utilization (BMU1)
stored only 34.7 t C ha1 less over 100 years than the control
variant MS4.
Both analyzed alternative biomass utilization scenarios
(BMU2 and BMU3) feature an increased use of biomass for
bioenergy at the cost of PL2 and PL3, which decreased C stored
in wood products. In turn, BMU2 and BMU3 showed a strong
increase in bioenergy derived from the forest, which has the
potential to directly substitute fossil fuels. If the decrease of C
in the wood product pools in BMU2 and BMU3 (between 3.6
and 6.3 t C ha1 over 100 years according to the flow
approach) is related to the increased substitution potential
(considering light fuel oil, substitution of 12.2–27.5 t C ha1),
net benefits for BMU2 and BMU3 were found. However, the
study did not include the fossil fuel emissions of the individual
production chains in the wood processing industry, which
might reduce the estimates in the wood product pools to a
certain degree and favor the biomass for energy approach even
more. Moreover, offsets generated by substitution of fossil
fuels with CO2-neutral fuels are permanent compared to the
reversible nature of C stocks in the forest and in products.
Additionally, in the long run the in situ C storage is strongly
constrained by ecological limits whereas positive effects of
bioenergy can be sustained. An extended review of the
potential and effects of bioenergy extraction from the forest
would, however, have to consider the utilization of slash
residuals and a full resource competition of bioenergy
production with other timber processing industries. In this
context it is important to note that in the current study, the
allocation of forest biomass to production lines was an external
input to the analysis.
Three accounting methods were applied to evaluate rates
of C sequestration in the forest and in wood products. The
general picture over the accounting regimes is quite
consistent, but nevertheless there are remarkable differences,
pointing at the influence of the applied accounting
methodology. In situ C sequestration was highest in MS4
for all accounting methods, similarly the ranking of the
management strategies was consistent over all accounting
methods. However, whereas MS1 was a small C source and
MS2 and MS4 are C sinks in all accounting regimes, the
behavior of the transition to mixed-forest strategy (MS3)

varied. It constituted a small C source under the mean
storage approach but, in contrast, a C sink under the flow
approach. If the temporal development of the flows is
taken into account through discounting (our levelization
approach), the transition to mixed-forest strategy (MS3)
constitutes a source due to the harvests triggered early in the
simulation by a reduced rotation period for Norway spruce.
Interestingly, the flow to wood products under MS2 differed
significantly between the flow and the levelization approach,
which is due to the fact that considerable C flows occur
towards the end of the simulation period, when forest
structure already allows for full target diameter harvesting.
For the resource utilization strategies BMU2 and BMU3,
which differed only slightly with regard to C storage in wood
product pools, the accounting method affected the ranking of
the two scenarios. In general, the absolute values of C
sequestration differed significantly in the three accounting
methods investigated, which points at the importance of a
consistent and well documented methodology related to
forest C storage (e.g., Richards, 2004). Further uncertainty
lies in the estimation of the interest rate for the levelization
approach, which has a strong influence on the result under
this method.
4.3. Relationships between forest functions
In deciding about the efficiency of sink enhancement
through forest management, the potential cost of such an
approach as well as the quantities of C storage have to be
considered. To estimate trade-offs between C sequestration and
timber production, we undertook an opportunity cost approach
in which differential costs relative to the present-day management strategy (MS1 and BMU1) were calculated. Differences
in the contribution margin from timber production were related
to additionally sequestered C applying the flow accounting
method. Opportunity costs were found to be positive in MS3
and MS4 and negative under MS2. Under BMU2 and BMU3,
where bioenergy production is favored over other fiber use,
opportunity costs were higher if C storage in situ and in
products is considered, especially under MS3 due to the lower
contribution margins from a higher share of moderately priced
energy wood. This effect was, however, partly offset by
increased C storage efficiency of utilizing biomass for
bioenergy production, if this C storage pathway is considered.
Opportunity costs ranged from s 1.2 to 17.5 t C1 a1 for a
period of 100 years depending on the approach to characterize
the economic performance and the pathways of C storage
considered. A direct comparison to other studies is strongly
limited by the variety of approaches and boundary conditions
(see Richards, 2004). However, if results from Richards and
Stokes (2004) for the temperate forest biome and C
sequestration through forest management are taken as annual
values, the range of s 0.85–40 t C1 corresponds well to our
findings.
Nevertheless, it is important to note that there are
considerable uncertainties related to the economic assessment
approach. The present study generally assumes a static socio-
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economic environment regarding prices and costs. The
definition of scenarios for prices and costs may seem as the
logical extension of the presented analysis. However, a scenario
of future harvesting cost, for instance, beyond increasing labor
costs will largely depend on assumptions about improved
harvesting technology and future rationalization. The current
analysis did not indigenously account for an eventually
increasing price for biomass due to competition between the
bioenergy sector and other fiber-dependant industries. To
indicate such a development, in BMU2 the revenues from
biomass for bioenergy and the resource allocation were
changed in the course of the simulation as an exogenous
input. Nevertheless, the presented approach gives an idea of the
relationships between timber production and C sequestration.
The results showed that even negative opportunity costs may be
achievable, e.g., that both an increase in revenue from timber
production and additional C sequestration are possible
(compare also Richards and Stokes, 2004). The calculated
opportunity costs for C sequestration indicate the potential for
incentives to enhance C sinks within a national climate
protection policy.
Today, the paradigm of sustainable forest management
(SFM) as, for instance, outlined in the resolutions of the
Ministerial Conference for the Protection of Forests in
Europe (MCPFE, 1993, 1998) provides the frame for multipurpose forest management. In this context, other objectives
beyond timber production and climate protection through C
sequestration may be considered important. In this study,
forest biodiversity was considered by means of key
indicators to demonstrate the multi-purpose dimension of
silvicultural decision-making. In the analysis of tree species
diversity and naturalness of species composition strong
advantages of the conversion strategy MS3 were found.
Standing deadwood in turn was considerably higher under
strategy MS4. This demonstrates that some key parameters of
biodiversity may be improved via a changed management
regime (from MS1 to MS3), while others (e.g., deadwood)
are not affected and require additional measures to meet all
demands of sustainable forest management, such as deadwood management.
As an overall conclusion, the study provided insights into
the complex interrelations of forest services and functions at
the FMU level, where C sequestration might be an emerging
additional marketable forest function. Although overall
quantities of forest C sequestration at the FMU level in
our example were limited (+115 t C a1 for the FMU in situ
under MS2 according to the flow approach) compared to
other sequestration approaches (see Lackner, 2003), the
inclusion of the wood products pool and C offsets from
bioenergy production contributed strongly to a better and
unbiased view of forests and forest management with regard
to climate change mitigation. Moreover, the study could
show that for a consistent evaluation of alternative forest
management strategies within the frame of SFM, the climate
protection function needs to be jointly incorporated into
management decisions at the operational level of the forest
owner (i.e., FMU level) to (i) address involved trade-offs
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with management objectives and other forest functions; (ii)
account for the specific socio-economic and ecological
situation of the forest (Plantinga and Wu, 2001; van Kooten
et al., 2004). Further work should include the effects of
disturbances and the uncertainty regarding a possible climate
change.
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Appendix A
See Fig. A1 and Tables A1–A7.

Fig. A1. Relative changes in energy prices in scenario BMU2 (upper panel) and
exemplarily changes in resource allocation to the four main production lines
(PL1–4) for assortment Norway spruce 20–29 cm (lower panel, see Table A6).
PL1: sawmill industry; PL2: particle board/plywood industry; PL3: pulp and
paper industry; PL4: bioenergy production.
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Table A1
Characteristics of the 25 stand types as used for model initialization
#

n

ST

Cff (t ha1)

Nff (t ha1)

MAI100 (m3 ha1)

Age

Density

P. abies (%)

dg (cm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1
3
10
3
5
9
6
1
1
1
13
7
4
3
3
2
9
4
2
3
5
1
3
3
1

2
1
2
1
2
1
1
1
2
1
2
2
1
2
1
2
2
2
1
2
1
3
1
2
3

37.24
41.71
33.90
30.92
30.38
30.57
29.03
30.46
39.90
32.06
30.54
30.31
26.92
34.92
25.48
29.73
28.32
30.26
30.50
31.35
26.08
38.35
30.94
30.26
40.08

1.497
1.663
1.374
1.277
1.277
1.274
1.282
1.276
1.596
1.310
1.274
1.280
1.241
1.411
1.206
1.288
1.271
1.281
1.275
1.287
1.221
1.816
1.278
1.281
1.603

18.8
21.3
15.2
19.8
15.3
20.5
20.8
19.3
13.9
19.3
15.0
14.7
19.4
13.6
18.9
15.0
14.5
13.0
15.0
12.4
17.6
8.8
13.0
9.9
6.0

19
22
24
26
35
27
30
36
37
39
41
58
57
57
42
55
62
76
60
61
61
68
96
86
101

0.85
0.53
1.01
1.04
1.09
1.07
1.28
0.84
0.54
0.70
0.93
0.80
0.94
0.52
1.21
0.92
0.95
0.74
0.73
0.66
0.96
1.29
0.57
0.79
0.51

71.8
92.0
100.0
84.8
97.5
100.0
85.5
56.6
93.7
100.0
90.6
94.7
83.3
88.5
78.8
67.4
89.0
100.0
100.0
61.4
100.0
81.3
80.5
83.9
84.3

11.4
14.5
13.2
13.7
15.0
17.2
18.1
19.2
17.6
21.9
20.8
27.7
35.1
26.5
25.6
27.5
28.4
37.6
30.2
26.8
35.9
21.4
34.6
25.6
25.5

Forest floor C and N content were derived from statistical relationships with stand-level parameters: DM = 0.138BA2  6.5565BA + 161.37, R2 = 0.536, nss = 9;
N% = 0.0382BA + 2.5993, R2 = 0.605, nss = 9; C% = 1.0301BA + 66.335, R2 = 0.513, nss = 9, where DM is the dry mass (t ha1), BA the basal area (m2 ha1),
N% the nitrogen content, C% the carbon content, nss the number of soil samples, n the number of stands represented by a stand type, ST the site type (see Table 1), Cff
the carbon in the forest floor, Nff the nitrogen in the forest floor, MAI100 the mean annual increment at age 100 as estimated from yield tables (gross volume over bark),
density the stocking density relative to yield table basal area, P. abies the share of P. abies (relative to basal area), and dg is the basal area weighted mean diameter.
Table A2
Stand conversion variants within MS3 and corresponding costs for the introduction of deciduous species, including protection against browsing and tending

Table A4
The scheduling of management interventions in the strategies given at approximate stand age

Conversion
variant

Target share of
deciduous species (%)

FMU
area (%)

Establishment
cost (s ha1)

Intervention

MS1

MS2

MS3

MS4

Quercus
Fagus
Picea–Fagus (1)
Picea–Fagus (2)

100
100
30
20

21.1
4.5
68.6
5.8

7000
7000
4250
2150

PCT
THA
THB
THS
SWC
CLC
TDH

20
40; 50; 60
70
–
80
90
–

20
–
–
40; 50; 60
–
–
75; 90; . . .

20
40; 50; 60
70
–
–
80
–

–
–
–
–
–
–
–

Picea–Fagus variant (2) is applied in stands with existing natural regeneration
of Picea abies. FMU: forest management unit.

Table A3
Percent volume removal in the relative diameter classes (RDC) for the
silvicultural interventions applied
Intervention

RDC1

RDC2

RDC3

RDC4

RDC5

PCT
THA
THB
THS
SWC
CLC
TDH

40
–
–
–
–
100
–

40
10
10
10
25
100
–

40
10
10
15
30
100
–

30
25
10
30
35
100
10

30
15
5
20
10
100
75

Values are average values and are adopted to varying initial stand conditions and
species. PCT: pre-commercial thinning (timber is not removed from site); THA:
thinning from above; THB: light thinning from below; THS: structural thinning
according to Reininger (2000); SWC: shelterwood cut; CLC: clearcut; TDH:
target diameter harvest.

Values are average values and are adopted to varying initial stand conditions and
species (differences in MS3 for the Quercus, Fagus and Picea/Fagus variant).
TDH is carried out in 15-year intervals.

Table A5
Weighted average price (s m3) over assortments (dimension, quality) for
diameter classes

Residue 1
Residue 2
15–19 cm
20–29 cm
30–39 cm
40–49 cm
>50 cm

P. abies

Pinus sylvestris

Fagus sylvatica

Quercus robur

31.45
44.68
46.00
49.12
68.98
69.98
65.00

26.85
35.52
36.91
37.72
51.52
51.52
47.50

36.97
36.97
36.97
40.82
47.63
58.84
53.00

36.97
36.97
36.97
41.46
51.78
69.61
60.50
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Table A6
Resource allocation to the production lines (PL) of the wood products model
WPM for conifers under BMU1

Residue1
Residue2
15–19 cm
20–29 cm
30–39 cm
40–49 cm
>50 cm

PL1

PL2

PL3

PL4

0.00
0.20
0.20
0.20
0.70
0.70
0.70

0.07
0.11
0.11
0.11
0.04
0.04
0.04

0.43
0.69
0.69
0.69
0.26
0.26
0.26

0.50
0.00
0.00
0.00
0.00
0.00
0.00

Table A7
Resource allocation to the production lines (PL) of the wood products model
WPM for deciduous species under BMU1

Residue1
Residue2
15–19 cm
20–29 cm
30–39 cm
40–49 cm
>50 cm

PL1

PL2

PL3

PL4

0.00
0.00
0.00
0.10
0.70
0.70
0.70

0.13
0.13
0.13
0.11
0.04
0.04
0.04

0.77
0.77
0.77
0.69
0.26
0.26
0.26

0.10
0.10
0.10
0.10
0.00
0.00
0.00
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für Heizzwecke und Entwicklung effizienter Förderstrategien für Österreich. Austrian Federal Ministry for Transport, Innovation and Technology,
Vienna, 239 pp.
Hanewinkel, M., 2001. Economic aspects of the transformation from even-aged
pure stands of Norway spruce to uneven-aged mixed stands of Norway
spruce and beech. For. Ecol. Manage. 151, 181–193.
Hoen, H.F., Solberg, B., 1994. Potential and economic efficiency of carbon
sequestration in forest biomass through silvicultural management. For. Sci.
4, 429–451.
Hoogwijk, M., Faaij, A., van den Broek, R., Berndes, G., Gielen, D., Turkenburg, W., 2003. Exploration of the ranges of the global potential of biomass
for energy. Biomass Bioenerg. 25, 119–133.
Howard, E.A., Gower, S.T., Foley, J.A., Kucharik, C.J., 2004. Effects of logging
on carbon dynamics of a jack pine forest in Saskatchewan, Canada. Global
Change Biol. 10, 1267–1284.
Humphrey, J.W., Davey, S., Peace, A.J., Ferris, R., Harding, K., 2002. Lichens
and bryophyte communities of planted and semi-natural forests in Britain:
the influence of site type, stand structure and deadwood. Biol. Conserv. 107,
165–180.
Huston, M.A., Marland, G., 2003. Carbon management and biodiversity. J.
Environ. Manage. 67, 77–86.
IPCC, 2000. Intergovernmental Panel on Climate Change: Special Report on
Land Use, Land-Use Change and Forestry. http://www.grida.no/climate/
ipcc/land_use/index.htm (November 4, 2005).
IPCC, 2003. Intergovernmental Panel on Climate Change: Good Practice
Guidance for Land Use, Land-Use Change and Forestry. http://
www.ipcc-nggip.iges.or.jp/public/gpglulucf/gpglulucf.htm (November 3,
2005).
Johann, K., 1987. Standraumregulierung bei der Fichte. Schriftreihe der Forstlichen Bundesversuchsanstalt Wien No. 22. Österreichischer Agrarverlag,
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