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ABSTRACT. Forest ecosystems deliver multiple goods and services and, traditionally, forest owners tend to have a high interest
in goods in the form of merchantable wood. As a consequence, forest management often aims to increase timber production and
economic returns through intervention into natural processes. However, forests provide further services, including carbon
sequestration, water quantity and quality, and preservation of biodiversity. In order to develop and implement strategies for
sustainable forest management, it is important to anticipate the long-term effects of different forest management alternatives on
the ability of the forest to provide ecosystem goods and services. Management objectives might emphasize economic interests
at the expense of other services. Very few attempts have been made to illustrate and evaluate quantitatively the relationship
between forest goods and services. By use of virtual but realistic datasets, we quantified, for multiple services, the effects of
five forest management alternatives that form an intensity gradient. Our virtual forest management units represented Central
European forest ecosystems in the submontane vegetation zone under a humid–temperate climate with acidic soils. In this zone
the European beech (Fagus sylvatica L.) is the dominant tree species. In order to assess the effects on ecosystem services, the
untouched natural forest reserve served as a reference. Wherever possible, response functions were deduced to couple the various
services via stand-level data to demonstrate trade-offs between the services. Management units comprised all development
phases in the sense of a "normal forest". It was clearly illustrated that maximizing the rates of biomass production and carbon
sequestration may conflict with protection of authentic biodiversity. Several silvicultural operations may, however, have positive
effects on biodiversity and water protection without high costs. We also illustrated that water quality and maintenance of soil
fertility may be affected either positively or negatively by several forest management operations. In contrast, water quantity was
only minimally influenced by forest management. For the virtual forest in a humid climate, differences of 70 mm/yr in runoff
were negligible. Under dry continental conditions, however, such differences may have important implications for groundwater
formation.

Key Words: alternative forest management strategies; biodiversity; carbon sequestration; forest ecosystem services; forest
productivity; soil fertility; timber production; water quantity

INTRODUCTION
Timber production and economic yield are important forestry
objectives that are achieved through direct intervention into
natural processes. Moreover, forest ecosystems provide a
multitude of viable goods and services that are increasingly
valued by society (Forest Europe 1993, Millennium
Ecosystem Assessment 2005). Accordingly, various models
of forest management systems have evolved over time. They
range from “exploitive” to “back-to-nature”, with all intended
to satisfy the diverse human demands on the forest (Seymour
and Hunter 1999, Hunter 2001, Gamborg and Larsen 2003).
Contemporary sustainable forest management aims to ensure
that goods and services derived from forests meet present-day
needs while at the same time securing the forests' continued
viability and contributions to long-term development. As such,
forest management itself requires prudent management in
order to conserve essential ecosystem services such as soil
fertility and water quality. As well as this, additional
supporting and cultural services—such as carbon

sequestration, maintenance of biodiversity, or recreational
values—also need consideration. One of the most important
questions for the future is how to manage the forest for timber
production while conserving or improving other important
ecosystem services. 

In order to develop and implement such strategies, it is
important to anticipate the long-term effects of forest
management on the status and dynamics of forest ecosystems.
Forest management acts through coherent sets of silvicultural
operations at the stand level to achieve specific objectives.
This implies purposeful manipulation of one or more key
variables, e.g., tree species composition, stand density and age
structure, and stand edges, or other site attributes that result
in a changed ecosystem (Duncker et al. 2012). 

Quantifying the effects of forest management on provisioning
services, in particular on timber production, has been subject
to countless studies. Although empirical studies often face a
large number of factors that are difficult to control, these
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studies provide solid knowledge for model formulation.
Accordingly, scenario modeling aims to describe stand
evolution under complex alternative silvicultural regimes.
This allows the projection of physical and financial
productivity measures (Hasenauer 2006). The ecosystem
services considered include biodiversity, soil fertility, carbon
storage and sequestration, and water quality and quantity. The
corresponding effects of silvicultural operations are then
evaluated by using relevant indicators. Because the effects are
related to key stand parameters that are influenced by
silvicultural operations, they can be integrated into scenario
modeling. Thus, scenario modeling further allows the
projection and analysis of the effects of forest management
alternatives (FMA) on forest ecosystem services. 

The relationship between various forest ecosystem services
might be synergistic, as has been demonstrated for carbon
sequestration and timber production through the transfer of
wood carbon from the forest to wood products (Ruddell et al.
2007, Weslien et al. 2009). However, it is also claimed that
resulting in situ carbon stock remains less than for stands in
unmanaged forests, pointing to a trade-off (Hynynen et al.
2005, Lasch et al. 2005, Seidl et al. 2007, Nunery and Keeton
2010). Several authors have proved the negative effects of
intensified forest management on productivity (Sterba 1988,
Merganicová et al. 2005, Helmisaari et al. 2011). In addition,
biodiversity maintenance may reduce timber production
(Boscolo and Vincent 2003). Considering its importance for
forest planning, quantified knowledge on synergies and trade-
offs between multiple forest goods and services under different
management regimes appears rather limited. 

The objective of this study was to reveal synergies and trade-
offs by quantifying the effects of five forest management
alternatives on merchantable timber production, land
expectation value (LEV), attributes of biodiversity, water
quality, water quantity, soil fertility, carbon sequestration, and
carbon stock. The analyses of the effects were based on the
simulation of a virtual normal forest located in a Central
European beech forest vegetation zone. The FMAs ranged
from nonintervention to intensive silvicultural systems. Such
quantifications are fundamental inputs in decision support and
multi-objective forest planning (Pukkala 2002, Lexer and
Brooks 2005, Fürstenau et al. 2007).

METHODS

Site and stands
The virtual forest management units represented Central
European forest ecosystems in a humid–temperate climate
with acidic soils. The management units were considered to
be located in the southwestern part of Germany, in the
submontane vegetation zone around 500 m above sea level.
The soil is a Dystric Cambisol developed on granite/gneiss
material. Slight podzolization occurs, in particular under

conifers. The sandy loam soil is well drained. For the
unmanaged forest nature reserve, a Lignomoder (Zanella et
al. 2011) with a 70-mm thickness and a high proportion of
deadwood was assumed. In managed beech forests Hemi-
moder dominate, and in spruce forests Eu-moder is the
dominating humus form. Soil physical properties and species-
specific rooting patterns, both of which are important
parameters for hydrological modeling, have been estimated
based upon descriptions of soil profiles for soil condition
monitoring (BZE) from the Heidelberg region (e.g.,
BZE_Profil 1035 FA Heidelberg) and model parameters
suggested by Federer (1995) for respective soil textural
classes. Soil pH is low and the nutrient contents are modest
(Table 1). In contrast, nitrogen availability is relatively high
mainly due to nitrogen deposition (Table 2) having its origin
in cattle farming and industrial emissions. In consequence,
soil C/N ratios are moderate to low (<25), indicating that soil
N retention would be low or negligible. The suboceanic
climate provides for an annual mean precipitation of 1050 mm
and an average air temperature of 8ºC. 

It was assumed that the site has been forested since the last
glaciations and the potential natural vegetation is a Luzulo-
Fagetum (Ellenberg 1996). The site quality is such that it
provides favorable growing conditions that are close to the
optimum for European beech. Regional yield classifications
provide a site index (H100) of 32 m (top height at age 100 years)
for European beech and 35 m for Norway spruce (Picea abies
[L.] Karst.). Accordingly, yield was assumed to be 8 m3 ha−1
yr−1 for beech and 13 m3 ha−1 yr−1 for spruce
(Landesforstverwaltung Baden-Württemberg 1993).

Forest management alternatives
The FMAs were characterized by their objectives and
silvicultural approaches, from which essentially coherent sets
of forest operational processes at the stand level emerged
(Duncker et al. 2012). The FMAs were differentiated by their
degree of intervention into natural processes and conditions.
In order to analyze the effects of management alternatives on
the ecosystem services provided by the virtual forests, five
FMAs were defined. The FMAs formed a gradient, from
passive to high forest management intensity. The following
descriptions of the five FMAs provide the general guidelines
for simulating corresponding stand developments.

FMA 1: unmanaged forest nature reserve, in
nonintervention forest management
The main objective of an unmanaged forest nature reserve is
to allow natural processes, including disturbances and natural
cycles, to develop without management intervention to create
natural, ecologically valuable, habitats and naturally occurring
biodiversity. Thus the forest is kept unmanaged for this sole
purpose (Peterken 1996, Sprugel 1991). The nonintervention
philosophy is applied in a strict sense.
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Table 1. Soil properties used for generic modeling.†

 Horizon Thickness
(mm)

Stone fraction
(%)

Texture Porosity
(volume fraction)

Water content 
at field capacity

(volume fraction)
Spruce Beech Spruce Beech Spruce Beech Spruce Beech Spruce Beech Spruce Beech

O O 80 30 0 0 – – 0.9 0.9 0.3 0.3
Ae Ah 50 120 10 10 Sandy loam Sandy loam 0.55 0.6 0.25 0.25
Bs Bw 70 530 10 25 Loamy sand Sandy loam 0.6 0.55 0.25 0.25
Bw Cw 530 350 25 50 Sandy loam Loamy sand 0.5 0.4 0.2 0.2
Cw

 
 

350
 
 

50
 
 

Loamy sand
 
 

0.4
 
 

0.2

Horizon pH
(CaCl2)

C 
(mg.g−1 DM)

C/N ratio CEC
(mmol.kg−1)

Base saturation
(%)

Spruce Beech Spruce Beech Spruce Beech Spruce Beech Spruce Beech Spruce Beech
O O 3.5 4.2 300 350 25 25 170 15
Ae Ah 3.8 4.2 30 50 20 18 120 100 9 15
Bs Bw 4.2 4.5 15 20 18 10 100 60 10 10
Bw Cw 4.5 4.5 10 7 15 5 70 50 15 15
Cw 4.8 4.8 5 10 60 18 20

† Topography: slope 10%, aspect W, elevation 500 m asl, freely draining soil.

FMA 2: close-to-nature forestry, in low-intervention
European beech management
The objective is to produce valuable timber while using the
emulation of natural processes as a guiding principle.
Biological legacies and natural biotopes, as well as habitat
trees, are promoted inside the stand and should not be removed.
European beech was chosen for timber production because
this is the dominant tree species in the potential natural
vegetation. The preferred method of regeneration is natural
regeneration. The final harvesting system is a target diameter
harvest of individual trees over a period of 40 years in order
to initiate natural regeneration of beech. The target is 65 cm
diameter at breast height (dbh), which shall be reached with
60 future crop trees/ha. Due to the risk of red heartwood
formation, the target diameter is to be reached within 120
years. The future crop trees are released in thinnings from
above. Only trunks are allowed to be extracted from the site.
Habitat and biodiversity protection are incorporated by
selecting single and small groups of trees to be left in the stand.
The unmanaged areas will have implications for forest
operation processes. They increase the risk of falling dead
trees or branches, and potentially require longer skidding
distances. This leads to higher harvesting costs, which are
difficult to quantify. Instead, we calculated the full timber
losses for the remaining trees, although in practical forestry
those trees are often low quality, damaged, or nonproductive
trees, or they are rare species, are in a special habitat, or are
veteran trees. This was implemented in the model as leaving
20% of the area unmanaged.

FMA 3: combined-objective forestry, in medium-
intervention European beech and Norway spruce
management
The objectives are combined, emphasizing economic return
while respecting other ecosystem services. Contrary to low-
intervention (close-to-nature) forestry, Norway spruce is
admixed on 50% of the area for economic purposes. Mixture
type is group-wise to promote self-pruning processes in beech.
The preferred method of regeneration is natural regeneration.
The final harvesting system is a target diameter harvest in the
form of a group harvest, over a period of 20 years. The target
diameter for beech is 55 cm, to be reached with 100 future
crop trees/ha. For spruce the target diameter is 50 cm, to be
achieved with 150 future crop trees/ha. The future crop trees
are released in thinnings from above, starting at a top height
of 12 m. Due to the risk of red heartwood formation, the target
diameter is to be reached in beech within 120 years. Only
trunks and pole-sized solid wood are utilized and extracted
from the site. Habitat and biodiversity protection are
incorporated by leaving 5% of the area unmanaged, mainly
by leaving all deadwood, big trees (beech >100 cm dbh), old
trees (>150 years), trees with holes, and unusual tree species.
The practical implications on forest operations are accounted
for as described above for FMA 2.

FMA 4: even-aged forestry, in high intervention Norway
spruce management
The main objectives of even-aged forestry are to produce
timber and profit. If ecological aims can be achieved without
much loss of revenue, they are normally incorporated. In many
European countries, national guidelines outline the best
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Table 2. Deposition (open field) and storage of nutrients in the top 100 cm of the soil profile.†

 Deposition
Nutrient Beech

 (kg ha−1 yr−1)
Spruce

 (kg ha−1 yr−1)
Soil storage to 

a 1-m depth 
(kg ha−1)

 N 20 (17) 30 (25) 6000
 P 0.5 (0.2) 0.7 (0.3) 300
 K 5 (2) 7 (3) 250
 Ca 8 (2.7) 10 (4) 400
 Mg 1.0 (0.7) 1.2 (1.0) 150
†Amounts were based on typical amounts in the region as assessed at Level II plot 802 Heidelberg run by Forstliche Versuchs- und Forschungsanstalt
Baden-Württemberg.

practices for ensuring that operations in this approach are
compatible with sustainability and environmental protection.
Norway spruce is planted at a density of 3000 trees/ha. The
final harvesting systems used are strip-wise clearings or small-
scale clearcuts once the economic objective is maximized, that
is, land expectation value at a 3% interest rate. Around 250
trees are released by heavy thinning from below. Only trunks,
pole-sized stems, and larger solid wood are utilized and
extracted from site.

FMA 5: wood biomass production, in intensive intervention
Norway spruce management
Using even-aged management, the main aims are to maximize
the production of saw logs for the construction market, as well
as woody residue for the woodfuel market. The latter is
achieved by thinning small-diameter stems. Site preparation
and planting will be the normal methods of regeneration, with
chemical weed control being used as required. Planting density
and thinning regime are considered to be identical to that in
FMA 4 in order to facilitate cross comparison. However, in
addition to the solid wood harvesting practiced in FMA 4,
about 80% of the branches, needles, and woody tops (slash)
are chipped and utilized as woodfuel. Patch clear felling is the
normal silvicultural practice.

Growth, production, and economic value
The actual growth of beech and spruce managed under the
different approaches was modeled with W+ (Yue et al. 2008),
which is a forest growth simulator based on a combined stand-
level and individual tree-level growth model for even-aged
forests. Its parameters are estimated from permanent plots of
experimental thinning located in southwestern Germany. The
plots cover a wide range of site types and growing conditions.
Further, a wide range of different treatments is included with
respect to initial spacing, type of thinning, and thinning
intensity. The simulator W+ is intended for use as a
silvicultural decision support tool (Weise and Kublin 1997,
1998). Yue et al. (2008) describe the concept in detail and
provide a comprehensive evaluation. 

Besides site index and stand age, the input data for the model
consisted of a list of sample trees with their dbh and height.

Where empirical data on sample trees were missing, Johnson
curves (Elderton and Johnson 1969) were used to generate
diameter distribution based on stem number, basal area, age,
and mean height. This option to generate stands was applied
to initialize forest stands. Stand development under the
treatment regimes of the five FMAs was modeled for a
complete rotation. The annual stages of stand development
were split into age cohorts which were assumed to represent
individual stands in a virtual normal forest. Because rotation
lengths differed between the FMAs, in order to enable cross-
comparisons, the size of every age cohort of the stand
development had to be scaled so that their sum equaled a
standard normal forest area. This approach was directly
applicable for FMAs 4 and 5, where the stands were harvested
in final clearings. In contrast, FMAs 2 and 3 implied a
prolonged period of regeneration cuttings that were intended
to stimulate natural regeneration. In these cases, regeneration
was assumed to establish and develop under the canopy of the
preceding stand. Accordingly, the same forest area was used
by two age cohorts, one from each generation. This was
accounted for by allotting the area only to the generation that
formed the main canopy, while no area needed to be dedicated
to regeneration as long as it was in the shade of the former
one. It was assumed that the phase of two overlapping
generations accounted for half of the prolonged period of
regeneration cuttings in final harvesting. For that reason the
rotation length for FMAs 2 and 3 was shortened by half of this
period before allocating the reference normal area to the age
cohorts (Assmann 1961). In the case of FMA 1, no production
target or stand treatment was defined. Nonetheless, the
approach chosen for cross comparing the FMAs required a
mean stand life. Thus, it was assumed that a new small-scale
generation is able to establish under the canopy of the
preceding stand as soon as the basal area of the preceding stand
is permanently reduced by tree mortality to <20 m² ha−1. Stand
development and tree mortality were estimated with the W+,
and the assumption led to a mean stand life of 163 years. It
should be noted that the mortality model of W+ is sensitive to
stand density and tree dimension. However, it does not have
any disturbance model built in to account for bark beetles,
storms, or breakage due to snow load. 
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The productive service of the forest was assessed in terms of
the amount of merchantable wood volume produced—i.e.,
solid stemwood, plus in the case of beech, branches >7 cm
diameter over bark at the smaller end. The FMAs were
compared in terms of the mean annual increment (MAIu (m

3

ha−1 yr−1)) being the gross yield of wood volume per hectare
at the end of the rotation divided by length of rotation. In
addition, land expectation values sensu Faustmann (1849a and
b) were calculated to assess the economic yield from wood
production in the management alternatives. Land expectation
value is a common discounted cash flow method applied to
value timberland (Straka and Bullard 1996) and was calculated
for interest rates from 1 to 5%. The cash flows integrated in
land expectation value resulted from forestry operations, e.g.,
planting, tending, thinning, or harvesting. Applied planting
costs for spruce in FMAs 4 and 5 were 2,300 € ha−1. Tending
costs were 500 € ha−1 at ages 5 and 15. The cash flows for
thinning or harvesting operations were estimated by sum-of-
products of volume and net return/m³ of harvested trees. The
net revenue/m³ at roadside for medium-quality roundwood,
according to the average for the period 1995 to 2005, was
described as a function of dbh and is provided in Fig. 1
(Duncker and Zell 2009). Chip residues incurred in FMA 5
were assumed to provide for a net revenue at roadside of 5 €/
loose m³. Fixed costs were not considered in the land
expectation value calculation; accordingly, the land
expectation value is zero for FMA 1 as well as for the set-aside
areas, which were proportionally accounted for in FMAs 2
and 3.

Fig. 1. Net revenue (€/m³) as a function of dbh, for Norway
spruce (solid line) and European beech (dashed line),
medium-quality wood at roadside based on average values
for the period 1995 to 2005 (Duncker and Zell 2009).

Carbon
Carbon stocks and sequestration were obtained by converting
the volume growth—which referred to solid wood, as
estimated with W+—to total net biomass growth (NGtotal)
(Pretzsch 2009), using generic biomass functions for spruce
(Wirth et al. 2004, Eckmüllner 2006) and beech (Wutzler et
al. 2008). These functions were applied to estimate dry mass
in different tree components, i.e., foliage, branch, stem, and
root biomass respectively, based on individual tree and stand
variables. Mean annual carbon sequestration rates were
calculated on the basis of NGtotal within the FMAs to account
for respiration and ephemeral losses of biomass as trees grow.
It is expressed as mean annual carbon sequestration in dendro
biomass per hectare (tC ha−1 yr−1). It is generally assumed
that carbon accounts for 50% of biomass (Knigge and Schulz
1966). 

While the annual amount of harvested carbon within the FMAs
was the sum of carbon in all extracted biomass over a rotation
divided by mean length of the rotation, mean carbon stock per
hectare was estimated as the total sum of carbon in dry masses
for the different above-ground tree components divided by
mean length of rotation. Mean carbon stock in dead biomass
was estimated by multiplying the mean amount of deadwood
by a mean carbon density of 122 kg m−3 in deadwood
(Vesterdal and Christensen 2007). The accrued amount of
deadwood itself was simulated with the mortality model
implemented in W+ (Yue et al. 2008). Further, harvesting
residues left on site, i.e., stumps, branches, and tree tops, were
added in case of stemwood harvesting only. The coarse woody
debris was split into two fractions, i.e., basically solid
stemwood, >10 cm diameter; and remaining above-ground
biomass, usually <10 cm. The mean amount of coarse woody
debris in each fractions was calculated as the dynamic
equilibrium of the mean annual accrued amount of deadwood
and the constant decay rates (Zell et al. 2009). These decay
rates were estimated for each deadwood fraction and tree
species, with a mixed model. This mixed model included July
temperature and annual precipitation as input variables and
thus had the advantage of being site specific (Zell et al. 2009).
Annual ephemeral losses of twigs and branches were not
considered.

Water
To visualize the effects of tree species, rotation length, and
thinning regime, the hydrological model BROOK90 (Federer
1995) was used to calculate water balances for the generic
forest management alternatives. Parameterization was based
upon experiments with spruce and beech in which the model
was thoroughly tested (e.g., Katzensteiner 2000, Jost et al.
2005). For beech, leaf area (single sided, projected) was
calculated for the different development stages according to
Hietz et al. (2010). For spruce, leaf area was estimated from
needle mass using a variation of specific leaf area depending
on tree class (Eckmüllner and Sterba 2000). Maximum canopy
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conductance per unit leaf area was set at 0.25 cm s−1 for spruce
and 0.45 cm s−1 for beech. Albedo was set to 0.14 for spruce
and 0.20 for beech. For snow cover, albedo was set to 0.23
(spruce) and 0.3 (beech). To simulate the effects of clearcut
and herbaceous vegetation in the clearcut phase of spruce in
FMAs 4 and 5, the following were assumed, according to
Katzensteiner (2000): a decreasing conductance from 0.4 to
0.25 cm s−1 in the first 10 years, and an increasing albedo
from 0.15 to 0.23 in the first 4 years, decreasing then to 0.14
over the next 6 years. For the clearcut stage in FMA 5,
assuming bare soil in Years 1 and 2, leaf area index was set
to 0.1, and albedo was allowed to increase from 0.05 in Year
1 to 0.15 in Year 10. 

A 10-year time series of daily weather records was developed
for the years 1997 to 2006.1 Thus a consistent dataset—
including information on precipitation, radiation, temperature,
vapor pressure, and wind speed, and including both dry and
wet years—could be used for further modeling. The 10-year
time series was repeated over the rotation and thus applied to
every stand development stage (year) for every forest
management alternative. The reactions of mixed stands were
calculated as a weighted average of the output for the
respective development stages of pure stands. 

We used NO3
− concentration in the water, leaving the root

zone as an indicator for impact on water quality (Gundersen
et al. 2006) because high NO3

− concentrations are not
desirable in surface and ground water. Furthermore, NO3

− 
leaching contributes to soil acidification, and in acid soils
NO3

− concentrations correlate with concentrations of plant
toxic aluminum (Al3+) and some heavy metals (Gundersen et
al. 2006). The NO3

−-N concentration was calculated based on
a rotation-scale N mass balance, i.e., the cumulative input of
N over the rotation minus the cumulative removal of N in
harvested products divided by the volume of water draining
the stand as estimated above (N-dep – N-removal)/runoff. This
implies that the incorporation of N in soil organic matter over
the rotation was negligible, which is expected with the mineral
soil C/N ratio being below 20 at the site (Gundersen et al.
1998). The calculated NO3

−-N concentration will likely
approximate the concentration observed in mature stands
(about Year 20 to harvest) and will also be a reasonable
estimate for the average NO3

− concentration over the whole
rotation (Gundersen et al. 2006).

Nutrients and acidification
The amount of nutrient removed through harvesting was
estimated by multiplying the average nutrient concentrations
in different tree components and in their corresponding dry
masses (Jacobsen et al. 2002). Average annual nutrient export
was calculated for the harvested stemwood including bark. In
addition, for spruce FMA 5, the nutrient content within
exported harvest residues was assumed to be 80% of foliage
and branches. For beech in FMA 2, the export was

proportionally reduced by the area set aside for conservation
(20%). 

Inputs to the systems originating from deposition were based
on typical amounts in the region.2 It was assumed that the
inputs to spruce were 1.5 times the inputs to beech (Table 2).
To illustrate the effects of harvesting, and of beech versus
spruce, in the various FMAs, deposition minus export was
calculated. The acidifying effects of biomass harvesting was
estimated as the sum of calcium, magnesium, and potassium
on an equivalence basis (Raulund-Rasmussen et al. 2008).
Nitrate leaching is accompanied by cations, usually the so-
called base-cations, and therefore responsible for soil
acidification (Gundersen et al. 2006). Leaching of nitrate was
therefore designated potential acidification.

Biodiversity
There have been many attempts to find methods to evaluate
the biodiversity of different forests (Gustafsson et al. 1999,
Larsson 2001). Because it is impossible to measure and
monitor the effects of various management practices on all
species, indicators, serving as surrogates for total biodiversity,
are used (Lindenmayer et al. 2000). However, biodiversity
cannot be described in simple figures and designing proper
indicators is a difficult task (Failing and Gregory 2003).
Because this study is based on simulations instead of real
inventories, we concentrated on attributes that are well known
for supporting high levels of biodiversity. Also, the attributes
chosen were adequately characterized in tree-level and stand-
level modeling (Lexer et al. 2000). The selected attributes in
our study were: abundance of deadwood in the form of fine
and coarse woody debris; density of large-diameter trees;
number of tree species; and area of woodland key habitats,
which in our case was the same as the set-aside area.

Multivariate analysis
For each of the key services discussed above a subset of 2 to
4 indicators (total 13) was chosen for inclusion in a principal
component analysis. Thus, the principal component analysis
gave a balanced weight to each service. We considered only
two dimensions because the two first principal components
captured almost 90% of the variability in the chosen 13
indicators across the FMAs. We used SAS 9.1 for the analysis.

RESULTS
The results are summarized in Table 3 which illustrates the
effects of the FMAs for all indicators.

Wood volume production and land expectation value
Productivity by definition was set to zero in FMA 1, i.e.,
respiration at the ecosystem level and production balanced
each other. The wood volume production, as expressed in
MAIu at the stand level, was highest in spruce FMAs 4 and 5
and lowest in beech FMA 2 (Table 4). MAIu in beech FMA 2
accounted for about 54%—or 68% if only the managed part
is considered—compared to spruce FMAs 4 and 5. Due to
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Table 3. Effects of the forest management alternatives (FMAs) on multiple forest ecosystem services.

 Productive functions FMA 1,
nature reserve

FMA 2,
low intervention

FMA 3,
mixed approach

FMA 4,
timber

FMA 5,
biomass

Mean annual increment
(merchantable m3 ha−1 yr−1)

0 8 10 14 14

Land expectation value (LEV)
 1% (€ ha−1) 0 10630 16492 19232 21771
 2% (€ ha−1) 0 2641 4955 4237 5427
 3% (€ ha−1) 0 601 1734 64 783
 4% (€ ha−1) 0 −73 512 −1523 −1050
 5% (€ ha−1) 0 −303 2 −2180 −1856

Carbon
 C stock living (tons C ha−1) 177 112 85 97 97
 C stock dead (tons C ha−1) 20 6 5 6 1
 C harvested (tons C ha−1 yr−1) 0 2,1 2,3 2,7 3.5
 C assimilated (tons C ha−1 yr−1) (based on
NGtotal

†)
4.5 3.9 3.7 4.2 4.2

Nutrients / acidification
 N deposition − harvesting
 (kg ha−1 yr−1)

17 10 14 18 6

 P deposition − harvesting
 (kg ha−1 yr−1)

0.2 -0.4 -0.4 -0.5 −1.8

 K deposition − harvesting
 (kg ha−1 yr−1)

2.0 −2.4 −1.8 −1.1 −6.4

 Ca deposition − harvesting
 (kg ha−1 yr−1)

2.7 −5.0 −4.3 −3.6 −10

 Mg deposition − harvesting
 (kg ha−1 yr−1)

0.7 -0.4 0.2 0 -0.9

 Acidification due to harvesting
 (kmol H+ eqv ha−1 yr−1)

0 0.6 0.6 0.6 1.1

 Potential acidification due to nitrate leaching
 (kmol H+ eqv ha−1 yr−1)

1.2 0.7 1.0 1.3 0.4

Water
 Runoff‡ (mm yr−1) 579 622 622 556 557
 Nitrate in runoff (mg NO3−-N l−1) 2.9 1.6 2.3 3.3 1.2

Biodiversity
 Woody debris

 Fine (m3 ha−1) 34 25 36 46 11
 Coarse (m3 ha−1) 129 26 7 0 0

 Trees, average dbh
 >40 cm (N ha−1) 44 36 41 51 51
 >60 cm (N ha−1) 21 10 5 1 1
 >70 cm (N ha−1) 15 4 1 0 0
 >80 cm (N ha−1) 11 2 0 0 0
 >100 cm (N ha−1) 6 1 0 0 0

 Trees, number of species
 (N ha−1)

7 7 2 1 1

† Net growth (NGtotal) is defined here as net total biomass growth (tC ha−1 yr−1) without continuous losses of foliage, branch, or root biomass as trees grow.
‡ Mean annual precipitation was 1050 mm yr−1. Evapotranspiration is the difference between precipitation and runoff.

beech and spruce having different wood densities, the FMAs
did not show large differences in mean annual net biomass
growth (NGtotal). Here, the productivity in beech FMA 2
accounted for 92% of the highest NGtotal achieved in spruce
FMAs 4 and 5 (Table 4). The ranking of FMAs in terms of
land expectation value was strongly sensitive to the interest
rate and only coincided with corresponding volume
productivity at low interest rates (Table 4). Despite the fact
that FMA 4 produced the most wood volume, it also produced
the lowest land expectation value when the interest rate was
>2%. As demonstrated in FMA 5, additional extraction of

harvesting residues for woodfuel could only compensate for
this effect up to an interest rate of 3%. As soon as the interest
rate exceeded 2%, the combined beech and spruce FMA 3 was
favorable in providing the highest land expectation values. In
contrast to all the other management alternatives, it remained
positive, even for an interest rate of 5%.

Carbon storage and export
The carbon stock in living biomass was clearly largest in the
untouched forest reserve (FMA 1) due to the no-harvesting
regime, whereas the other FMAs showed only minor
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Table 4. Productivity measures for the forest management alternatives, at the stand level.

 Land expectation value
Species Management

approach
Prod. time

(yr)
NGtotal

†

(tC
 ha−1

yr−1)

MAIu
‡

(m3 ha−1

yr−1)

i = 0.01 
(€ ha−1 yr−1)

i = 0.02
(€ ha−1 yr−1)

i = 0.03
(€ ha−1 yr−1)

i = 0.04
(€ ha−1 yr−1)

i = 0.05
(€ ha−1 yr−1)

Spruce FMA 5 81 4.2 13.9 21,771 5,427 783 −1,050 −1,856
Spruce FMA 4 81 4.2 13.9 19,232 4,237 64 −1,523 −2,180
Spruce FMA 3 84 3.4 11.1 21,273 7,107 2,874 1,113 298
Beech FMA 3 120 3.9 9.9 13,448 3,325 777 −36 −294
Beech§ FMA 2 (mgd) 118 3.7 9.4 13,288 3,301 751 −92 −379 
Beech FMA 2 118§ 3.9 7.5 10,630 2,641 601 −73 −303
† Net growth (NGtotal) is defined here as net total biomass growth (tC ha−1 yr−1) without continuous losses of foliage, branch, or root biomass as the tree
grows.
‡ Mean annual increment (MAIu) of commercial timber with >7 cm diameter at the smaller end. Increment in set aside areas is not considered.
§ This refers to the managed part of the stand only, disregarding any included measure for biodiversity in FMA 2.

differences (Table 3). The amount of carbon stored in dead
biomass was similar for each of FMAs 2, 3 and 4, but was
significantly greater in the reserve due to no harvesting and
was clearly less in FMA 5 due to the removal of residues. The
mean annual carbon sequestration rates were almost similar
for all five FMAs, whereas carbon removal by means of
harvesting increased significantly from FMA 1 to 5—i.e., from
none in the reserve to, in FMA 5, an amount almost
corresponding to that stored in stemwood, branches, and
needles. The difference between net assimilated carbon and
harvested carbon remained in the ecosystem for
decomposition and some ends up in soil humus. The storage
of harvested carbon in wood products and the substitution of
fossil carbon by the harvested carbon were not considered.

Water
Table 3 provides the average values over the rotation length
of the water consumed (evapotranspiration) and seepage
below the rooting zone (Q). Due to the cool humid climate,
with high precipitation rates and low evaporative demand,
there was a water surplus of around 600 mm yr−1 and only
minor relative differences between the FMAs. The least runoff
occurred in FMAs 4 and 5 due to the higher evapotranspiration
loss of spruce compared to beech. The nature reserve FMA 1
had less runoff than the two other beech alternatives (FMAs
2 and 3) due to an absence of clearcut regeneration
characterized by high runoff. At the scale of single forest
stands there was a clear relationship between water
consumption and stand age, stand structure, and leaf area (Fig.
2). 

Water quality, indicated by nitrate concentrations in seepage
below the rooting zone, was little affected by the FMAs.
Estimated concentrations (1.2 to 3.3 mg N l−1, Table 3) were
well below the drinking water standard at 11 mg N l−1 (50 mg
NO3

− l−1) because of the relatively high seepage amount in
the region studied. Because the seepage amounts varied only
about 10% among the FMAs, the differences in nitrate

concentrations mainly reflected the differences in N surplus
among the FMAs (6 to 18 kg N ha−1 yr−1, Table 3).

Fig. 2. Relationships between stand age, leaf area index
(LAI) development, and evapotranspiration (EIT = sum of
soil and intercepted rain evaporation and transpiration) for
single stands of spruce (FMA 4) and beech (FMA 2).

Nutrients and acidification
For all FMAs more nitrogen was deposited than was exported
in harvested products. The surplus was related to tree species
for which spruce had a higher surplus than beech due to higher
deposition rates in spruce stands (Table 2), and due to the
degree of harvesting for which there was an especially high
surplus in the reserve and a low surplus in the very intensive
FMA5. The other elements all showed higher export, due to
harvesting rather than deposition, except for the reserve where
a small positive balance was seen for all elements. This was
especially the case in the very intensive FMA 5 which shows
much higher export than deposition. The acidification due to
harvesting was of equal size in FMAs 2, 3, and 4 whereas the
intensive FMA 5 showed almost double the acidification rate.
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No acidification due to harvesting took place in the unmanaged
reserve. Acidification also took place when nitrate was leached
(Gundersen et al. 2006), and therefore the highest acidification
due to nitrate leaching took place in the reserve (FMA 1) and
in the spruce alternatives (FMAs 4 and 5). Summing the two
contributions showed increasing acidification from FMA 1 to
FMA 5 (Table 3).

Biodiversity
There was a steep decrease in the attributes of biodiversity
from FMA 1 to FMAs 4 and 5 (Table 3). The abundance of
fine woody debris did not decrease with management
intensity, because thinning with extraction of solid wood
created large amounts of fine deadwood in the managed forest
only. However, the best measure of biodiversity values is in
general connected with coarse woody debris. While the
amount of coarse woody debris in FMA 2 still comprised about
20% of the amount estimated for FMA 1, no coarse woody
debris was maintained in FMAs 4 and 5. Also the mean number
of trees with >60 cm dbh showed the same trend. In contrast,
the stands in FMAs 4 and 5 consisted of slightly more midsize
trees, with >40 cm dbh compared to the other management
alternatives, while the number of big trees, which are more
important for biodiversity, was more abundant in FMAs 1 and
2.

Overview across services
In the principal component analysis, FMAs 1 and 5 are
separated and constitute the extremes on the PC1-axis,
whereas FMAs 2, 3, and 4 are rather similar on PC1, but clearly
separated on PC2 (Fig. 3, upper panel). The PC1 axis mainly
represents opposite gradients in production and biodiversity
and the PC2 represents differences related to water and
nutrients (Fig. 3, lower panel).

DISCUSSION

Productivity and economic value
The resulting merchantable wood volume productivity of the
FMAs differed from the yield quality assumed for simulation
according to local yield tables. The yield, which was 8 m3 ha−1
yr−1 for beech and 13 m3 ha−1 yr−1 for spruce, was estimated
in yield tables for a reference rotation of 100 years. The actual
rotation length for each FMA was about 15 to 20 years shorter
for spruce than this reference rotation of 100 years and as much
as 15 to 20 years longer for beech. In addition to this rotation
length-related effect, the stand density regime within the
FMAs influenced volume productivity of spruce and beech
(Pretzsch 2004, Skovsgaard and Vanclay 2008). The lower
volume of spruce within FMA 3 relative to FMA 4 (MAIu 11
vs. 14 m3 ha−1 yr−1) most likely occurred because of the heavy
crop tree oriented thinnings (heavy release of crop trees),
which was demonstrated with empirical data (Herbstritt et al.
2006). These productivity figures were related to one
generation only and thus are a conservative estimate for the

Fig. 3. Results of the principal component analysis based on
a subset of Table 3 indicators. Upper panel: the differences
between FMAs across all considered functions could be
summarized in two dimensions, with PC1 explaining 66%
of the variation in the indicator set, and PC2 explaining
20%. Lower panel: the PC loadings of the individual
indicators grouped for each service—productive functions
(diamond), carbon (triangle), nutrients/acidification (shaded
square), water (open diamond), and biodiversity (dot).
Abbreviations of the factor loadings: (MAIu) mean annual
increment; (LEV2%) and (LEV5%) land expectation value at
2% and 5%; Clive), (Cdead), and (Charv) C stock in living, dead,
and harvested biomass; (Pbal) P balance; (Bcharv) acidification
due to harvesting; (Nacid) potential acidification due to
nitrate leaching; (H2O) water runoff; (NO3−) nitrate in
runoff; (FWD and CWD) fine and coarse woody debris;
(T60) trees with >60 cm dbh; and (TSP) number of tree
species.
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estate level. The prolonged regeneration cuttings in FMAs 2
and 3 (with natural regeneration occurring under the canopy)
led to overlapping generations. This effect increased the mean
annual volume production at the forest estate level to 11.3 m3

ha−1 yr−1 within the managed part of beech FMA 2, as well
as to 10.8 m3 ha−1 yr−1 for beech and 12.6 m3 ha−1 yr−1 for
spruce in FMA 3 (Assmann 1965). 

Besides the discussed effect on volume productivity, the
rotation length strongly influenced land expectation value
through consideration of interest rates. Ideally, mean length
of rotation coincides with the point of land expectation value
culmination. The simulated mean rotation lengths for the
FMAs were close to the point in time of land expectation value
culmination at an interest rate of 3%. However, they were
about 15 to 20 years past this point at an interest rate of 5%.
However, this effect did not change the ranking of the FMAs. 

To calculate land expectation value, net timber revenues had
to be assumed. The assumed revenues were estimated on the
basis of observed prices for the period 1995 to 2005 for
medium-quality wood at roadside. As such, they comprise
conservative estimates for the assortment value of the crop
trees in FMAs 2 and 3. Particularly for beech, crop tree oriented
thinning approaches resulted in increased amounts of high
quality timber (Hein et al. 2007). For spruce the same effect
has to be assumed, but to a lesser extent. Although net revenues
were stagnating for trees >50 cm dbh, it is noteworthy that the
management approach for spruce within FMA 3 resulted in
the highest land expectation value, i.e., 7,100, down to 298 €
ha−1 for interest rates from 2% up to 5%. This finding is well
in line with economic comparisons of alternative approaches
for spruce, revealing the advantage of crop tree oriented
approaches (Kohnle and von Teuffel 2004). When only beech
is considered, FMA2 results in higher land expectation values
at interest rates of 2 to 5% than FMA3, although it does include
20% set-aside areas. However, regardless of which interest
rate is applied, beech management never reaches the potential
land expectation value associated with spruce. 

Next to cash flows from thinning and harvesting operations,
costs for stand establishment influenced land expectation
value. In the case of spruce, land expectation value was higher
in FMA 3 where no regeneration costs were assumed,
compared to FMA 4 which assumed regeneration costs of
2,300 € ha−1. The differences in land expectation value
allowed a hypothetical expenditure of 1,160 € ha−1 for stand
establishment in FMA 3 at an interest rate of 1%, and even
2,440 € ha−1 at 5%, until the land expectation values of FMA
4 were achieved. The small differences emphasized the
importance of a successful natural regeneration for FMA 3.

Carbon
The carbon stocks in living and dead biomass found in the
reserve in this study were of the same magnitude as found in
an assessment of a Danish seminatural beech forest (Vesterdal

and Christensen 2007). Likewise, the carbon stocks of living
and dead biomass were also of the same magnitude as found
in conventional nemoral forests (Callesen et al. 2003). In
contrast to carbon stock, the highest amount of carbon was
extracted from the intensive FMAs, illustrating a clear trade-
off between storage within and export from the system (Fig.
4). Whether storing carbon in the system or exporting it best
serves global carbon balances and impacts on climate depends
on the fate of exported carbon. Exported carbon that substitutes
for fossil fuels in energy production or is stored in permanent
products will have strong positive impacts on climate change.
In essence, oxidation of woody material can take place in the
forest for the benefit of biodiversity and ecosystem services,
including having positive effects on soil quality, or, for
example, in a power plant as a CO2- neutral energy source
serving other human needs.

Fig. 4. Carbon in harvested products versus average carbon
storage in above-ground living and dead biomass for the
five forest management approaches (FMA).

Carbon stocks in the soil were not considered in this study. In
a recent review, Nave et al. (2010) documented a significant
decrease in soil carbon following harvesting. The effect was
most pronounced in the forest floor and more scattered in the
mineral horizons. Generic modeling seems to support a
significant decrease in soil carbon stores following intensive
harvesting (Paul et al. 2003, Johnson et al. 2010). In our virtual
study it must also be expected that soil carbon decreases as a
result of harvesting, especially in the very intensive FMA 5.

Water
At the scale of a “normal forest” the FMA effects were leveled
out to a great extent. So the differences in runoff for the FMAs
were quite unspectacular. There was a clear difference
between the coniferous forest FMAs with higher water
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consumption and the broadleaf-dominated FMAs with higher
runoff (runoff is defined as total water surplus, independent
of water pathways). When comparing the results with other
studies on beech and spruce e.g., from Solling (Benecke 1984)
under similar climatic conditions, one has to be aware, that in
our virtual case study the higher consumption of pole stage
and mature spruce stands was partly compensated by higher
runoff in the clearcut stage. The nature reserve had an
intermediate position. Continuous cover and high interception
rates of coarse woody debris were, most likely, responsible
for this response. 

The fact, that the generic model approach showed low
differences for our virtual forest must not be generalized. In
case of a dry continental climate, even a difference in seepage
of 70 mm/yr would have a relatively pronounced impact on
groundwater formation. Under such conditions transpiration
rates may be even higher. 

To simplify the N balance calculations, we assumed that in an
N rich soil no further N is accumulated in soil organic matter
(i.e., assuming steady state in soil N). More importantly, we
neglected the gaseous losses by nitrification/denitrification,
which may amount to several kg N ha−1 yr−1 as observed at
the Högelwald site in southwestern Germany (Kreutzer et al.
2009). However, our estimated nitrate concentrations (1.2 to
3.3 mg N l−1, Table 3), based on the simplified N-balance,
are in the same range as concentrations observed at monitoring
plots in the region that we exemplified.3 The estimated nitrate
concentrations (Table 3) were relatively low across the FMAs
despite the relatively high N deposition in the region. With
precipitation at >1000 mm, high nitrate concentration over
longer periods would be unlikely. However, had the
precipitation been 650 mm, FMAs 1 and 4 would have had
nitrate concentrations above the drinking water standard.
Although the nitrate concentration per se was low, the
estimated N leaching (i.e., the N surplus of 6 to 18 kg N ha−1 
yr−1, Table 3) was high for managed forests in Europe (Dise
et al. 2009) and implies a soil acidification of 0.4 to 1.3 keqv
ha−1 yr−1, which is similar to that caused by biomass removal
(Table 3). The marked reduction in N surplus going from FMA
4 to FMA 5 illustrates the possibility of counteracting the
effects of N saturation by increasing biomass removal. This
may be an option on fertile sites where base cations are in
ample supply, or at sites where nutrients are recycled by wood
ash recycling.

Nutrients and acidification
Nutrients will be accumulated in the soil or leached when
inputs due to deposition exceed export caused by harvesting.
Conversely, export in biomass exceeding deposition has to be
compensated by a release from the soil taking place either as
weathering or as a decrease in pools available for plant uptake
(Raulund-Rasmussen et al. 2008). In our virtual study we had
an excess of nitrogen combined with the shortage of the other

elements; a similar situation has been found in other scenarios
in northern Europe (Raulund-Rasmussen et al. 2008) 

Acidification processes due to air pollution and harvesting
have been studied intensively (Raulund-Rasmussen et al.
2008). In this study, we estimated the contribution coming
from biomass harvesting and the acidification resulting from
nitrate leaching. In all alternatives, nitrogen excess and
leaching potentially caused a significant contribution to
acidification, and only for the very intensive harvesting
alternative (FMA 5) was the contribution from biomass export
more important. This relatively high importance of nitrogen
excess is of course due to the high deposition rate of nitrogen
(Table 2). In acid soils, high leaching rates of nitrate may lead
to mobilization of aluminum and therefore to the export of
acidity (Gundersen et al. 2006).

Biodiversity
It is to be noticed that the applied mortality model resulted in
a conservative measure for deadwood because it is sensitive
only to stand density and tree dimension. Accordingly, the
effects of bark beetles, storms, or snow breakages were not
accounted for. However, these models do provide a sound
“bottom-up” calculation (Lexer et al. 2000) of meaningful
biodiversity indicators at the stand level (Lindenmayer et al.
2000). For contrasting the FMAs, these models and
corresponding biodiversity attributes are considered most
practical because at this level forest management is
predominantly acting through the application of silvicultural
operations (Smith et al. 2008). Other important aspects of
biodiversity, including connectivity of forest stands and
heterogeneity in size and spatial arrangement, need to be
considered at the landscape level. This had required us to make
additional assumptions because the simulations were based on
a model that worked at both the tree level and the stand level. 

The decrease in attributes of biodiversity with increasing
management intensity is obvious. Two conclusions could be
drawn from this. First, if the goal is to create opportunities for
all species to survive in the landscape, it is necessary to set
aside some areas for conservation purposes. There are qualities
in FMA 1 that were lacking in FMA 2, and in order to facilitate
dispersal and long-term survival, larger and coherent areas are
in general better than small, isolated set-asides. However, the
importance of these factors varies depending on the type of
organism considered (Cabeza and Moilanen 2003). Separate
and discrete populations might be beneficial for conserving
biodiversity in some cases, e.g., if biotic agents such as
diseases, or abiotic events such as extreme weather conditions,
occur and locally eradicate the target organism. Second, even
if some biodiversity values were lost, the FMA 2 scenario
showed that it is possible to combine conservation of important
factors for biodiversity with positive economic output. In this
scenario important biodiversity values are maintained as well
as a high land expectation value at a high interest rate. This
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Fig. 5. Multiple use of the forest management approaches (FMA) in timber production and nontimber services. Production is
expressed as land expectation value (LEV) at an interest rate of 1% (at left) and 3% (at right) in monetary terms, woody
debris measured in physical terms is provided as a surrogate for biodiversity. Further, the amount of the coarse woody debris
is provided in brackets beside the labeling of the points. As a crude estimate, specialized management at the landscape level
is superior at an interest rate of 1% (FMA 4 contains only fine woody debris). In contrast, at a 3% interest rate, multiple-use
approaches are beyond the dotted regulatory line between specialized approaches.

finding is supported by similar results for boreal (Hynynen et
al. 2005) and temperate forests (Seidl et al. 2007).

Synergism and trade-offs
Under the assumed framework conditions, the selection of an
FMA that maximized the economic value was dominated by
interest rate. If this value is considered to be isolated, FMA 5
was the best choice at 1% (LEVlow), followed by FMA 3 at
3%, and FMA 2—or even FMA 1—at higher rates (LEVhigh).
These approaches intervene into natural processes at
decreasing intensity from FMA 5 to FMA 2. Consequently,
all other forest ecosystem services responded as well, because
they were influenced by tree species composition, stand
density, and age structure, or by import and export of nutrients
as well. 

Overall our results demonstrate that FMAs influenced the
considered ecosystem services in different ways (Table 3, Fig.
3). However a major fraction of the variability (66%) in the
selected indicators was summarized in PC1 (Fig. 3, lower
panel) meaning that for many indicators there were synergies
(symbols clustering) and for others there were trade-offs
(symbols opposed to each other on the PC1 (or PC2) axis).
Some examples of synergies and trade-offs are further
explored below. 

The high management intensity of FMAs 4 and 5 negatively
impacted all considered biodiversity attributes, revealing the
well-known trade-off between maximum volume production
and the maintenance of biodiversity at the stand level
(Seymour and Hunter 1992, Seymour et. al. 1999, Hunter
2001, Boscolo and Vincent 2003, Gamborg and Larsen 2003).
However, it was shown that maximum volume production
does not necessarily coincide with the highest land expectation
value. Depending on the interest rate, our low-intervention
forestry, targeted to produce less volume but of high quality,
resulted in high monetary values. Those are associated with
uncertainties because they are calculated under framework
conditions that are subject unknown to changes over time. In
FMA 2 biodiversity attributes were still negatively affected
compared to FMA 1, but they were considerably higher
compared to more intense alternatives. This clearly reveals the
need to consider synergies and trade-offs between market and
nonmarket services at a selected interest rate. Fig. 5 shows the
land expectation values achieved with interest rates of 1% and
3%, as well as the mean amount of woody debris. The amount
of coarse woody debris is additionally provided in brackets
beside the labeling of the points in the figure. The straight
regulatory line in Fig. 5 connects the two outermost FMAs
that best fulfill one of the services. With the exception of FMA
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4 which produces high amounts of fine woody debris, the other
FMAs remain below this line at a low interest rate. Thus, a
specialized approach is superior. To achieve the desired levels
of both services, the required landscape mixture of specialized
approaches can be selected along this line. However, at an
interest rate of 3%, FMAs 2 and 3 are beyond this line, thus
proposing a convex possibility frontier. This effect of interest
rate is also indicated by the findings of Boscolo and Vincent
(2003), Hynynen et al. (2005), and Seidl et al. (2007) for
different forest types. Although interest rate had a strong
influence on land expectation value, the ranking of different
management alternatives for oak and pine forests in a
temperate region of eastern Germany under priority settings
of stakeholder groups in overall utility was not sensitive to
variations in interest rate (Fürstenau et al. 2007). However,
the highest interest rate considered by Fürstenau et al. (2007)
was 2.5%. Possibly, this explains why the described effect of
interest rate on the ranking of management alternatives in our
study does not become apparent. In accordance with the
desired level of achievement, an integrative approach will
synergistically best maintain biodiversity while providing the
highest economic result. It raises rather more the question—
which attribute level is to be maintained while providing
income from timber production. 

Similarly, the effects on the carbon stock and sequestration
were different, and at least need to be seen as twofold. Firstly,
the highest stock and C assimilation rate were found in the
untouched reserve (FMA 1) where the harvesting rate is zero,
and because we have defined the alternative as a steady state
reference, the assimilated carbon was (almost completely)
released again due to respiration and decomposition. Secondly
and conversely, the managed alternatives—especially the
intensive FMA 5—all show high harvesting rates of C. At first
glance these results seem to be in contrast to Seidl et al. (2007)
leading to the result that the unmanaged reference has the
highest in situ C sequestration (comparable to our C stock).
However, while we used a steady state assumption, Seidl et
al. (2007) used the same starting point, and probably therefore
came to the same high changes in the stock. In parallel to our
results, they find trade-offs between biodiversity and
production. 

This study clearly illustrated the complex synergy and trade-
off patterns between production and the other ecosystem
services, and within the other ecosystem services. Despite the
complexity, the main differences in services provision could
be separated into two dimensions (Fig. 3) which illustrates that
the synergies and trade-offs in management decisions can
probably be clarified, especially as the response function for
the services becomes better established. The patterns obtained
here may not be as generally consistent as the assumed input
variables such as costs and timber prizes, and natural

conditions may change the resulting indicators for the services
significantly. However, the study shows that using a
combination of conceptual, empirical, and process models is
a sound way to develop a basis for the management decision
process. 

In the case of conflicting objectives, segregating specialized
forest management by forest service at the landscape level
might be appropriate. With regard to the maintenance of
biodiversity, one possibility might be to set aside nature
reserves with strict protection. To achieve this without
reducing the timber harvest requires a compensatory increase
in harvest elsewhere. Where such an increase in timber yield
is possible, timber lost from setting aside landscape in nature
reserves could be replaced by timber from a small area of land
dedicated to intensive production. Embedded in a predominant
matrix of forest management intensity, this forms the vision
of a landscape triad as formulated for Maine (Seymour and
Hunter 1992, Seymour 1993). This vision intrinsically implies
that there is no best single solution that combines all services.
However, one problem with this strategy is that large areas are
required to conserve viable populations, and that nature
reserves eventually become isolated islands in the landscape
(Whittaker et al. 2001). In addition, identified responses of
ecosystem services to silvicultural operations enable
managers to integrate appropriate conservation measures in
forest management approaches (Kulhavý et al. 2004). In the
case of preserving biodiversity this might include the retention
of habitat elements such as coarse woody debris or veteran
trees (Lindenmayer et al. 2000) and emulation of natural
disturbances (Bengtsson et al. 2000). Also, maintaining soil
and water quality requires a reduction of nutrient losses, e.g.,
through harvesting of stemwood only instead of whole tree
harvesting (Raulund-Rasmussen et al. 2008). In the case of
nitrogen saturation, surplus nitrogen may, however, be
removed with biomass to decrease nitrate pollution of seepage
water. 
1The weather data were obtained from Deutscher Wetterdienst
for climate station 330 Beerfelden, and from Forstliche
Versuchs- und Forschungsanstalt Baden-Württemberg for
climate station 460 Heidelberg.
2Amounts were based on typical amounts in the region as
assessed at station 204 Heidelberg run by Forstliche Versuchs-
und Forschungsanstalt Baden-Württemberg.
3Amounts were based on typical amounts in the region as
assessed at Level II plot 802 Heidelberg run by Forstliche
Versuchs- und Forschungsanstalt Baden-Württemberg.

Responses to this article can be read online at: 
http://www.ecologyandsociety.org/issues/responses.
php/5066
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