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ABSTRACT

Resilient ecosystems provide natural insurance value, or resilience value, to the landowner and to
society at large. In response to global calls for integrating biodiversity in sector policy and planning,
we analysed the specified resilience value by simulating three storm regimes and five management
scenarios: Business As Usual/BAU (spruce-dominance), Spruce Monoculture, More Broadleaves,
Continuous Cover Forestry (CCF), and No Thinnings. The forest decision support system Heureka
RegWise was used to simulate the effects of storms on forest dynamics and Net Present Value
(NPV). No Thinnings, CCF and More Broadleaves were more resilient to storms (reduced damage
cost) compared to BAU. BAU had the highest NPV only if storms are ignored, a common
assumption in today’s forest planning. Given storms, No Thinnings maximises NPV on landscape
level. On the 20% most vulnerable plots the NPV was much higher for No Thinnings and slightly
higher for CCF and More Broadleaves, compared to BAU. CCF and More Broadleaves also provide
nature-based solutions (co-benefits) including public goods. However, forestry adaptations to
storms are slow in Sweden, in contrast to e.g. German state forestry which emphasises maximising
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tree growth and resilience to several stresses and disturbances rather than NPV optimisation.

Introduction
The resilience value of ecosystems

The idea that resilient ecosystems offer humans a form of
insurance, a natural insurance value, can be traced back to
the ecology literature in the mid-1950s (Green et al. 2016).
This was later developed by empirical research revealing
that the earth’s life-supporting ecosystems indeed provide
functions critical to human wellbeing and resilience (e.g.
Ehrlich and Mooney 1983; Odum 1989; De Groot 1992;
Folke et al. 1996).

The Economics of Ecosystems and Biodiversity (TEEB)
defined insurance value of ecosystems as “the value of ensur-
ing that there is no regime shift in the ecosystem with irre-
versible negative consequences for human well-being”
(Pascual et al. 2010). However, insurance value is not
limited to regime shifts between alternative stable states or
trajectories but can be more generally defined as the value
of resilience, i.e. sustained production of ecosystem services
in the face of uncertainty, including enhancing options for
adaptations (Holling et al. 2002; Pascual et al. 2015; Hahn
et al. 2018). Such a conceptualisation is appropriate for
boreal forests which tends to regenerate after a disturbance
or clear-cutting rather than undergoing a regime shift.

Recently, it has been noted that the term “insurance value”
may be confusing in interdisciplinary discussions. “Insurance”

is a well-defined concept in economics and the value of insur-
ance is the subjective value of risk reduction for a risk averse
decision-maker. The original conceptualisation of the “insur-
ance value” and subsequent development presented above
have not been consistent with the literature on insurance
and financial economics; in particular, the degree of risk aver-
sion, i.e. the fundamental aspect of insurance, has not been
analysed (Baumgartner and Strunz 2014). Hence, there
seems to be two schools of insurance value: one more meta-
phorical that was developed by ecologists and one which is
consistent with insurance and financial economics. The
former focuses on the expected (objective) scientifically
assessed value of resilience, while the latter is a measure of
the subjective value of risk reduction, which is zero for risk
neutral persons (Baumgartner and Strunz 2014).

This study springs from the original ecological understand-
ing that resilient ecosystems provide insurance to human
societies. Besides the ability to persist disturbance (e.g.
storms), resilience of social-ecological systems also concern
learning, adaptation and regeneration (Folke 2006). To
avoid confusion we use the concept “resilience value”
(Vergano and Nunes 2007) which we operationalise as risk
reduction. The resilience value has nothing to do with subjec-
tive risk aversion, but is the expected increased present dis-
counted value accrued from reduced risk “due a unit
increase in the concurrent resilience stock” (Maler and Li
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2010, p. 717). In this study, the resilience stock is increased (or
decreased) by a change in management.

Empirical analysis of resilience typically focuses on
specified resilience in relation to specified kinds of disturb-
ances and shocks, which can be contrasted to general,
broad-spectrum resilience in relation to various kinds of
shocks, especially unexpected ones (Carpenter et al. 2012).
Our study is an operationalisation of the specified resilience
value concerning storm risks in forestry. Storms are a major
disturbances affecting European forests; they caused more
than half of the total damage to forest resources in Europe
during the last decades (Schelhaas et al. 2010).

Environmental policy integration is about halting the
drivers of biodiversity loss and climate change by addressing
policy inconsistencies (IPCC 2018). The Aichi Biodiversity
Targets clarified the goal that “biodiversity values have
been integrated into national (...) planning processes” (CBD
2013). Net Present Value (NPV) simulations and optimisation
are very common approaches informing European forestry
policy and planning (Yousefpour et al. 2012; Tahvonen and
Ramo 2016). Our approach to policy integration is to target
the forest policy implementation and planning, by internalis-
ing the risk of storm and management adaptations in NPV
calculations, which is rarely done today (Knoke et al. 2008;
Knoke et al. 2017a).

Operationalising resilience value on storm risk in
forestry

The resilience value in forestry has never been operationa-
lised in quantitative or monetary terms. Adaptations to
reduce storm damage in forests are expected to lower vulner-
ability, i.e. increase the specified resilience value. Boreal
forests are one of the dominant biomes on earth constituting
one-third of the world’s total forest area and almost half of
the world’s timber stock (Astrup et al. 2018). Sweden is one
of the largest provider of wood products to the global
market (SFI 2019). Boreal forests are not only important for
their vast timber resource but also for biodiversity, climate
regulation and other ecosystem services that are essential
for human wellbeing (Pan et al. 2011; Gauthier et al. 2015).

Climate change is one of the biggest challenges facing for-
estry and adapting to climate change is a pressing policy
concern (Seidl et al. 2017; Luyssaert et al. 2018). Of all forest
biomes, climate change projections suggest that the boreal
biome will face the largest increase in temperature of 3-5°C
by the end of the twenty-first century (Price et al. 2013). As
a result, the intensity and frequency of catastrophic
extreme weather events may increase with changing
climate, especially extreme storm events (Stott 2016; Bala-
guru et al. 2018).

The storms Kyrill (2007), Klaus (2009) and Vaia (2018) over
Germany were all more intense (wind speed) than Storm
Gudrun (2005) over Sweden but cannot match the forest
damage (cubic metres) of Storms Lothar (1999) and Gudrun,
which are the two most forest devastating storms in Europe
since Storm Vivian (1990)." The average intensity of the
most destructive storms has tripled since the 1990s in
Europe, resulting in vast damages to the forest growing

stock (Gregow et al. 2017). Notably, the Storms Vivien and
Lothar uprooted around 100 and 200 million m* of growing
stock, respectively (Hanewinkel et al. 2011). The European
net biome production was reduced by around 30% in the
aftermath of Storm Lothar (Lindroth et al. 2009). There is a
large consensus that for most European forests the impacts
of both periodic stresses (e.g. drought episodes) and disturb-
ances (e.g. storms, fires, insects outbreaks) are expected to
increase with climate change (Coll et al. 2018). For example,
increased winter precipitation and reduced frequency of
sub-zero winter temperatures due to climate change may
weaken tree anchorage and increase storm damage in the
future (Hanewinkel et al. 2011).

In Sweden, Storm Gudrun grounded more than 70 million
m? timber volume in 2005, a volume almost equal to the
normal national-level annual cut (Valinger et al. 2014).
Norway spruce (Picea abies (L.) Karst.) is the most common
tree species in Sweden constituting around half of the total
growing stock (SLU 2018). Most of the storm-felled trees in
the Storm Gudrun were Norway spruce, and the storm
damage led to a major bark beetle outbreak in the following
years (Valinger and Fridman 2011).

The net income of forest owners is reduced after a storm
event because parts of the trunks are broken and harvesting
costs per cubic metre increase (Szewczyk et al. 2014; Karha
et al. 2018). Storms also result in harvesting of trees at a
non-optimal time, entailing economic losses (Pukkala et al.
2016). Economic losses may increase further due to an
increased risk for bark beetle attacks after storms (Eriksson
et al. 2005; Pkland et al. 2016).

Factors increasing the risk for storm damage include late
thinning, increased tree height, increasing proportions of
spruce and mature even-aged stands; however, vulnerability
may also increase during the conversion phase from even to
uneven-aged forests (Gardiner 2013). Spruce monocultures
are particularly vulnerable to storm disturbances (Schelhaas
et al. 2010) while deciduous trees are considered less
storm-sensitive as most storms in northern Europe occur
during winter (Schindler et al. 2016). Nature-based solutions
therefore focus on these factors. Nature-based solutions
and similar concepts (ecosystem-based adaptation and eco-
system-based disaster risk reduction) are management prac-
tices that promote the maintenance, enhancement, and
restoration of ecosystems as a means to address multiple con-
cerns simultaneously (Kabisch et al. 2016). Management
adaptations resulting in more storm-resilient forests include
a mix of site-adapted tree species, avoiding late thinnings,
and conversion into uneven-aged forests (Continuous-cover
forestry, CCF) (Holecy and Hanewinkel 2006; Hanewinkel
et al. 2014). Forest owners can thus influence the vulnerability
to storm by adapting their management.

Despite projected risks and recent experience, neither
forest companies nor private forest owners in the Nordic
countries have paid much attention to climate change adap-
tation, not even in the aftermath of Storm Gudrun (Lidskog
and Sjodin 2014; Andersson et al. 2018). This is because
forest owners in Southern Sweden have developed local
knowledge on spruce management and perceive changing
to other tree species as increasing the risk of grazing



damage by moose (Alces alces L.) and roe deer (Capreolus
capreolus L.) (Valinger et al. 2019). Swedish forestry thereby
differs from e.g. German forestry, where managing for stand
resilience in general, and adaptations to storm in particular,
have been institutionalised (Govt of Germany 2016). For
example, the proportion of forests managed as CCF is less
than one per cent in Sweden and about 30 per cent in
Germany (Mason et al. 2021).

From this theoretical framework on resilience value and
policy integration, as well as the empirical problem on
storm damage risks to forestry, we analyse the financial
costs and benefits for the forest owner of adapting forest
management to become more resilient to storms. The
overall aim is to facilitate policy integration by illustrating
the trade-offs for the forest owner, in monetary terms,
between the resilience value (reduced risks for storm
damage) and reduced expected NPV. Specifically, we
answer the following questions, recognising the different
decision contexts for large forest companies (mainly con-
cerned about average effects for the total area) on the one
hand, and small, private forest owners on the other:

(i) What is the average opportunity cost and specified resi-
lience value of alternative forest management scenarios
given different storm regimes?

(i) Are the effects of management adaptations different on
the most vulnerable individual forest stands compared to
the average stand?

Methods
Methodological approach

We take a pragmatic approach where the management
choice is either business as usual (BAU) with high expected
NPV in the absence of storms but high expected storm
damage risk; or an alternative forest management which
may reduce the storm damage risk at the expense of
lower expected NPV. This is a realistic choice situation
since forestry adaptations to storms, e.g. mixed-species for-
estry, have been shown to reduce storm damage risks at
the expense of profitability, i.e. reduce both expected
income and its standard deviation (Knoke et al. 2017a).
Hence a trade-off between profitability and resilience can
be expected.

The monetary expression of the resilience value in this
study is intended to be an illustration only, not capturing
the huge uncertainty involved in these estimations and
not assuming that the resilience value can easily be substi-
tuted for, just because it is expressed in monetary terms.
Profitability is estimated only for the private forest owner,
although nature-based solutions typically generate co-
benefits as a mix of private and public good (Paavola and
Primmer 2019).

In empirical work risk reduction is often used as a proxy
for resilience but there is no agreement on how risk
reduction is defined or how it is measured (Dallimer et al.
2020). In this study we define the specified resilience
value as the expected risk reduction (reduced damage
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cost) for the private owner provided by an alternative man-
agement compared to the risk in BAU (Equation 1). We also
calculate the opportunity cost, i.e. the loss in expected NPV
for the alternative management for each storm regime
(Equation 2). Rather than assigning probabilities, we use
three storm regimes to make decisions under uncertainty
explicit, i.e. the subjective weighting of opportunity costs
and risk reduction.

SRV = DCpi—DCgau (1

SRV = Specified resilience value; DCy = Damage cost under
Alternative management; DCgpy = Damage cost under BAU:
Damage cost is defined, for each management scenario, as
(NPV for one of the storm regimes — NPV for No storm).?

OCaits = NPVa—NPVgay )]

OChpyiss = Opportunity cost for alternative management
under each storm regime; NPV, = NPV for alternative man-
agement; NPVgay = NPV for BAU.

Whereas the opportunity cost (forgone net benefit) con-
cerns the overall private profitability, resilience value only
measures risk exposure, in terms of reduced expected
damage cost. The damage cost is included in the opportunity
cost. Future storms are difficult to project. For example, forest
damage has increased by a factor of five in Germany in recent
years, from 8 million m*/year (2011-2017), to 39 million m?/
year (2018-2019), mainly due to bark beetles and storms (Sta-
tistisches Bundesamt Deutschland 2020). Therefore, the
genuine uncertainty facing forest owners cannot be
reduced to conventional risk calculations, by predicting
storm damage and assigning probabilities (Nikinmaa et al.
2020). Hence, risk aversion is not calculated in this study
but addressed in a disaggregated and transparent way by
the subjective weighting: the trade-off between the opportu-
nity cost and the resilience value.

Study region

The study region, Jonkdping County (Figure 1), is located in
southern Sweden, where current management practices
favour the plantation of Norway spruce. This area is expected
to be at risk from storm damage given its historic storm
regime. The managed, productive forest land in Jonkdping
County is 624,000 ha but here we focused on the
380,000 ha of managed spruce-dominated productive
forest, represented by 670 plots (radius 7-10 m) from the
National Forest Inventory (NFI) (Fridman et al. 2014). This
area excludes nature reserves, voluntary set-asides and reten-
tion patches. Our simulations started from the state of the
forests in 2010. We simulated forest dynamics, using
different management scenarios and storm regimes, for 100
years into the future, divided into 20 five-year time steps.

Simulation approach and software

We used the Heureka RegWise model version 2.12.0.1 to
simulate the scenarios. RegWise is a simulation model
especially suited for impact analysis on a national or sub-
national level (Wikstrém et al. 2011). The central drivers of
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Figure 1. Map of counties in Sweden with the Jonkdping county shown in grey, and initial age class distribution (area and volume) of managed, spruce-dominated

plots.

the Heureka system are empirical growth and yield models,
mainly developed using data from the NFI and applicable
for the dominant Swedish tree species. The models are appli-
cable also for mixed species plots and have been shown to
provide reliable growth predictions for up to 100 years
(Fahlvik et al. 2014). The growth models are complemented
by models regulating, inter alia, natural mortality (Fridman
and Stahl 2001), in-growth (Wikberg 2004), and the prob-
ability of silvicultural activities being undertaken.

The phenomenological windthrow model implemented in
Heureka RegWise was parameterised based on a mechanistic
model (Lagergren et al. 2012). In Heureka RegWise, the user
determines the year and intensity of storms in advance. For
an in depth description of the storm module, see SI-B. After
a storm event, the whole forest plot is final felled (clear-cut)
if the storm felling in the plot exceeds 35% of the standing

volume. If the storm felling is below 35%, only the storm-
felled proportion is extracted during a subsequent thinning.
Around 8% of the storm-felled volume is left in the plot as
deadwood. The storm-felled volume in future storms
depends partly on the wind-load calculated from historic
storms and partly on the forest state at the time when a
storm takes place. Based on Szewczyk et al. (2014), we
assume that the cost of harvesting after a storm doubles
per cubic metre, compared to a normal final felling or thin-
ning. This cost estimation includes potential price deductions
for damaged timber.

Three storm regimes

We used three storm regimes (Figure 2): No storm, Historic
storm and 30% Increased storm intensity. There were nine
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Figure 2. Schematic illustration of forest management scenarios and storm regimes simulated for the spruce forest of Jonkdping county 2010-2110.

storm events of various intensity recorded in Jonkdping
county during 1953-2012 (60 years), and for Historic storm
we replicated their intensity and frequency for the years
2011-2110 (Figure SI-1). In Increased storm intensity, fre-
quency is identical to Historic storm regime but the intensity
of each storm is increased by 30%.

These three storm scenarios were appropriate to answer
our research questions on specified resilience value,
although future storm frequency and intensity are highly
uncertain. As storms are one of the most damaging
natural disasters in general, there is a very large interest
in predicting their future trends. However, projecting the
future trends of stochastic extreme weather events is
highly uncertain, especially under changing climate (Rum-
mukainen 2012). Reviews of global and regional climate
simulations conclude that the storm intensity may increase
in the future, but could not find a common trend in the
storm frequency (Feser et al. 2015; Molter et al. 2016).
Moreover, very few of those studies (eight out of 82)
focus on the Scandinavian/Baltic region, and the majority
indicate an increased storm intensity but reduced fre-
quency (Feser et al. 2015; Belusic et al. 2019). Therefore,
we decided not to include a scenario with different storm
frequency, or a combination of different storm frequency
and intensity. Typically, the studies above assumed future
storm intensity to increase by 30%, which is why we
choose this value. Note though also that the average inten-
sity of the most destructive storms in Europe has tripled
since the 1990s (Gregow et al. 2017), so 30% is probably
conservative. This serves as an illustration to calculate resi-
lience value; projections on how forestry responds to
climate change are outside the scope of this paper
because monetary (NPV) calculations can hardly capture
the complexity and uncertainty of climate change. The
study illustrates how NPV and resilience value change
with different management adaptations, when simple and

clear assumptions about storms are accounted for in the
standard planning tools.

Five management scenarios

We simulated five scenarios varying the management of the
spruce-dominated plots (Table 1, for definitions of spruce-
dominated, see SI-A). The Business as usual (BAU) scenario is
based on the national scenario simulation work conducted
by the Swedish Forest Agency (Claesson et al. 2015). In this
scenario, spruce-dominated plots are mainly regenerated
using planting, with natural regeneration being applied on
about 12% of the area. The share of broadleaves retained
after cleanings (pre-commercial thinnings) and thinnings is
between 10 and 20%. After cleanings, one or two thinnings
are made. The minimum final felling age depends on site
type, in Jonkoping ranging from 45 years for the most pro-
ductive sites, to 90 years for the least productive sites. A
plot reaching the minimum final felling age is not necessarily
final-felled immediately. Instead, priority functions determine
which plots are harvested.

The other four management scenarios constituted adap-
tations of the BAU scenario (Table 1). First, in the Spruce
Monoculture scenario, spruce-dominated plots were regener-
ated exclusively by planting, and no broadleaves were
retained in cleanings and thinnings. Second, in the More
Broadleaves scenario, we adapted cleanings and thinnings
to increase the admixture of broadleaves to 40%. We also
reduced the planting density of spruce by about 20%.
Third, in the Continuous Cover Forestry (CCF) scenario, all
spruce-dominated plots were managed by a series of selec-
tion fellings without a clear-cut phase. The minimum time
between two selection fellings was 20 years. In a selection
felling, 20-40% of the standing volume was removed,
mainly the biggest trees (thinning from above). The
minimum diameter of cut trees was 8cm. A function
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Table 1. The five management scenarios simulated for the spruce-dominated forest of the study Jonkoping County.

Spruce
BAU Monoculture More Broadleaves CCF No Thinnings

Planting vs. Natural regeneration Mainly (88%) 100% plantation As in BAU, but 20% lower n.a. As in BAU

planting planting density
Cleanings Yes Yes Yes n.a. Yes
Commercial thinnings Yes Yes Yes Yes (selection No

fellings)
Percentage of broadleaves after cleanings 15% 0% 40% At least 15% 15%
Percentage of broadleaves after thinnings/ 10% (private) 0% 40% 20% n.a.
selection fellings 20% other forest

owners
Minimum final felling age According to Acc. to legislation Acc. to legislation n.a. Acc. to

legislation legislation

defined the target volume after selection felling. The cost
function was the same as in thinnings. Fourth, the No Thin-
nings scenario was the same as BAU for the first 25-30 years
after regeneration, including cleanings, but thereafter no
thinnings were applied.

We simulated the dynamics and development of the
forest under each management scenario and storm
regime for 100 years, divided into 20 five-year periods.
Since the starting point was the actual forests plots in
2010, the five management scenarios were identical until
the first thinning or harvest was conducted. By the time
of the most severe storm, simulated to occur during the
11th period, after 50-55 years (Figure SI-1), most plots
had been shaped by the new managements simulated.
Due to some stochasticity in the forest management and
storm simulations (regarding when a management inter-
vention occurs and exactly which plots are hit by a
storm), we repeated each management scenario and
storm regime combination three times and calculated the
average. Since the results of these three replicates were
very similar (the timing of the storms was not changed),
we deemed that adding more replicates was not necessary.
Financial effects were calculated as NPV, i.e. the sum of dis-
counted revenues minus costs, for the 100 year simulation
period. Acknowledging that there is no correct discount
rate for simulations of climate change (Pindyck 2017), we
used a relatively low discount rate (1.5%) assuming a
high future value of natural capital (Sterner and Persson
2008; Knoke et al. 2017b).

Two spatial scales of analysis

The simulations described above were conducted for all the
670 plots representing 380,000 ha of managed spruce-domi-
nated productive forest. Additionally, we analysed the effects
of storm on NPV and resilience value for all management
scenarios on the individual plots hit by the most severe
storm under the BAU scenario and historic storm regime.
This aimed to illustrate the worst-case scenario for an individ-
ual forest owner rather than NPV for an average forest stand
in the whole study region (corresponding to the second
research question above). The rationale is to address risk aver-
sive individuals, which has often been ignored in the litera-
ture on ecosystems' insurance or resilience value
(Baumgadrtner and Strunz 2014).

The most severe storm occurred after 50-55 years of simu-
lation, and mimics the severity of the storm Gudrun that took
place in 2005. Specifically, we first calculated, for each man-
agement scenario, the proportion of all 670 plots that was
hit by this storm (in any of the three repeated simulations).
Under the BAU Historic storm regime, 136 plots (20.3% of
all 670 plots) were hit either considerably or moderately by
that storm and henceforth we refer to these plots as being
most vulnerable. In reality, it is difficult to know which
forest stands are most vulnerable. It depends partly on the
age and whether it was recently thinned.

Results
Simulations on the total forest area (all plots)

The BAU scenario, which represents the current manage-
ment, provided the highest NPV only under the no storm
regime (Figure 3(a)). For Spruce Monoculture, the NPV was
reduced considerably under the historic storm regime and
it had the lowest NPV of all management scenarios given
increased storm intensity.

The No Thinning scenario had the highest NPV under both
the historic and increased storm intensity, indicating that
adapting thinning practices is the most profitable strategy
to minimise storm damage. More Broadleaves resulted in
lower revenues since broadleaves in Sweden are mainly
used for pulp and firewood, which are lower priced than con-
ifers used for sawn timber. CCF is less profitable than BAU as it
results in lower growth and thus lower wood production on
average, partly due to natural regeneration and non-bred
material (instead of planting seedlings with higher growth
rate) (Lundmark et al. 2016).

The NPV of More Broadleaves and CCF was much lower
than BAU if we abstract from storms but this difference
decreased when storms were accounted for. The opposite
was observed for Spruce Monoculture: the disadvantage
compared to BAU increased with storm (Figure 3(b)).

Relative to BAU, the damage cost of storm was lowest for
No Thinnings and CCF (Figure 4). In other words, the specified
resilience value was highest for these two management scen-
arios. For CCF, this is because the NPV for No storm was very
low, resulting in very low storm damage cost.

Note that for all management scenarios except for CCF, a
similar proportion of the forest - around 50% - was older
than 40 years and thus susceptible to storms in 2050, right
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Figure 4. Opportunity cost (difference in NPV) and resilience value compared to BAU for all 670 plots.

before the Gudrun-like storm (Figure 5). In No Thinning,
forests get very dense and are therefore felled earlier than
when thinnings are done.

Simulations on the most vulnerable forest land
(subset of plots)

The BAU simulation for Historical storm regime resulted in
136 plots being hit by the most severe storm. This storm
affected 84 plots considerably, requiring final felling, and 52
plots moderately, requiring thinning. Altogether 136 of 670
plots (20.3%) were affected by the most severe storm under
BAU. An even larger proportion of Spruce Monoculture was
affected by the most severe storm while the other manage-
ment scenarios were more robust area-wise (Figure 6). As
expected, as storm intensity increases the proportion of the

damaged forests area also increases, for all management
scenarios.

The damage cost per hectare increased for all manage-
ment scenarios when focusing on the most vulnerable
plots. Spruce Monoculture experienced over 50% losses in
NPV for the Increased storm intensity regime while No Thin-
nings, CCF and More Broadleaves had relatively less
damage than BAU, resulting in a higher NPV compared to
BAU under both historic and increased storm regimes
(Figure 7).

For the most vulnerable forest plots, all management
alternatives except Spruce Monoculture were more profitable
(higher NPV) than BAU when storms were accounted for. No
Thinnings, CCF and, to some extent, also More Broadleaves
showed very high resilience value, between 1,800 and 5,000
Euros/ha (Figure 8), which is much higher than for the
average area of Jonkoping, the 670 plots (Figure 4). Again,
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in the case of CCF, the high resilience value mainly resulted
from a low NPV, under the No storm regime.

Discussion
No thinning - pros and cons

Based on the assumption in our simulations, No Thinnings
and CCF have the highest specified resilience value and
are therefore most effective for forest owners who want
to minimise the damage cost of storm. Since newly
thinned spruce forests are very susceptible to storm, man-
agement without commercial thinnings reduces the
damage risk from storms. No Thinnings has also the
highest profitability given storms, which is supported by
Subramanian et al. (2016). These results are the same
whether we take a landscape perspective (relevant to
forest companies and the government) or focus on individ-
ual vulnerable forest stands (relevant to small risk averse
private owners). Since CCF is very unusual in Sweden, the
empirical data for modelling CCF is limited, and the
results for the CCF scenario are more uncertain compared
to the other scenarios that are based on conventional
even-aged management methods (Lundmark et al. 2016).
This might explain the low NPV of CCF.

Our results should be interpreted with caution since we
only investigated the financial effects for the forest owners
of one disturbance. For example, No thinnings has several
drawbacks and is not recommended by the Swedish Forest
Agency (Agestam 2015). Compared with BAU, it reduces the
rotation period (Figure 5) resulting in less old trees. No thin-
nings result in dense forests which decreases the supply of
lichens for reindeer forage (Strengbom et al. 2018), the attrac-
tiveness for recreation and the supply of other ecosystem ser-
vices (Gundersen and Frivold 2008; Eggers et al. 2018).
Increasingly denser forests also result in forest species
becoming red-listed, although clearcutting is the main
cause (SLU 2020).
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Mixed forests and CCF provide co-benefits

Our results on More Broadleaves indicate reduced damage
(higher resilience value) compared to BAU but at the
expense of lower economic returns on average land. This is
supported by Knoke et al. (2017a). However, for the analysis
of the 20% most vulnerable plots the NPV was slightly
higher for More Broadleaves and CCF compared to BAU.
Therefore, risk averse forest owners have private economic
reasons to consider mixed forests and CCF, either if they
focus on reduced expected damage cost or if they want to
maximise the outcome if hit by a storm, i.e. Rawlsian
maximin strategy (Rawls 1974). From a societal perspective,
there are several studies reporting higher levels of biodiver-
sity and multiple ecosystem services (e.g. recreation, berries
and fodder for wildlife that is hunted) in mixed forests (Gam-
feldt et al. 2013), if correctly mixed (Jonsson et al. 2019).
Mixed forests and CCF are also likely to be more resilient to
pest outbreaks than BAU (Felton et al. 2016; Tahvonen and
Ra@mo 2016). Broadleaves further enhance surface albedo
and therefore reduce global warming (Astrup et al. 2018).

In related studies, transformation to CCF and mixed forests
has been regarded as a natural insurance or nature-based sol-
utions. First, these management systems increase the
specified resilience value by reducing the damage cost of
storms for the private forest owner and, second, they
enhance public goods in terms of other ecosystem services
and biodiversity (Felton et al. 2016; Knoke et al. 2017a;
Jonsson et al. 2019). Nature-based solutions’ co-benefits for
society provide arguments to incentivise forest owners to
adopt more resilient forest management (Eyvindson et al.
2021) with a mix of policy tools including legislation, like in
Germany (Borrass et al. 2017), and payments for ecosystem
services (Pascual et al. 2015; Riguelle et al. 2016; Paavola
and Primmer 2019).

Slow adaptation in Sweden compared to Germany

The adoption of mixed-species forestry and CCF has been
very slow in Sweden (Lidskog and Sjédin 2014; Andersson

et al. 2018) even though our results indicate similar profitabil-
ity on vulnerable land. The Swedish Forest Agency supports
mixed forests on vulnerable forest land and other adaptations
to enhance resilience (Skogsstyrelsen 2019) but spruce
remains dominant since the storm risk is typically ignored
in NPV calculations.

This is in contrast to Germany where state-owned forests
have been gradually converted from spruce-dominated
clear-cutting management to a combination of mixed tree
species and CCF systems since the 1980s, in order to enrich
the structure, improve recreation value, and increase
general resilience to several stresses and disturbances (Fich-
tenrichtlinie 2009). These ecological and social values are
difficult to account for in NPV calculations but German
forest owners emphasise maximising and stabilising tree
growth rather than NPV optimisation (Brukas and Weber
2009).

Some factors may explain the conversion of German forest
management. First, Germany experienced huge damage
costs from acid rain in the 1970s, which created a collective
awareness of vulnerability. Second, clear-cuts, if not prohib-
ited, are maximally 1-2 hectares in size according to the
federal nature protection law and in Bavaria also according
to the forest state law (Foerst et al. 2018). Third, forest state
laws expliticly prohibit any reduction in the forest resilience
against storms (Burschel and Huss 1997; Foerst et al. 2018).
Legislation and experiences of alternative management,
especially in state owned forests, have thereby served as
examples also to private forest owners on how to account
for resilience and what the effects of management adap-
tations are.

Limitations of the study

The occurrence of future storms was simulated as a recurring
historical pattern, with a major storm occurring after 50-55
years. Given the uneven age class structure in the input
data, the proportion of forest susceptible to wind damage
fluctuates over time (Figure 5), which may bias our results
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to some extent. However, the scope of the study was not to
make an exhaustive, fully generalisable study of future
storm risks for Nordic forests, but to explore and illustrate
opportunity costs and resilience value of different manage-
ment scenarios.

We did not include all future impacts of climate change on
forest dynamics and management in our simulations, as no
forestry decision support system enables that, although
some models allow for more complex interaction of disturb-
ances projected by climate change (Seidl et al. 2014). For
example, we did not include effects of increased tree
growth that further leads to increased storm fellings as tree
height is a key variable determining the wood volume
felled (see SI-B) by storms. Adverse effects of future drought
episodes that can reduce the tree growth in future are also
not considered here. However, another recent study using a
similar methodology and assuming climate-change induced
increased tree growth and accounting for the effect of
future drought episodes came to similar conclusions, specifi-
cally that no thinning is, in purely financial terms, the best
adaptation option to storms (Subramanian et al. 2019). More-
over, large wind fellings are often followed by bark-beetle
infestations, as not all wind-felled trees can be salvage-
logged in time and this damage may increase with a
warmer climate (Seidl et al. 2017). Our simulations did not
account for that. We nevertheless believe that minimising
the risk for storm felling through adaptive management is
likely to also decrease the risk for large-scale bark beetle infes-
tations (Jactel and Brockerhoff 2007).

Our forestry and hence NPV simulation tool, Heureka
RegWise, allows investigating effects of storms on existing
forest stands. However, the standard planning approach is
NPV optimisation based on linear programming (Nilsson
et al. 2013), which makes it difficult to directly account for sto-
chastic events such as storms. While several studies have
explored ways to include disturbances in forest planning
(e.g. Lépez-Andujar Fustel forthcoming), disturbances are
not yet routinely included in decision support systems for
forest management (Pasalodos-Tato et al. 2013; Orazio et al.
2017). Our simulations present one approach to overcome
the common shortcoming of ignoring storms in NPV-
calculations.

NPV and monetary calculation

Monetary (NPV) simulations are not ideal for analysing adap-
tations and resilience. First, although simulations can stretch
over centuries, NPV calculations have been criticised for not
being dynamic in the sense of learning and revising manage-
ment based on previous periods (Knoke 2017). Therefore, the
expected storm damage over the forest cycle has to be fac-
tored in ex ante based on pre-conceived assumptions on
management adaptations, not allowing any further manage-
ment adaptations. Second, analysis in monetary terms (NPV)
has also been criticised for reducing uncertainty to risk calcu-
lations (Pascual et al. 2010). Nevertheless, our methodological
approach suggests that monetary (NPV) analysis of social-
ecological resilience may be helpful for decision-makers if
four conditions are met: the distinction between general

and specified resilience is clarified; ecological causes of resili-
ence and vulnerability are addressed; co-benefits are empha-
sised; and the monetary analysis uses the same framework as
the ordinary sector planning, to facilitate policy integration.

Conclusion

The specified resilience value is operationalised, in this study
from Southern Sweden, as reduced damage cost of storm in
an alternative management scenario compared to BAU. The
aim to facilitate policy integration by illustrating the
tradeoffs for the forest owner, in monetary terms, between
the resilience value (reduced risks for storm damage) and
reduced expected NPV. Mixed forests and CCF produce co-
benefits to society and are therefore nature-based solutions.
As expected they increase specified resilience at the expense
of private profitability (NPV) at landscape level. However, on
the most vulnerable forest stands, mixed forests and CCF
are more profitable for the individual forest owner than
BAU, when storms are accounted for. This suggests that risk
averse forest owners have incentives to adapt their manage-
ment from BAU to mixed forests or CCF. Our results also
suggest that management with no commercial thinnings
generates very high NPV and also reduces storm damage
costs more than the other scenarios. However, management
with no thinnings is not a nature-based solution (no large co-
benefits).

Adaptations to mixed forests or CCF are rare although they
are welcomed by the Swedish Forest Agency. We describe the
German context as a contrast to the slow adaptation in
Sweden. Two differences were identified. First, German for-
estry emphasises maximising and stabilising tree growth
rather than NPV optimisation. Second, managing for stand
resilience in general, and adaptations to reduce storm
damage in particular, have been institutionalised in
Germany, not only recommended.

Our simulation provides a pedagogic example of environ-
mental policy integration in the forest sector by including the
effects of one disturbance, storm, in the dominant planning
approach. More disturbances and more ecosystem services
need to be addressed to fully account for the general resili-
ence value of forest ecosystems.

Notes

1. https://www.europeandatajournalism.eu/eng/News/Data-news/
Forests-of-Europe-a-stormy-future.

2. For example: SRV (storm+30%)ccr = (NPV storm + 30% - NPV No
storm)ccg - (NPV  storm +30% - NPV No storm)gay =(10,260-
10,810) - (10,940-13,200) = 1710 Euro/ha.
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