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Abstract Timber use in central Europe is expected to
increase in the future, in line with forest policy goals to
strengthen local wood supply for CO,-neutral energy pro-
duction, construction and other uses. Growing stocks in
low-elevation forests in Switzerland are currently high as
exemplified by the Swiss canton of Aargau, for which an
average volume of 346 4+ 16 m® ha~' was measured in the
3rd Swiss National forest inventory (NFI) in 2004-2006.
While this may justify a reduction of growing stocks
through increased timber harvesting, we asked whether
such a strategy may conflict with the sustainability of timber
production and conservation goals. We evaluated a range of
operationally relevant forest management scenarios that
varied with respect to rotation length, growing stock targets
and the promotion of conifers in the regeneration. The
scenarios aimed at increased production of softwood,
energy wood, the retention of potential habitat trees (PHTSs)
and the conversion to a continuous cover management
system. They were used to drive the inventory-based forest
simulator MASSIMO for 100 years starting in 2007 using
the NFI sampling plots in Aargau. We analyzed model
outputs with respect to projected future growing stock,
growth, timber and energy yield and harvesting costs. We
found growing stock to drop to 192 m® ha™' in 2106 if
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business-as-usual (BAU as observed between the 2nd and
3rd NFI) timber volumes were set as harvesting targets for
the whole simulation period. The promotion of conifers and
a reduction of rotation lengths in a softwood scenario
yielded 25% more timber over the whole simulation period
than BAU. An energy wood scenario that reduced growing
stock to 200 m® ha™' by 2056 and promoted the natural
broadleaved regeneration yielded 9% more timber than
BAU before 2056 and 30% less thereafter due to decreasing
increments. The softwood scenario resulted in higher
energy yield than the energy wood scenario despite the
lower energy content of softwood. Retaining PHT resulted
in a reduction of timber harvest (0.055 m® ha™' yr~' per
habitat tree) and higher harvesting costs. Continuous cover
management yielded moderate timber amounts throughout
the simulation period, yet sustainably. Considering climate
change, we discuss the risks associated with favoring
drought- and disturbance-susceptible conifers at low ele-
vations and emphasize that continuous cover management
must allow for the regeneration of drought-adapted tree
species. In conclusion, our simulations show potential for
short-term increases in timber mobilization but also that
such increases need to be carefully balanced with future
forest productivity and other forest ecosystem services.

Keywords Central Europe - Empirical forest model
MASSIMO - Energy wood - Forest inventory - Habitat
tree - Timber mobilization

Introduction

The demand for timber is expected to increase throughout

Europe (Ferranti 2014; Kraft 2015; Lauri et al. 2012;
UNECE-FAO 2011). Forest policies promote timber
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mobilization to supply the regional timber industry and
support research and development for innovative wood-
based products and technologies (Federal Office for the
Environment 2013; Nabuurs et al. 2015). These policies
aim at reducing CO, emissions by replacing more energy-
intensive construction materials such as concrete and steel
and by substituting fossil fuel-based products in industrial
and pharmaceutical production and in energy generation,
e.g., with local woodchip heating networks (Dodoo et al.
2012; Werner et al. 2010). At the same time, government
agencies engage in the forestry sector and the wood-based
industries with regulations, subsidies and financial com-
pensations for non-market forest ecosystem services. The
preservation and promotion of biodiversity is an important
forest policy goal in the Swiss Plateau (Imesch et al. 2015).
Hence, conflicts among the multiple demands for forest
ecosystem services may occur across time and space and
need to be accounted for by forest management (Alra-
hahleh et al. 2017; Lexer and Brooks 2005).

During the last complete Swiss National Forest Inven-
tory (3rd NFI: 2004-2006), growing stock in the Swiss
Plateau was measured to be 408.5 & 8.2 m® ha~' (Abegg
et al. 2014), a high value, which may justify a general stock
reduction through increased harvesting. However, such a
reduction may compromise volume increment in future
forests (Stadelmann et al. 2016) and may conflict with
conservation efforts such as those to retain large trees as
habitat for a diverse community of insects, birds and
mammals that depends on the presence of old-growth
forest attributes (Biitler et al. 2013; Peters et al. 2015). The
growing stock of Norway spruce (Picea abies (L.) Karst),
the economically most important tree species in the region,
decreased by 31% between 1993—1995 and 2009-2013 in
the Swiss Plateau. At the same time, the growing stock of
broadleaved trees increased throughout Switzerland
(Camin et al. 2015). Reasons for this shift in tree species
composition include storm damage and subsequent insect
calamities but also a long-term shift from conifer planting
to natural (broadleaved) regeneration and the promotion of
noble broadleaved trees (i.e., oaks, Quercus spec.) by way
of subsidies (Ammann 2013). The increasing share of
broadleaved trees benefits biodiversity (e.g., Chauvat et al.
2011; Gértner and Reif 2005; Sweeney et al. 2010) and
improves the resistance and resilience of the forest to dis-
turbances enhanced by climate change (Griess et al. 2012;
Neuner et al. 2015). Many foresters in the Swiss Plateau
and Southern Germany practice continuous cover forestry
in uneven-aged mixed broadleaved forests, or use conver-
sion treatments toward this goal (Knoke 2012; Schmidt
2009; Yousefpour and Hanewinkel 2014). However, the
timber industry is concerned about the sustainable supply
of softwood resources (Knoke et al. 2008; Laderach and
Streiff 2016; Streiff 2014).
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Scenario analyses using dynamic forest modeling have
proven valuable to quantify such trade-offs and for
demonstrating potential pathways for a synergetic provi-
sion of multiple forest goods and services (Pretzsch et al.
2008). For example, Verkerk et al. (2014) projected a
15% increase in the European roundwood production
from 2010 to 2030 under a reference scenario and only a
3% increase under a scenario that also included the
conservation of biodiversity. Using forest growth projec-
tions based on the German National Forest Inventory,
Kroiher and Oehmichen (2010) showed that 7.3% of the
potentially available roundwood per year would have to
remain in the forest if deadwood is to be maintained at
11.5 m® ha™'. Process-based forest models are well suited
to project how various indicators of ecosystem goods and
services develop in response to management and to
environmental change at scales from stands to relatively
small landscapes and management units (<50 kmz) (e.g.,
Fiirstenau et al. 2006; Mina et al. 2016; Temperli et al.
2012). However, the limited availability of data required
to drive relatively complex process-based models renders
them unsuitable for simulations of forest development that
are representative at regional to national scales (Barreiro
et al. 2016).

In this study, we coupled the forest inventory-based
management scenario model MASSIMO (Kaufmann
2001; Thiirig et al. 2005; Thiirig and Kaufmann 2010)
with the timber harvesting productivity model HeProMo
(Frutig et al. 2015). This empirical modeling framework
combines the advantage of a landscape-scale, inventory-
based model that statistically represents a relatively large
case study area, with a relatively accurate representation
of forest management and its costs, for which usually
more process-oriented, stand-scale models are used (Mina
et al. 2015; Seidl et al. 2007). The principal objective was
to identify the potential and the constraints of opera-
tionally relevant management scenarios to increase timber
mobilization in the Swiss canton of Aargau (forest area:
1404 km?), which is typical for the periurban areas of the
Swiss Plateau, the adjacent Jura mountains and many
similar areas in Central Europe. Specifically, we asked (1)
how shortening rotation lengths and promoting conifers in
a softwood scenario may influence timber yields and
harvesting costs, (2) how a relatively drastic reduction in
growing stock under a scenario to increase the yield of
broadleaved energy wood may affect short- and long-term
increment and timber harvest, (3) whether increased
timber mobilization may be constrained by the retention
of habitat trees in terms of timber yields and harvesting
costs and (4) how continuous cover management that
aims to maintain current growing stocks compares to
scenarios that assume growing stock reduction in terms of
short- and long-term timber yield.
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Methods
Study area and data

Forests in the canton of Aargau encompass 35% (48,981 ha
according to the 3rd Swiss NFI, Departement Bau, Verkehr
und Umwelt 2010) of the area and intermix with other land
uses. Our analyses are based on the data of the 2nd and 3rd
NFI that comprise 228 permanently stocked sample plots,
on which 2188 trees were recorded. Trees with 12-36 cm
in diameter at breast height (dbh) were recorded on a
200 m? circle and trees >36 cm dbh on a 500 m” con-
centric circle (Briandli 2010; Stierlin and Zinggeler 2001,
Traub et al. 2017). The NFI differentiates biogeographi-
cally and socioeconomically distinct regions, termed pro-
duction regions. The canton of Aargau intersects with the
production regions Plateau and Jura (68 and 32% of sample
plots, respectively). 95% of the forest area is between 290
and 680 (Plateau) and 340 and 690 (Jura) m a.s.l. Stocker
et al. (2002) characterized the most frequent naturally
occurring forest vegetation communities as mesic beech
forests in the Plateau and as calcareous beech forests in the
Jura. Past management favored Norway spruce and silver
fir (Abies alba Mill.) as well as other conifers, such that in
2005 40% of the forest area were dominated by conifers
(Departement Bau, Verkehr und Umwelt 2010). The 3rd
NFI revealed a growing stock of 346 + 16 m® ha™"' for the
canton of Aargau (Table 1). The volume proportions of
conifers were 29% in the Jura and 51% in the Plateau part
of Aargau. 86% of the sample plots were classified as even-
aged and 14% as uneven-aged forests. The cantonal forest
service follows the guidelines on site-adapted broadleaf
proportions by Stocker et al. (2002) to minimize distur-
bance risks and to prevent soil acidification (Morier 2012).

Table 1 NFI results for the canton of Aargau by production regions

These guidelines provide minimum, recommended and
natural proportions of broadleaved trees. Forest ownership
breaks down to 66% communal corporations, 7% cantonal,
5% other public owners and 22% private owners
(Departement Bau, Verkehr und Umwelt 2010). Forest
reserves that have been contractually excluded from timber
harvesting for >50 years account for 3% of the forest area
(Wittwer 2016).

Model of forest development

MASSIMO is a dynamic, stochastic individual-tree model
to simulate the development of tree populations on sample
plots of the Swiss NFI. The empirical functions to simulate
growth, removals due to forest management, mortality due
to windthrow, self-thinning (density-dependent mortality)
and regeneration of trees in 10-year time steps were
parameterized based on NFI data (Kaufmann 2001; Thiirig
et al. 2005; Thiirig and Kaufmann 2010). While these
functions account for observed variation in growth condi-
tions across space using site index, elevation and other
spatial predictors, they do not account for temporal varia-
tions in climate.

MASSIMO accounts for the removal of trees due to
shelterwood felling and thinning and for density-depen-
dent, storm-induced and random-caused mortality.
Removal intensities (i.e., removed basal area percentage),
rotation length for shelterwood felling (dgper) and the entry
threshold for thinning (dy,;,, the basal area ratio of the focal
decade to the decade before the last thinning with a default
value of 1.1) can be defined by the user to create man-
agement scenarios. Alternatively, dge; and dy,;, can be
adjusted using an iterative approximation algorithm to
match growing stock or harvesting targets that can be

Production  No. of Species Growing Timber harvest Timber Gross increment  Stems
region sample group stock (m* ha™! yr 1 harvest + mortality (m® ha™' yr ") >60 cm dbh
plots (m> ha™!) (m> ha™! yr_l) (No ha™h)
Jura 74 Conifers 98 £ 17 36+ 13 39+ 1.3 28 £0.5 31+ 1.1
Broadleaves 246 + 29 68+ 14 69+ 14 6.5+ 0.8 95+22
Total 343 £+ 33 104 £ 1.9 10.8 £ 1.9 93+ 0.8 12.6 £ 2.6
Plateau 154 Conifers 177 £ 18 93+ 14 94+ 14 6.8 £ 0.6 64+ 14
Broadleaves 171 £+ 15 3.6 £0.5 38+ 0.6 54+£03 58+ 1.0
Total 348 + 18 129+ 1.5 132+ 1.5 12.1 £ 0.5 120 £ 1.7
Total 228 Conifers 151 £ 13 75+ 1.0 7.7+ 1.0 55+£05 54+1.0
Broadleaves 195 + 14 4.6 £ 0.6 4.8 £0.6 56 +£03 69+ 1.0
Grand total 346 + 16 121 £ 1.2 124 £ 1.2 112 £ 0.5 122 £ 14

Growing stock and no. of stems with dbh >60 cm refer to values observed during the 3rd NFI. The annual timber harvest, the timber harvest
together with random and wind-induced mortality and gross increment (including standing, in-growing, harvested and dying trees) refer to the
interval between the 2nd and the 3rd NFI. All quantities and their standard errors of the mean refer to stem wood over bark
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predefined for each decade and production region (Tem-
perli et al. 2017). By default, shelterwood felling removes
80% of the trees on a sample plot in a first and the
remaining trees in a secondary cutting. In accordance with
the observations from the 2nd and 3rd NFI, plot-level
thinning interventions remove 30% of the basal area in
even-aged and 25% in uneven-aged forests. The removal
probability of individual trees during thinning depends on
dbh, stand structure and production region and is modeled
with a Weibull function that was parameterized with NFI
data (Kaufmann 2001). For this study, we implemented the
possibility to define the density per ha and the minimum
dbh of trees that should be excluded from harvest in order
to simulate the retention of habitat trees (Biitler et al.
2013). MASSIMO differentiates between even-aged and
uneven-aged forests. In even-aged forests, both shelter-
wood felling and thinning are applied, and in uneven-aged
forests, only thinning that perpetuates the stand structure is
applied. Optionally, the user can specify the proportion of
even-aged sample plots for which a conversion to uneven-
aged forest is to be simulated. The implementation of this
conversion features dbh-dependent thinning probabilities
that are calculated from the difference between the current
dbh distribution and a dbh distribution that was fitted to
data from NFI sample plots in uneven-aged forests
(Kaufmann 2011).

Following shelterwood felling and windthrow, young
trees (1-12 cm dbh) re-populate (i.e., regenerate) sample
plots according to data from a randomly selected sample
plot within the same production region (Jura or Plateau)
and vegetation zone (foothills and submontane or lower
montane). The proportion of conifers and broadleaves in
newly regenerated tree cohorts can be adjusted by the user
for individual sample plots to simulate scenario-specific
tending regimes. In case the conifer proportion observed in
the NFI is higher than what the user has supplied, randomly
selected conifer saplings are replaced by beech saplings. In
case the conifer proportion is lower than what the user has
supplied, random broadleaved saplings are replaced with
conifers. The species of these replacing conifers (in Aargau
mostly Norway spruce and silver fir) is randomly deter-
mined based on probabilities that are specific to the forest
vegetation community type of the NFI sample plot (Keller
et al. 1998) (Table S1 in supplementary material). In
addition to regeneration following stand replacement,
MASSIMO accounts for regeneration that is independent
from management and occurs throughout the simulations
on all sample plots. When a young tree grows over the
12 cm dbh threshold, a certain number of saplings of trees
of the same species are generated. This number and the
saplings’ probability to survive a decade were parameter-
ized to approximate the number of trees that surpassed the
12 cm dbh threshold (ingrowth) between the 2nd and the
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3rd NFI (see more details in electronic supplementary
material). Regeneration in MASSIMO does not respond to
changes in environmental or stand structural conditions.

Management scenarios

We developed five timber mobilization strategies in col-
laboration with representatives from the Forest division in
the Department of Construction, Traffic and Environment
of the Canton of Aargau. We aimed at a broad range of
alternatives that represent the interests of the timber
industry, environmental associations and the general
public.

1. Business-as-usual (BAU): Regeneration and harvests
were parameterized to approximate the proportions of
conifers and broadleaves and the yearly harvesting
amounts that have been observed between the 2nd and
the 3rd NFI.

2. Softwood: This scenario aimed at meeting the demands

of the timber industry for sawmill-friendly (20-40 cm
dbh) spruce and fir timber. Rotations for shelterwood
felling were shortened by 30 years with respect to
values used in previous MASSIMO simulations (Hofer
et al. 2011). This resulted in rotations of 60-80 years
depending on site index for conifer-dominated sample
plots and 80-100 years for broadleaf-dominated plots.
Tending promoted conifers.

3. Energy: The high demand for energy and industrial

wood is being met through a reduction of the growing
stock to a predefined regional average within 50 years
(<2056). Tending favored the natural broadleaf pro-
portion in the regeneration. We simulated three
variants of this scenario by setting the targeted regional
growing stock in 2056 to 150, 200 and 250 m® ha™"
with the aim to show the potential effects of a broad
range of timber mobilization strategies on future
timber harvest, increment and forest structure. We
labeled these variants as energy 150, energy 200 and
energy 250.

4. Biodiversity: In this scenario, timber mobilization is

being combined with the promotion of habitat for a
wide range of species. The scenario reflects the goals
of the nature conservation program of the canton of
Aargau (Aargau 2012). These include adapting the
species composition to site conditions by promoting
the naturally regenerating broadleaves in the regener-
ation and securing old and large trees with particularly
high conservation value (habitat trees, Biitler et al.
2013). We defined potential habitat trees (PHT) as
trees of any species with dbh >60 cm and simulated
four variants of this scenario. Three variants targeted a
regional growing stock of 300 m® ha™" allowing for a
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supply of a broad range of timber assortments, but
differed in the number of PHT per ha excluded from
harvesting (10, 20 and 30). Accordingly, we labeled
these three variants as biodiversity 10, biodiversity 20
and biodiversity 30. A fourth extreme variant targeted
a growing stock of 500 m® ha™' implying reduced
timber harvests, the promotion of late successional
stands and dead wood accumulation. Such old-growth
forest attributes are associated with a particularly rich
fauna (Miiller and Biitler 2010; Rosenvald et al. 2011).
This fourth variant targeted 20 PHT ha™' and was
labeled as biodiversity 20-500.

5. Continuous cover: This scenario aimed at converting
current even-aged forests to uneven-aged forests using
a continuous cover management system. Continuous
cover forestry may combine timber production with the
promotion of disturbance resistance and resilience as
well as biodiversity using single-tree and/or group
selection systems (Knoke 2012; Lafond et al. 2014;
Pukkala et al. 2016) and has become increasingly
popular among forest managers in the Plateau and
other parts of Switzerland and Germany (Brang et al.
2014; Schmidt 2009). For this scenario, we assumed
that the entire even-aged forest is being converted and
that the species composition in the regeneration is
maintained as observed during the 3rd NFI. Develop-
ments in growing stock and timber harvest result from
dbh-dependent removal probabilities.

The scenario simulations were initialized with the data of
the 3rd NFI representing the state of the forest in year
2006. The growing stock reductions (or increases as in the
biodiversity 20-500 variant) in the energy and biodiversity
scenarios were equally distributed over five 10-year steps
(i.e., 20% of the total reduction or increase in each time
step) such that the targeted growing stock was reached in
the year 2056. These growing stock reductions were
implemented by adapting dgn.; and dgy;, on even-aged
sample plots using an iterative approximation procedure.
On uneven-aged sample plots, we did not vary the thinning
frequency (i.e., dy;,) and intensity (25% of basal area
removed per intervention) to preserve the uneven-aged
forest structure. We used the silvicultural recommendations
for “maximally acceptable” conifer and “natural” broad-
leaf proportions by Stocker et al. (2002) to implement the
regeneration and tending prescriptions for the softwood,
energy and biodiversity scenarios, respectively. These
expert recommendations were available for each sample
plot via a cantonal map of vegetation community types
(Keller et al. 1998; Stocker et al. 2002). We ran each
scenario simulation for ten decades until 2106 and repli-
cated each simulation run 20 times, with 20 reducing the
standard deviation caused by stochastic processes such as

tree mortality and storms to an acceptable level while
keeping computation time feasible.

Calculation of output variables

We quantified simulated forest development using growing
stock (m3 ha_l), the volume share of conifers (m3 m_3),
the density of trees per ha with dbh >60 cm and yearly
timber harvest and gross (see Table 1) increment (both
m® ha~' yr~'). We calculated these metrics based on
model output of growth, removals and mortality of stem
wood over bark as described by Kaufmann (2011, 2001).
The effect of the scenarios in terms of energy provision
was quantified by the energy content of the harvested
wood. To this end, we used Assmann’s (1961) species-
specific wood densities to calculate biomass from MAS-
SIMO output (e.g., spruce: 390 kg m~>, beech:
560 kg m ) and multiplied them with the following heat
values: 5.0 kWh kg~' for hardwood and 5.4 kWh kg~ for
softwood (Verscheure 1998). To evaluate the scenarios
with respect to harvesting costs, we used the harvest and
productivity model HeProMo (Frutig et al. 2015). This
model is driven by plot-scale information on accessibility
(e.g., slope, distance to road), preferred harvesting system
(chainsaw, harvester, etc.) and extraction system (skidder,
forwarder, cable yarding) from a survey, and harvested
assortments (conifers or broadleaves, dbh). We stratified
results to the NFI production regions Plateau and Jura
(Fig. 1). Standard errors of means were calculated using
the double sampling procedure developed by the Swiss
NFI. This procedure combined the variation between
sample plots and the variation between simulation repli-
cates by summing the squares of the deviations from the
mean (Kohl 2001).

Results

Forest development and harvest under business-as-
usual (BAU) management

Growing stock for the whole of the canton Aargau dropped
from 346 £ 16 to 192 £ 30 m’ ha™' by 2106 if BAU
harvesting was simulated (Figs. 2, 3). Proportionally, this
drop was slightly more pronounced in the Plateau (—46%)
than in the Jura part of Aargau (—42%). Concomitantly,
increment for the whole of Aargau decreased from
112+ 0.5 (2nd-3rd NFI) to 59 m’ha 'yr' for
2097-2106 (Jura —31%, Plateau —54%). Harvesting at
BAU level could be maintained throughout the simulation
in the Jura region, but not in the Plateau where harvesting
dropped starting from 2057 due to reduced growing stock

@ Springer
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Fig. 1 Distribution of sample plots (red points) in the study area
(canton of Aargau). The inset map shows the canton of Aargau
(black) within Switzerland. Background colors indicate the NFI
production regions (green Jura; beige Plateau). (Color figure online)

and increment. The density of large trees with dbh >60 cm
decreased below the measured (3rd NFI) cantonal density
of 12.2 + 1.4 stems ha~' by the end of the simulation
under BAU management. However, simulations under
BAU and most other scenarios showed a hump in large tree
density between the years 2027 and 2056. This hump
reflects the age and size structure of the current forest. The
distribution of diameters measured during the 3rd NFI
shows a preponderance of conifers with dbh >60 cm in the
Jura and >50 cm in the Plateau (Fig. S4). These conifers
continued to prevail in the >60 cm dbh class in the forth-
coming one to four decades. Thereafter, increased harvest
reduced the density of trees with dbh >60 cm. This
reduction was more pronounced in scenarios where grow-
ing stock decreased more strongly (energy, softwood and
BAU scenarios) and less pronounced where PHT were
retained (biodiversity scenarios).

The standard errors of means (SEM) of total growing
stock estimates for the whole of Aargau ranged from 5.6 to
15.8% of the mean (Figs. S5-S9). SEM were higher for
timber harvesting (9.9-71.8% of the mean of total harvest
for the whole of Aargau; note that SEM expressed as
percentage of the mean increases with decreasing absolute
mean values) because treatments (no treatment, thinning,
shelterwood cutting) varied among sample plots. SEM for
number of stems with dbh >60 cm, increment and har-
vesting costs were intermediate. SEM were higher in the
Jura than in the Plateau, because less sample plots were
available in the Jura, and increased with time as the
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differences among the individual simulation runs accu-
mulated due to the random processes used to simulate, inter
alia, tree mortality. These uncertainty estimates were
similar in all scenarios.

Timber yields and harvesting costs
under the softwood scenario

Shortening the rotation length by 30 years under the soft-
wood scenario reduced overall growing stock to
254 4+ 34 m® ha~' (=27%) until 2106 (Fig. 2). This
reduction was —37% in the Plateau region and —5% in the
Jura, because in the Jura region the large increase in
(conifer) increment partly compensated for the increased
harvest due to a shorter rotation. Both shortening the
rotation length and the promotion of conifers contributed to
increased harvest under this scenario. Maximum timber
harvest in the Jura was 14.6 & 3.7 m®> ha™' yr~! in 2076.
In the Plateau, the maximum timber yield was
124 + 1.8 m* ha ' yr~' in 2046. Thereafter, timber
yields declined to 7.2 + 1.5 m* ha~' yr™' by 2106 due to
the decline in growing stock and increment. Considering
the whole simulation period, timber harvest under the
softwood scenario was 25% higher than under BAU.

The harvesting costs per volume were highest under the
softwood scenario followed by the biodiversity 20 and the
energy 150 scenarios (Fig. 3). According to this pattern,
harvesting costs increased with increasing conifer share
and a higher share of small diameter trees in the harvest
(see also Figs. S10, S11). The generally higher harvesting
costs in the Jura than in the Plateau can be explained by the
more rugged topography: Slopes in the Jura are steeper
than in the Plateau (Fig. S12), and the proportion of sample
plots that can be accessed with heavy machinery (i.e.,
wheeled and tracked harvesters), according to the NFI
survey among foresters, is lower in the Jura with 11 versus
18% (Fig. S13). However, the harvesting and skidding
methods and per capita labor costs were assumed to be
constant over the simulation period and among the sce-
narios. Hence, the development of harvesting cost was
controlled by the effects of the different management
scenarios on species composition and diameter distribution
of the harvested trees. Harvesting by chainsaw, which is
the most common harvesting method in Aargau (Fig. S13),
is almost twice as costly if the stand is conifer- rather than
broadleaf-dominated. For example, the modeled costs
(felling, delimbing and bucking but no skidding) for har-
vesting conifers and broadleaves with 35 cm dbh by
chainsaw are 41.90 and 23.42 CHF m >, respectively
(Frutig et al. 2015). This cost-disparity explains the rather
high harvesting costs under the softwood scenario.
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error of means

Timber and energy yield under the energy scenario

Growing stock under the energy scenarios developed as
specified and reached the targeted growing stock (150, 200
and 250 m® ha™') in mid-century (Fig. 2). The promotion
of the natural broadleaved regeneration under the energy

scenarios decreased the volume share of conifers from 51
to 17% in the Plateau and from 29 to 21% in the Jura by
2106 under the energy 200 variant. Together with the
reduction in growing stock, this shift toward a dominance
of the slower growing broadleaves (Thiirig et al. 2005)
resulted in the highest increment drops among all
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scenarios, e.g., —47% from the 2nd NFI-3rd NFI to the
2096-2106 period in the Plateau under the energy 150
scenario (Fig. 2). Consequently, timber harvests under the
energy scenarios peaked ca. 2036 and declined thereafter.
The cumulative harvest under the energy 150, energy 200
and energy 250 scenario exceeded BAU harvests by 14, 9

@ Springer

and 3% between 2007 and 2056, but fell behind BAU
harvests by 37, 30 and 20% in the long term (2057-2106).
Consequently, timber harvest over the whole simulation
period under the energy 150, energy 200 and energy 250
scenarios was 9, 9 and 7%, respectively, lower than under
BAU.
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Energy yield developed almost directly proportional to
timber harvest (Fig. 2). Hence, energy yield under the
energy scenarios was lower than under the softwood sce-
nario. The effect of the higher proportion of broadleaves
under the energy scenario and thus higher energy density
per m® was too small to reverse the energy yield ranking
among the energy and softwood scenarios as one might
have expected.

Effect of habitat tree retention on timber yield
and harvesting costs

The reduction of the growing stock to a target of
300 m* ha™' in 2056 under the biodiversity scenarios
could be realized if 10 PHT ha~' were retained. Retaining
>10 PHT ha™' increased the long-term abundance of
PHT. In contrast, when PHT were not explicitly retained,
the PHT density remained approximately constant as under
the continuous cover scenario or decreased below the
current average cantonal density of 12.2 + 1.4 stems ha™'
by the end of the simulation as under the BAU, softwood
and energy scenarios (Figs. 2, 3). If 20 or 30 PHT were
retained, growing stock decreased to 325 4+ 29 and
341 4 29 m® ha™', respectively, by 2056 for the whole
canton of Aargau and increased again as the number and
volume of retained PHT increased (see development of
number of large trees with dbh >60 cm in Fig. 3). The
increasing volume tied to PHT resulted in an increasing
share of the standing volume to be inaccessible for timber
harvest. This, in turn, caused timber harvest to drop sharply
after 2056 (Fig. 3).

Timber harvest was generally lower in scenarios with a
higher number of retained PHT (Fig. 3), and the harvests
were lower than under BAU management under all variants
of the biodiversity scenario with the exception of the period
between 2017 and 2046 in the Jura if 10 PHT were
retained. Aggregated over the whole simulation period, the
retention of one additional PHT per ha resulted in
0.055 m> ha™! yr7l less timber harvest. However, the
uncertainty associated with timber harvest is relatively high
in relation to this reduction (Fig. 4). The number of
retained PHT also traded off with average harvesting costs.
Retaining one additional PHT resulted in CHF 0.50 higher
harvesting costs per m® (Fig. 4). With less PHT being
available for harvesting, more small trees had to be har-
vested to keep the growing stock at the 300 m® ha™" target
(Fig. S10). The higher number of trees to process resulted
in higher costs per intervention (Frutig et al. 2015).

The similar developments in increment under scenarios
with varying numbers of retained PHT indicate that PHT
retention itself had a small effect on increment (Fig. 3).
The decreasing increment under the biodiversity scenarios
can be explained by the increased share of the slower

Timber harvest (m®-ha 'y ")

Harvesting costs (CHF -m °)
704

60+

504

0 10 20 30
No. retained potential habitat trees (ha™')

Fig. 4 Timber harvest (fop) and harvesting costs (bottom) averaged
over the whole simulation period (2007-2016) for variants of the
biodiversity scenario that differed in the number of retained potential
habitat trees. Error bars indicate standard error of means among
sampling plots and simulation replicates

growing broadleaves in the regeneration. This effect was
strong enough to cause a decrease in increment, even if
growing stock increased as under the biodiversity 20-500
scenario (Fig. 3). However, retaining more PHT resulted in
more conifers to remain in the forest and thus a slower
realization of the anticipated reduction of the conifer share.
Considering the whole canton of Aargau, the volume per-
centage of conifers remained >45% if 30 PHT were
retained and dropped to <35% if 10 PHT ha~' were
retained (Fig. 3).

Forest development and timber harvest
under continuous cover management

Continuous cover management resulted in growing stock to
remain approximately constant as anticipated (Fig. 3). The
share of conifers also stayed at a constant level in the Jura
(31%), but decreased slightly to 39% in the Plateau even
though the species composition of the regeneration was
simulated based on the observations of the 3rd NFI. The
preponderance of large conifers that was observed in the
3rd NFI in the Plateau (Fig. S4) decreased over simulation
time. This in turn resulted in a comparatively small
reduction in increment and timber harvest in the Plateau
(Fig. 3). Timber harvests under continuous cover man-
agement remained below BAU levels throughout the sim-
ulation period (—8%), but exceeded those under the
biodiversity 10 and energy scenarios in the second half of
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the simulation period (2057-2106) by 11 and 10%,
respectively.

Discussion
Conifer promotion under the softwood scenario

The regulation of species composition during regeneration
strongly affected simulated growth and yield dynamics.
The promotion of conifers through tending to the “maxi-
mally acceptable” conifer share influenced the species
composition more than promoting the natural (mostly
broadleaved) tree species composition. That is, the pro-
portion of conifers increased much more under the soft-
wood scenario as the proportion of broadleaves increased
under the energy and biodiversity scenarios. This reflects
the higher growth rate and thus faster establishment of
conifers than broadleaves but also indicates that the conifer
share of the observed (3rd NFI) regeneration was much
closer to “natural” than to “maximally acceptable.” The
higher growth rate of conifers was also a reason for the
higher increment and conifer share that we simulated in the
Jura than in the Plateau under the softwood scenario.
Another reason was the generally higher density of young
trees <12 cm measured in the 3rd NFI in the Jura
(4584 + 1151 stems ha_l) in comparison with the Plateau
(2885 + 401 stems ha™!) in the Plateau and thus the
higher absolute number of conifers in the regeneration.
Favoring these conifers under the softwood scenario
boosted conifer increment. Favoring these conifers under
the softwood scenario boosted conifer increment. Regen-
eration practices throughout the Swiss Plateau have shifted
from conifer planting and promotion toward the promotion
of the natural regeneration in the past 30 years (Departe-
ment Bau, Verkehr und Umwelt 2010). However, the
legacy of conifer promotion in the past is still reflected in
the measurements of the 3rd NFI that show higher conifer
proportion in trees >12 cm dbh in the Plateau relative to
the Jura (Table 1; Fig. 2).

The 25% higher timber harvest under the softwood sce-
nario in relation to BAU needs to be interpreted with the
limitation of the here employed modeling approach. The
MASSIMO inherent growth, mortality and regeneration
sub-models do not account for climate change (Thiirig et al.
2005). Hence, we likely overestimated growth and regen-
eration (i.e., sapling survival) and underestimated mortality
rates of tree species that are particularly susceptible to
projected changes in climate variables and disturbance
regimes (Seidl et al. 2011; Temperli et al. 2013; Zubler et al.
2014). Norway spruce is the most abundant of these species
due to past planting and promotion in Aargau, a canton
which is mainly outside spruce’s natural distribution range.
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Considering the low resistance of Norway spruce to pro-
jected extensions of drought periods, and the concomitant
growth reductions, mortality and pathogen (i.e., bark beetle)
infestations (Boden et al. 2014; Jakoby et al. 2016; Lév-
esque et al. 2013; Netherer et al. 2015), the course of the
softwood scenario in terms of increment and timber and
energy yield seems overly optimistic.

Our calculations suggest that energy yield could be
significantly increased by promoting conifers as under the
softwood scenario. However, it is highly unlikely that such
energy yields can be materialized. Timber prices are higher
for sawtimber (WaldSchweiz 2017; WaldSchweiz et al.
2016) and the low wood density and thus comparably low
energy content per volume make conifer wood inexpedient
for heat generation. Moreover, our calculations with
HeProMo suggested increasing harvesting costs as the
proportion of conifers increased. However, we assumed
harvesting methods to be constant over the simulation time.
Timber quality is of minor importance for the production of
energy wood. More economic harvesting methods may
thus be feasible if energy wood production is the main
management goal such that harvesting costs may actually
be lower than in our calculations.

In sum, the promotion of conifers, in particular spruce, in
conjunction with decreasing rotation lengths may increase
timber yield in the short term, yet at higher harvesting costs.
However, the risks associated with an increasingly warmer
and drier climate increase over time. Species distribution
and process-based forest succession modeling suggests that
toward the end of this century oaks (e.g., Quercus petraea
(Matt.) Liebl.) and other more drought-adapted tree species
gain in dominance at the expense of beech and especially
spruce in low-elevation central Europe (Dolos et al. 2016;
Hanewinkel et al. 2012; Mette et al. 2013). This is projected
to take place despite the large genetic adaptation potential
of beech with respect to climate change (Kramer et al. 2010;
Pluess et al. 2016). A management scenario that accounts
for these projected changes would aim for high alpha and
beta species diversity, so as to spread the risks associated
with climate change as broadly as possible (Morin et al.
2014; Pedro et al. 2014).

Short versus long-term timber yields
under the energy scenario

Relatively drastic growing stock reductions as simulated
under the energy scenarios strongly increased timber yields
over the BAU level until 2056. Thereafter, harvests drop-
ped below the BAU level with the drop being higher the
more the growing stock was reduced. The reduction in
timber harvest as compared to BAU between 2057 and
2106 was greater than what was gained with growing stock
reductions before 2056 in all variants of the energy and
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also the biodiversity scenarios. Hence, increasing timber
mobilization by way of growing stock reduction comes at
disproportionally large opportunity costs with respect to
future harvests. This result confirms previous studies that
found similar long-term increment and harvest reductions
in scenarios of timber harvests that exceed current incre-
ments (Hofer et al. 2011; Stadelmann et al. 2016). Hence,
our simulations suggest that extensive short-term timber
mobilization in the canton of Aargau and similar areas in
the Swiss Plateau and Jura entails substantial reductions in
increment and thus timber harvest in the long term.

Retention of habitat trees and timber harvests

The effects of tree retention on the population dynamics of
many forest dwelling taxa have been studied extensively
(Rosenvald and Lohmus 2008). However, only few studies
have attempted to quantify the effects on timber yield and
operational expenses. With a Hartman model approach,
Koskela et al. (2007) found that tree retention increases
socially optimal rotation ages and that the volume of
retained trees needs to be higher than what current man-
agement recommendations suggest. They conclude that
retention trees may cause additional costs for landowners.
Perhans et al. (2011) found reduced cost-effectiveness
when the conservation value was preferred over the eco-
nomic value or a combination of the two as a criterion in
the selection of tree retention patches, and Tikkanen et al.
(2012) found self-thinning (i.e., density-dependent mor-
tality) to be more cost-effective to promote dead wood than
tree retention despite a reduction by up to 20% of the net
present value of harvest revenues. Our study is in line with
these studies in exemplifying the trade-off between con-
servation oriented and economic management goals.

A study conducted in the municipal forests of the town
of Baden in the canton of Aargau estimated both the eco-
logical and economic value (net wood value) of PHT
(Niedermann-Meier et al. 2010). It concluded that retaining
more than ca. five habitat trees per ha—the often cited
minimum recommendation for central European beech
forests (Biitler et al. 2013)—Ieads to substantial financial
sacrifices. Thus, Niedermann-Meier et al. (2010) suggest
relaxing a fixed number-per-ha recommendation and
retaining trees of exceptional high ecological value (e.g.,
large oak standards in former coppice forests, wolf trees).
Because past management selected trees for a high market
but not necessarily ecological value, large trees currently
often lack microhabitats (Brindli 2010). From an ecolog-
ical perspective, it is thus particularly important that new
PHT are selected already in early stand development pha-
ses. Our study shows that retaining habitat trees not only
requires renouncing the financial income from potentially
valuable trees but also generates additional costs per m® of

harvested wood. While our assessments of the losses and
costs due to PHT retention seem small on a yearly and per
ha basis, they may be substantial when added up and
potentially discounted over decades and multiplied over
large spatial scales.

Continuous cover management

Continuous cover management was aimed at maintaining
current growing stocks in our simulations and did therefore
not increase timber mobilization. It was therefore outper-
formed in terms of short-term timber harvest by the soft-
wood and energy scenarios and by the biodiversity scenario
variant with 10 retained PHT ha~'. However, continuous
cover management yielded more timber than the most
moderate variants of the energy and the biodiversity sce-
narios in the long term. With long-term increments
decreasing under BAU and the softwood scenario being
risky due to climate change-induced disturbances, continu-
ous cover management may be the most sustainable scenario
with respect to timber harvest in the long term. Previous
studies on the economic performance of continuous cover
management systems in comparison with conventional
rotation forest management came to a similar conclusion.
While they found a high dependency on the assumed interest
rate (Hanewinkel 2001; Knoke 2009), it appears that con-
tinuous cover management is almost equally profitable if
environmental risks are factored in (Knoke 2012; Knoke and
Seifert 2008). Therefore, continuous cover management
should be preferred for ecological reasons and to minimize
disturbance risks (Tarp et al. 2005).

While our simulations of continuous cover management
with the non-spatial Massimo model did not account for the
size of cuttings (i.e., single-tree cutting vs. group selection
cutting), the inherent assumption of the scenario imple-
mentation was that cuttings are smaller in area than the NFI
sample plots (500 m?). To adapt forests in the Swiss Plateau
to projected future climates and disturbance regimes, the
promotion of a diverse species composition in the regen-
eration that also includes drought-adapted species such as
oaks is pivotal (Hanewinkel et al. 2012; Temperli et al.
2012; Thom et al. 2017). As saplings of oaks and many
other drought-adapted species need a lot of light to develop,
continuous cover management must be flexible and
embrace group selection and gap cuttings of 0.05-0.3 ha
(Brang et al. 2014).

Conclusions
We further developed the forest management scenario

model MASSIMO and applied it to simulate a variety of
operationally relevant timber mobilization scenarios for the
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canton of Aargau in the Swiss Plateau and Jura regions.
The simulations showed that by drastically reducing cur-
rent growing stocks and/or promoting fast growing conifers
such as spruce, timber harvest could be increased over
current levels for several decades. In our simulations,
increment decreased with decreasing growing stock and
increasing proportions of broadleaves, which suggests that
such increased levels of timber harvest cannot be sustained
in the long term (>2056). The large body of climate change
impact studies shows that climate change-enhanced
drought and disturbances limit the use of spruce to com-
pensate for decreased increments due to reduced growing
stock. Continuous cover management, in contrast, falls
short in boosting short-term timber yield, but outperforms
other scenarios in the long term. The currently high
growing stocks may have led to the notion that growing
stocks can be reduced without any significant effects on
increment. Our simulations indicate otherwise in showing a
strong trade-off over time with respect to increased timber
mobilization and are thus relevant for strategic forest
management decisions. We complemented previous
assessments of the ecological and net wood value of habitat
trees by quantifying the reduction in future timber harvest
and the increase in harvesting costs with every new
retained potential habitat tree. By illustrating and dis-
cussing the interactions and trade-offs associated with
production (softwood and energy) and biodiversity oriented
management scenarios, we provide indications for long-
term, regional forest management planning. Methodologi-
cal advances with respect to previous versions of MAS-
SIMO (Kaufmann 2011; Stadelmann et al. 2016) include
the possibility to simulate the retention of large PHT and a
new set of management scenarios. These advances may be
used to refine management scenarios for future regional
and national applications of a climate-sensitive version of
MASSIMO that is currently under development.

Further model development should implement the pos-
sibility to differentiate between tree species in the selection
of PHT. This would allow the definition of scenarios that
account for tree species-specific propensities to develop
microhabitats. The retention of large oaks and other
broadleaves may be more advantageous than the retention
of spruce trees that are less likely to provide the necessary
long-term stability for microhabitat development due to
increased susceptibility to climate change and disturbances
(Vuidot et al. 2011). Robust forest management decision-
making must account for more indicators than just those
related to timber production, growing stock and increment.
Hence, our approach could be enhanced by an economic
analysis that discounts future revenues using annuities
(Hanewinkel et al. 2012) and a set of indicators that
quantifies and evaluates forest biodiversity, recreation
services, water retention potential, carbon balance and the
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resistance and resilience against climate change and dis-
turbances (e.g., Kochli and Brang 2005; Mina et al. 2016;
Blattert et al. 2017). A more accurate understanding of the
synergies and trade-offs among such indicators may con-
tribute to finding political solutions for schemes to com-
pensate forest owners for expenses related to the provision
of non-market forest ecosystem services.
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