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Abstract

Landscape multifunctionality, a widely accepted challenge for boreal forests, aims to simultaneously provide timber, non-
timber ecosystem services, and shelter for biodiversity. However, multifunctionality requires the use of novel forest man-
agement regimes optimally combined over the landscape, and an increased share of sets asides. It remains unclear how this
combination will shape stand vulnerability to wind disturbances and exposed timber volume. We combined forest growth
simulations and multi-objective optimization to create alternative landscape level forest management scenarios. Manage-
ment choices were restricted to 1) rotation forestry, 2) continuous cover forestry, and 3) all regimes allowed over a harvest
intensity gradient from completely set aside landscapes to maximal economic gain. Estimates for the stands’ structural and
environmental characteristics were used to predict the stand level wind damage probability. We evaluated averaged wind-
exposed standing timber volume and changing forest structure under management scenarios. Intensive rotation forestry
reduced tree heights and wind damage risk, but also reduced landscape multifunctionality. Conversely, continuous cover
forestry maintained multifunctionality but increased wind damage probability due to taller trees and higher thinning fre-
quency. Overall, continuous cover forestry lowers the total volume of wind exposed timber at any given time compared with
rotation forestry. Nevertheless, a selective application of rotation forestry contributes to high economic gains and increases
landscape heterogeneity. A combination of management approaches across landscapes provides an efficient way to reduce
the amount of wind-exposed timber volume while also increasing habitat for vertebrate and non-vertebrate species and
satisfying high timber demands.
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Introduction

Managing boreal forest landscapes for multifunctionality
promotes the provision of a wide set of ecosystem services
and increases forest biodiversity (Eyvindson et al. 2018;
Holting et al. 2020; Larsson Ekstrom et al. 2021). Com-
pared with conventional, timber-oriented management,
multifunctional management requires the development
of novel management methods, and their diversification
over the landscapes as well as inclusion of set asides for
conservation purposes (Pohjanmies et al. 2017; Trivifio
et al. 2017; Monkkonen et al. 2018; Eyvindson et al.
2021). European boreal forests have been managed for
centuries, with steadily increasing harvesting rates (Monk-
konen et al. 2018), negatively affecting forest biodiversity
and deadwood volume (Vanha-Majamaa et al. 2007). To
balance timber demands with non-timber forest values, a
shift in management and planning is required. It remains
poorly understood how such diversified management of
forest landscapes will affect stand vulnerability to forest
disturbances, reflecting economic risks in timber supply
and quality in production forests.

Multifunctional management prioritizes a balance
between conflicting objectives (Monkkonen et al. 2018;
Eyvindson et al. 2021) and between different stakeholders
preferences (Holting et al. 2019) over the landscape. In
Finland, the challenge to simultaneously provide several
conflicting benefits is widely accepted, as forests provide
many societally important goods and services (Miina et al.
2016; Monkkonen et al. 2018; FMAF 2019; Pohjanmies
et al. 2021). This includes, e.g., recreation, non-woody
ecosystem services, carbon storage, and suitable habitats
for forest dwelling species (Eyvindson et al. 2021). To
balance between the conflicting societal demands and bio-
diversity, several initiatives for changes in forest manage-
ment have recently emerged. One alternative is to replace
traditional rotation forestry with continuous cover forestry,
because of the overall negative effects of the former on
biodiversity and ecosystem services (Pukkala 2016; Peura
et al. 2018). Another alternative is to increase green tree
retention at final harvest (Kuuluvainen et al. 2019; Gustaf-
sson et al. 2020), or to extend rotation length to improve
forest carbon stocks and features important for biodiversity
(Trivifio et al. 2017). Yet, a single management type can-
not satisfy all of the conflicting objectives simultaneously
at the stand level. Instead, landscape-level diversification
of forest management is required (Pohjanmies et al. 2017).
According to Eyvindson et al. (2021), Finnish landscapes
should be dominated by continuous cover forestry, com-
bined with a relatively low share of intensive rotation
forestry (10-25%) and complemented with set asides to
maximize forest multifunctionality. Implementation of
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diversified management at the landscape scale will affect
harvest scheduling, clear-cut sizes, differences in tree
heights between neighboring actively managed stands
and set asides, and frequency of thinning over the long-
term. All of these changes have important implications for
wind damage risk (Peltola et al. 1999b; Venilidinen et al.
2004; Heinonen et al. 2009; Zeng et al. 2010; Zubizarreta-
Gerendiain et al. 2016).

Wind damage is one of the most important disturbance
agents for forest management. Climate change will likely
further amplify its impact due to the increasing frequency of
strong winds (Nikulin et al. 2011), increasing growing stock
(Seidl et al. 2011), and shortening of the frozen soil period
resulting in lowered tree ground anchorage during the windi-
est time of the year (Peltola et al. 2010; Vendldinen et al.
2020). Several forest structural characteristics shape wind
damage probability at the tree and stand level. At the single
tree level, wind damage probability increases with tree size
and increasing wind loads (Hale et al. 2012, 2015). A mech-
anistic understanding about the wind load and individual
tree resistance to wind allows for the prediction the critical
wind speed at which an ‘average tree’ in a stand uproots
or breaks (Peltola et al. 1999b; Gardiner et al. 2008). The
important tree-level factors are the tree’s diameter, height,
and species (Peltola et al. 1999a; Gardiner et al. 2000),
where Norway spruce (Picea abies (L.) H. Karst) is the
most wind-vulnerable tree species in Finland (Peltola et al.
1999b; Zeng et al. 2010). Locatelli et al. (2017) found that
tree height, stocking density, stem diameter and the size of
any upwind gap to be the key factors controlling risk in the
model. At the stand level, wind damage probability increases
with greater basal area and stand density (Diaz-Yafiez et al.
2019), with proximity to recently thinned stands or clear
cuts (Zeng 2006), and a presence of upwind gap (Locatelli
et al. 2017). Wind damage is often located near stand edges
compared to the stand interior (Zubizarreta-Gerendiain et al.
2012). Therefore, to reduce wind damage risk over the land-
scape, forest management should aim to minimize the stand
height heterogeneity between neighboring stands (Heinonen
et al. 2009; Zubizarreta-Gerendiain et al. 2016), omit exten-
sive clear-cuts (Zeng et al. 2007) and increase the structural
diversity within the stand (Pukkala et al. 2016; Jactel et al.
2017). In addition, forest vulnerability to wind depends on
specific site conditions such as soil type, depth, and fertility
affecting tree anchorage potential (Day 1950; Gardiner et al.
2008; Gregow 2013).

For stands under even-aged rotation forestry, wind dam-
age risk increases due to the increased forest fragmentation
following final cuts and heavy thinning (Zeng et al. 2007,
2010; Zubizarreta-Gerendiain et al. 2012, 2016), and due to
height heterogeneity between neighboring stands (Heinonen
et al. 2009). On the other hand, shortening of the rotation
length and harvesting younger trees can reduce overall
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wind damage probability (Kellomiki 2017), but conflicts
with biodiversity (Roberge et al. 2016). Continuous cover
forestry with the selective harvests of individual trees in an
uneven-aged stand can reduce overall wind damage (Pukkala
et al. 2016). However, continuous cover forestry will likely
require higher thinning frequency per stand than in rotation
forestry (minimal length of 15 years between two consecu-
tive thinning, Aijili et al. 2014), and recent thinnings gener-
ally increase the wind damage risk to remaining trees and in
neighboring stands (Zeng et al. 2010; Pukkala et al. 2016;
Duperat et al. 2020). This effect seems consistent across
thinning approaches, but varies in magnitude depending on
the stand management history. For example, Pukkala et al.
(2016) found that thinning from above (selectively harvest-
ing the tallest trees in the stand) in uneven-aged stands was
less risky than thinning from below in even-aged stands.
Overall, thinning from below (removing of the smaller trees
and maintaining the canopy trees) had the highest increase
in wind damage risk from all thinning types (Pukkala et al.
2016). In contrast, in balsam fir stands in Canada, thin-
ning from above increased vulnerability to wind damage
and reduced overall stand stability more than thinning from
below (Duperat et al. 2020). Therefore, thinning generally
appears to increase wind damage risk, but the magnitude of
the effect remains unclear and depends on details and stand
management type.

Finnish boreal forest stands are currently predominantly
managed as even-aged stands with rotation lengths of
40-120 years (Valsta 2017, 60-80 years in Southern Finland,
(Aijild et al. 2014)), with only 6% managed as uneven-aged
stands with continuous cover forestry management, and a
small share of set asides depending on the forest certification
scheme (Peltola et al. 2019). Therefore, the implementation
of multifunctional management, dominated by continuous
cover forestry, would affect forest structure and the harvest
schedule, subsequently affecting the probability of wind
damage and exposed timber volume.

To understand how multifunctional management would
affect the wind damage risk and volume of wind-exposed
timber, we have combined a wind damage probability model
(Suvanto et al. 2019) with a boreal forest growth and man-
agement simulator (Rasinmaéki et al. 2009). We restricted the
selection of management regimes to address a citizen initia-
tive aiming to replace rotation forestry with continuous cover
forestry in Finland in state-owned land (VN/1699/2018).
The probability of wind damage and quantity of timber at
risk was analyzed under three sets of management regimes:
only rotation forestry and set asides (hereafter: RF scenario),
only continuous cover forestry and set asides (hereafter:
CCEF scenario), or a combination of all management sce-
narios (hereafter: ALL scenario). Our research addresses
three main questions: 1) How will multifunctional manage-
ment over a range of harvest intensity gradients affect wind

damage risk and the exposure of timber volume? 2) How
will the restriction of management regimes affect the prob-
ability of wind damage and wind-exposed timber volume? 3)
What are the main drivers of the differences in wind damage
risk and wind-exposed timber volume in each management
scenario?

We hypothesized that (1) increasing harvest intensity will
increase wind damage risk due to higher harvest frequency
(by thinnings and clear-cuts), and prevalence of Norway
spruce as the most economically important species; (2) con-
tinuous cover forestry will lower wind damage risk due to
the lower heights heterogeneity among neighboring stands,
and will expose lower timber volumes to wind damage; (3)
rotation forestry will have higher wind damage risk and
higher wind-exposed timber volume compared with con-
tinuous cover forestry due to a creation of open stands edges.
We expected these differences in wind damage risks between
management regimes due to differences in frequency and
type of thinnings, tree heights, and final harvest. The study
aims to improve our understanding on how harvest intensi-
fication under the restriction of management regimes will
shape wind damage risk and wind-exposed timber volume,
as the proxy of potential economic losses.

Methods

Our study followed the workflow in Fig. 1: (i) collect cur-
rent stand-level characteristics for input; (ii) simulate for-
est growth under alternative management regimes over
100 years; (iii) optimize landscape-level management to
maximize multifunctionality for different levels of harvest
intensity (net present income, NPI) under RF, CCF and ALL
scenarios; and (iv) calculate the wind damage probability
and volume of timber at risk for each stand under alterna-
tive scenarios.

Using multi-objective optimization, we produced sets of
solutions reflecting the harvest intensity gradient—from no
production objectives (completely set aside) to maximal eco-
nomic gain while maximizing landscape multifunctionality.
We evaluated multifunctionality as the combined normalized
values for landscape recreational values, carbon storage, and
habitats potential for vertebrate and non-vertebrate species
(Eyvindson et al. 2021). For each scenario, we predicted
wind damage probability (Suvanto et al. 2019) and recorded
wind-exposed timber volume between actively managed
stands and set asides. The wind damage probability model
was developed from the Finnish national forest inventory
data (Suvanto et al. 2019), where the dominant management
has historically been rotation forestry. We further aimed to
identify the dynamics of forest structural characteristics
driving vulnerability to wind damage, such as dominant
tree species, tree height, time since thinning, and height
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Multi-objective optimization to
create landscape level scenarios

Constraint in management regimes:
* RF:onlyrf &sa
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Objectives
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Fig. 1 Study workflow from collecting input dataset through forest
growth simulation under the variations of rotation forestry (lower
case: rf), continuous cover forestry (ccf) and set aside (sa). Manage-
ment scenarios combine the alternative management regimes (upper
case: RF: rotation forestry and set aside, CCF: continuous cover for-
estry and set aside, ALL: rotation, continuous cover forestry and set
aside) with landscape-level optimization over constraints of harvest

heterogeneity between neighboring stands. We processed the
datasets, calculated wind damage probability, and visualized
results using R (R Development Core Team 2019) and QGIS
(QGIS Development Team 2020).

Study area and input data

Our study area represents a typical Finnish production for-
est landscape under rotation forestry, with relatively uni-
form, homogenous forest structure, species composition,
and a relatively young age distribution. In total, we used
1470 forest stands aggregated within a single watershed in
Central Finland, covering 2242 ha (Fig. 2a). Initial stand
conditions in 2016 were obtained as open-source data from
the Finnish Forest Centre (available on www.metsaan.fi).
The input dataset included stand-level characteristics such
as the main species, tree height, basal area, soil type and
fertility. The main tree species was pine (50.7% of stands),
followed by Norway spruce (33.9%) and other tree species
(not specified, Table 1). The dominant soil type was mineral
(74.2%) and organic (25.7%). The majority of stands had
mineral soil depth of more than 30 cm (99.7%,); 61.5% of
stands were located on fertile and 38.5% on poor sites. The
mean stand size was 1.5+ 1.6 ha (mean +sd). Time since
thinning varied between stands, with the majority thinned
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intensity, creating a gradient from minimal (100% set aside) to maxi-
mal net present income (NPI) and multifunctionality. Applied mod-
els originate from: forest growth simulator (Rasinmiki et al. 2009),
forest management regimes (Eyvindson et al. 2018), multi-objective
optimization (Eyvindson et al. 2021) and the wind damage probabil-
ity model (Suvanto et al. 2019)

more than 10 years ago (77%, National Forest Inventory,
(Suvanto et al. 2019)).

Forest growth and management simulation

Forest stand development was simulated over 100 years,
separated into 20 five-year sequences using the SIMO for-
est growth simulator (Rasinmiki et al. 2009). SIMO is an
open-source tree-level forest simulator, incorporating over
500 models to forecast the development of the forest stand
over time. The simulator forecasts tree growth, mortal-
ity and ingrowth over time, allowing for an estimate of
both dead (including deadwood decay using models from
Mikinen et al. (2006)) and living trees. The simulation
processes data at several levels, e.g., predicts the growth
of individual trees, and aggregates the results into strata
at the stand level. Stand can have one or several strata,
where one stratum represents single tree species and size.
All stands start simulation as uniform stands (originat-
ing from rotation forestry), and develop alternative forest
structure over time, given an applied management regime.
SIMO allows for the implementation of variations to forest
management regimes such as time of final harvest, tim-
ing and the frequency of thinnings, and modification of
final harvest type such as continues cover forestry. For this
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(a)

E Watershed

| Forest stand

0 100 200 km

Fig.2 a Study area represents a forested landscape located in Central
Finland comprising 1470 forest stands; b Schematics of the harvest
intensity gradient from minimum (Landscape Xn) to maximum har-
vest intensity (Landscape Xn+m) over the landscape and under com-

Landscape Xn

Landscape Xn+m

Low High

v

Harvest intensity

I:I SA — set aside

. Active management
(RF/CCF)

bination of optimal forest management scenarios. Actively managed
stands are either under rotation forestry or continuous cover forestry.
Set aside stands complement the landscape under each scenario with
different shares across the harvest intensity gradient

Table 1 Initial stand characteristics in 2016 for three main tree species: Scots pine (Pinus Silvestris L.), Norway spruce (Picea abies L.) and oth-
ers (non specifies, mostly deciduous species), as specified in wind disturbance vulnerability model from (Suvanto et al. 2019)

Species Stand counts (share, Height (cm) Age Basal area (m%/ha) Volume

%) (years) (m*/ha)
Scots pine 745(50.7) 159+56.4 52.3+22.8 18.1+7.6 139.5+78.1
Norway spruce 498(33.9) 169+74.5 52.4+28.3 20.7+10.7 1754+118.4
Other 227(15.4) 139+58.5 29.7+16.3 14.8+8.1 97.6+74.7

The values represent stands counts and their share (%), or mean values over stands + standard deviation

assessment we utilize 58 different management regimes
that have been developed and tested in earlier studies
(Eyvindson et al. 2018, 2021). These represent 17 varia-
tions of rotation forestry, 40 variations of continuous cover
forestry, and one set aside alternative, where no manage-
ment actions were taken (Eyvindson et al. 2018, 2021).
Rotation forestry regimes differed in the timing of final
felling, optional thinning (present/absent), and in a larger
number of retained green trees after the final cut (Eyvind-
son et al. 2018). The basic continuous cover forestry
regime follows the guidelines from Aijili et al. (2014).
Continuous cover forestry alternatives cover the varia-
tions of the site-specific target basal area, and postponing
the time of first thinning. For a detailed description and
definitions of the rotation and continuous cover forestry
management regimes see Eyvindson et al. (2018, 2021).

Optimization over harvest intensity gradient

The focus of the multi-objective optimization is to maxi-
mize landscape level multifunctionality at a specific value
of net present income (NPI) obtained from harvested timber
volume. NPI represents the economic value of the forests,
discounted to the present value using timber revenues minus
silvicultural costs, discounted using a rate of 2%. We opted
to use a 2% discount rate to only moderately prioritize near
term incomes over distant incomes. This rate is often used
in solving a long-term economic problem in forestry (e.g.,
Brukas et al. 2001; Heinonen et al. 2020). Using higher dis-
count rates may dramatically impact the acquired NPI value,
however the trade-off with multifunctionality will not sig-
nificantly change (Eyvindson et al. 2021).

Landscape level multifunctionality was calculated as a
sum of four normalized components reflecting important
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aspects for Finnish nature and people: i) recreational eco-
system services and non-woody services (set W: bilberry,
mushrooms, scenic beauty), ii) set X: climate change miti-
gation, iii) set Y: suitable habitat for vertebrate-, and iv)
set Z: non-vertebrate endangered species as surrogates for
biodiversity conservation. Individual indices have been pre-
viously implemented in SIMO. Specifically, non-woody eco-
system services originate from Miina et al. (2016), for bil-
berry yield, Tahvanainen et al. (2016), for mushroom yield,
and from Pukkala et al. (1995) for scenic beauty. Carbon
storage considered the mass of carbon contained within tim-
ber, deadwood, and soil (Liski and Westman 1997). Habitat
suitability indices for endangered vertebrates originate from
Monkkonen et al. 2014); non-vertebrate species depend on
predicted deadwood type (Mékinen et al. 2006) and habitat
availability for endangered fungi and arthropods (Tikkanen
et al. 2007). Landscape level multifunctionality follows
Egs. 1, 2a, 2b.

max Z D, )
beB
subject to:
ft _f;*
b= Ly U] )

- #_Tb €T, (fz* _fz*>

. t_f;*
e

where D), represents the measured deviation for component
set b, B is the set of components, T, is the set of indicators
in component set b, f, f,, and f;, respectively, represent
the ideal, anti-ideal and obtained value for indicator ¢. Four
component sets were used, to reflect multifunctionality of
W, X, Y, Z, where W and X were subject to Eq. 2a, and Y
and Z were subject to Eq. 2b. For a more detailed descrip-
tion of the optimization, see Eyvindson et al. (2021). The
multiobjective optimization represents a goal programming
approach, integrating distance metrics to accommodate both
equity and efficiency (Eyvindson 2012). Multifunctionality
metrics were considered in the optimization at the landscape
level rather than at the stand level. All indicators were first
calculated at stand level, and then aggregated over the study
area to produce a total sum over the landscape level.

We repeated the optimization with three management
constraints: exclusively rotation forestry management
regimes and set asides (RF scenario), continuous cover for-
estry and set asides (CCF scenario), or all forestry regimes
allowed (ALL scenario). The harvest intensity gradient
ranged from no income (0 NPI [€/ha], full set aside) to maxi-
mal NPI revenues (minimal set aside) in 21 steps with 5%
stepwise increases in NPI. The share of set asides over the

,VbeB (2b)
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landscape increased with decreasing NPI values. The opti-
mization resulted in 63 alternative management plans for
RF, CCF and ALL management scenarios (Fig. 2b), where
the ALL scenario is dominated by CCF regimes (RF share
of 5-25%). Each management scenario represents a unique
combination of regimes assigned to individual stands given
specific objectives and constraints. Therefore, the manage-
ment regime for each stand varied under alternative man-
agement scenarios, and harvest intensity scenario affected
stands assigned as set asides. For a detailed description of
the optimization and multifunctionality metric please see
Eyvindson et al. (2021).

Probability of wind damage

We used estimates from the wind damage probability model
(a binomial generalized linear model with logit-link func-
tion (Suvanto et al. 2019)) to predict the probability of wind
damage for each stand, time step, and simulation scenario.
The model predictors include dominant tree species, domi-
nant tree height, time since thinning, maximal wind speed,
temperature sum, presence of stand open edge, soil type,
mineral soil depth and site fertility (Table 2). These pre-
dictors represent previously identified forest structures and
management history affecting wind damage probability, and
were available at both high resolutions and at a national scale
(Suvanto et al. 2019). Both wind speed and temperature
datasets are available as open access datasets. We aggre-
gated the predicted 10-years return levels of wind speed
values (provided at a resolution of 20 m) to the stand level
(mean: 10.9 m/s for 10 min., resolution 20 m, (Venildinen
et al. 2017)). The temperature sum represents a mean of the
yearly temperature sums of the first 100 days warmer than
5 °C from 1985 to 2018 (mean 1219.7 over 100 degree days,
Aalto et al. (2016)). The climatic datasets have a resolution
of 10 km and therefore did not vary among stands for our
watershed. Both wind speed and temperature datasets were
assumed constant over the 100-year simulation time horizon,
e.g., without considering the direct effects of climate change.

We linked the simulated stands structural parameters
(tree species, tree height, timber volume, time since thin-
ning) with their spatial geometry representation to identify
neighboring stands over the landscape. We evaluated stands
to have an open edge if its dominant tree height was 5 m
higher than the dominant tree height of one or more neigh-
bors (Suvanto et al. 2019), or if the stand was located at
the landscape edge, i.e., neighboring a natural or artificial
opening of size higher than 16 x 16 m? (e.g., road, meadow,
power lines, following open edge consideration of the mini-
mal size of one pixel in the original wind damage risk model
of 55 pixels neighborhood at 16 m resolution). The stand-
level parameters of the dominant tree species, tree height,
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Table 2 Continuous and categorical predictors and parameters estimates of the binomial generalized linear wind damage probability model with
logit-link function, based on forest structural characteristics and local site conditions (Suvanto et al. 2019)

Variable Description Unit/resolution Estimates
Intercept Model intercept - —14.690
Tree species™ Main species Pine -
Spruce —8.494
other ~9.314
Log (Tree height*) Dominant tree height Dm 1.661
Time since thinning* Years occurring from the last thinning 0-5 -
6-10 -0.298
> 10 years —0.844
Log (Wind speed) 10 years return level of max wind speed (Venildinen et al. 2017) m/s, resolution 20 m, calcu- 0.749
lated as mean per stand
Open-edge* True if dominant stand height is > 5 m higher than heights of neigh-  True 0.310
boring stands or if stand is located at landscape edge False _
Soil type Differentiates between organic and mineral soils Mineral coarse, mineral fine, -
organic ~0.356
-0.216
Soil depth Mineral soil depth <30 cm True 0.214
false _
Site fertility “Fertile” contained sites from herb-rich to mesic forests on mineral ~ Fertile —0.425
soils and from eutrophic to meso-oligotrophic peatlands. Less fer-  poor _
tile classes were included in the “Poor” fertility class (Reclassified
based on (Tomppo et al. 2011))
Temperature sum 100 dd (over 5 °C, (Aalto et al. 2016)); average 1985-2018 Resolution 10 km 0.096
Speciesgy, . X log(tree height) 1.634
Species ., X log(tree height) 1.625

Predictors indicated by * varied based on forest stand development under alternative management scenarios

time since thinning, and open edge varied in time under
simulated management regimes.

Data analyses

We calculated wind damage risk for each stand and time
step along the harvest intensity gradient under the three
management scenarios (RF, CCF, ALL). We further aver-
aged the wind damage risk values over the landscape for
actively managed and set asides over alternative scenarios.
To validate our predicted wind damage risk values based on
forest stand simulation (stand resolution, mean size 1.5 ha),
we compared simulated values to published wind damage
probabilities estimates using Wilcoxon rank-sum test in R
software. As the published values (Suvanto et al. 2019, tile
N4, freely available at https://paituli.csc.fi) were in raster
format (resolution 16 m) and at higher resolutions, we first
calculated their mean value per each stand to compare them
with our stand-level wind damage risk prediction.

To relate wind damage risk to exposed timber volume,
we calculated the average maximum stratum timber volume
over each scenario, for actively managed stands and set
asides. The maximum stratum timber volume represents the

stratum of trees having the highest volume, e.g., the tallest
trees in the stand. We assumed that higher exposed timber
volume will link directly to expected wind damage volume
(Zubizarreta-Gerendiain et al. 2018), which is the case espe-
cially in large windthrow events (Valta et al. 2019). Our
model indicates the vulnerability of the stand to wind dam-
age, but does not provide quantitative information related
to the severity of wind damage in the stand. The estimated
wind damage risk across management scenarios allowed us
to compare management scenarios given prevailing manage-
ment regime and the harvest intensity gradient.

To shed light on factors driving wind damage risk and
wind-exposed timber volume (i.e., predictors dependent on
the forest scenario in the wind damage probability model)
for the given scenarios, we further investigated how sce-
narios differ in terms of average share of Norway spruce
dominated stands, dominant tree heights, time since thin-
ning, and height difference between neighboring stands
along the harvesting intensity gradient.
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Wind damage probability (%)

Predicted Simulated

NFI SIMO
Data Source

Fig.3 Wind damage probabilities (%) for forest stands located in the
study landscape) from original estimation of wind damage probabili-
ties (Predicted NFI, Suvanto et al. 2019) and from simulated data in
SIMO in 2016. Boxes represent median and interquartile range (IQR),
whiskers represent quartiles+1.5¥IQR. The red dots represent the
mean values. Outliers were removed for display purposes

Results

Our calculated wind damage probability values were consist-
ent with published estimated probabilities for the selected
watershed, validating our calculation of simulated data-
sets for their prediction over harvest intensity gradient (p
value > 0.05, Wilcoxon test, Fig. 3, (Suvanto et al. 2019)).

Forest multifunctionality, wind damage risk,
and exposed timber volume.

CCF and ALL outperformed RF in terms of landscape level
multifunctionality over the entire harvest intensity gradient
((Eyvindson et al. 2021), Fig. 4a). Multifunctionality under
RF continuously decreased with increasing harvest intensity.
Conversely, ALL and CCF have had hump shape relation-
ships, with the highest multifunctionality at moderate har-
vest levels (3 k€/ha to 6 k€/ha, Fig. 4a).

Multifunctionality and wind damage risk diverged among
management scenarios (Fig. 4b). At maximized harvest
intensities (> 7.5 k€/ha), the wind damage probability of
CCF increased to two times the mean wind damage risk in
RF (1.7% in RF to 3.7% in CCF). The ALL scenario, as a
combination of CCF and RF regime, was balanced between
wind damage probability and multifunctionality, where a
25% increase in multifunctionality only slightly increased
wind damage risks even at high harvest intensities (from 2.9
to 3.2%) and therefore limited the related wind damage risk.

Multifunctionality culminated at medium level of stand-
ing timber volume for ALL and CCF with typical humped
shape (~ 160 m3/ha), and at no harvest at RF scenario
(Fig. 4c). Landscape multifunctionality under RF increased
with increasing timber volume.

Wind damage risk over harvest intensity gradient

Mean wind damage probability differed among manage-
ment scenarios, and between actively managed stands and
set asides, but showed a relatively consistent pattern over
the harvest intensity gradient (Fig. 5a). Observed changes in
wind damage risk over the harvest intensity gradient could

Multifunctionality

Multifunctionality
'\
Multifunctionality

T T
e 0 < © <
o o [te] ~ =}

2

Harvest intensity [NPI k€/ha

Harvest intensity (NPl k€/ha)

o @ o

Fig.4 Comparison of landscape level multifunctionality over a a har-
vest intensity gradient, b mean probability of wind damage risk, and
¢ mean standing timber volume. The size of each dot is proportional
to the NPI - net present income, with larger dot size representing a
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higher net present income and therefore higher harvest intensity (0
means no income, all stands are set aside). Scenarios: RF - rotation
forestry, CCF- continuous cover forestry, ALL — all regimes allowed.
Note that Multifunctionality is placed on the y-axis for
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Table 3 Mean and standard deviation (+sd) of wind damage risk and
exposed timber volume by scenario and management type

Scenario Management Wind damage Max timber volume
risk (%) (m>/ha, %)

ALL Active 3.6+2.6 98.5+64.5

ALL Set aside 2.8+1.6 206.8+114.4

CCF Active 4427 92.9+45.3

CCF Set aside 27+1.6 207.3+116.2

RF Active L7+£1.7 1342+112.7

RF Set aside 25+1.4 188.7+103.6

be attributed to the actively managed part of the landscape
as risk remained similar to the set asides across the three
management scenarios (Fig. 5a).

The wind damage probability was on average two times
higher in CCF (4%) and ALL (3.6%) scenarios than under
RF (1.7%) (Table 3). This means that on average, four stands
out of 100 per five-year period will face wind damage when
continuous cover forestry is either the only or prevailing
management regime. The corresponding figure is less than
two out of 100 when rotation forestry dominates. Increasing
harvest intensity only slightly affects wind damage prob-
ability in actively managed stands, with lower risks at low

harvest intensities (< 1 k€/ha) for RF and CCF; and at mini-
mized and maximized harvest intensities in ALL.

Timber volume at wind damage risk

Management scenarios differed in the amount of exposed
timber volume in actively managed stands, although risk
in set asides across management scenarios was relatively
consistent (Fig. 5b). In actively managed stands, the exposed
timber volume in RF was on average 1.3 times higher than
under CCF and ALL scenarios, decreasing from 1.5 to 1.1-
fold with increasing harvest intensities. In CCF and ALL,
average timber volume in actively managed stands remained
relatively stable over the harvest intensity gradient, slightly
increasing at maximized harvest intensity for ALL.

With increasing harvest intensity more set aside areas
are transitioned to production areas, leading to a decrease in
average timber volume for the remaining set asides (Fig. 5b).
Therefore, high volume stands dominated by economically
preferred species (e.g., Norway spruce, Fig. 6a), are selected
for management, which is especially prominent in RF
(Fig. 6a). This indicates that an increase in harvest intensity
reduces the potential financial value of mean volume and
dominant tree species of set asides. Timber volumes in set
asides therefore decrease with increasing harvest intensity
over all three management scenarios.
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Fig.6 Wind damage risk predictors averaged over management sce-
narios across a harvest intensity gradient: a spruce proportion (%),
b tree height (m), ¢ years since thinning (representing thinning fre-
quency), d height difference between neighboring stands (represent-

Predictor variables dynamics

The wind damage probabilities results were tightly linked with
the changes in model predictors under varying management
scenarios and harvest intensity. This included changes in spe-
cies composition, tree heights, time since thinning, and tree
height heterogeneity between neighboring stands (Fig. 6). We
found little variability between scenarios for the proportions
of Norway spruce (Fig. 6a), although Norway spruce stands
were included as actively managed sooner along the harvest
intensity gradient for RF (at 2.5 k€/ha) as compared with CCF
and ALL (at 4 k€/ha).

RF in actively managed stands differed from CCF and
ALL scenarios in terms of average tree height, time since
thinning, and mean height differences between neighboring
stands (Fig. 6b—d). Actively managed stands under RF were
shorter (mean 16 m and 21 m for RF and CCF&ALL, respec-
tively), less frequently thinned (mean thinned every 15 years
to < 10 years), and had higher height differences with neigh-
boring stands over the whole intensity gradient than CCF and
ALL. Increasing harvest intensity in RF increased mean height
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ing open edge-neighbors). Thinning in set asides is not allowed;
therefore, the mean values are lacking in c). Scenarios: RF - rotation
forestry, CCF- continuous cover forestry, ALL - all regimes allowed

differences between neighboring stands and therefore increases
landscape level roughness. The crossing of critical threshold
value of 5 m height differences between neighbors already
occurs at low harvest intensity (1.5 k€/ha). This contrasts with
the relatively stable height difference between neighboring
stands under dominant continuous cover management over
the harvest intensity gradient (CCF and ALL, Fig. 6d).

Discussion

Large scale application of multifunctional forest man-
agement requires changes in management objectives and
diversification of management approaches (Duflot et al.
2021; Eyvindson et al. 2021). However, we lack a full
understanding how these changes in the operationalization
of management practices will affect overall vulnerability
to forest disturbances. Combining a forest growth manage-
ment simulator (Rasinmaki et al. 2009) and wind damage
risk prediction model (Suvanto et al. 2019), we found that
continuous cover forestry is more efficient than rotation
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forestry in reducing the amount of exposed timber volume,
while maintaining a high level of a diverse set of ecosys-
tem services and biodiversity.

Effects of harvest intensification

We found that increased harvest intensity increases wind
damage risk (our first hypothesis), depends on choice
of management. Harvest intensification modifies forest
wind damage vulnerability with increased vulnerability
under continuous cover forestry scenarios and reduced vul-
nerability under rotation forestry scenarios (Fig. 4). To ful-
fill an increasing demand for raw timber material (FMME,
FMAF, FME 2014; Hetemaki et al. 2017), variations in
rotation and continuous cover forestry allow for shaping
wind damage risk and exposed timber volume over time
and space. Intensifying continuous cover forestry requires
frequent thinnings (Fig. 6¢, (Pukkala 2016)), whereas rota-
tion forestry relies on shortening of rotation length and
thinning frequency adaptation or exclusion to accumulate
timber volume within the stand (Fig. 6b). Current forest
management actions in Finland prioritize Norway spruce
as the dominant species in the stand (Fig. 6d), while
assigning stands dominated by tree species of lower eco-
nomic importance and of smaller heights and volume are
left as set asides (Fig. 6).

Old-growth forests and forest structure heterogeneity
have been largely reduced over the past decades in Fin-
land due to intensive forest management (Henttonen et al.
2019). To address the loss of biodiversity while maintain-
ing high levels of timber extraction requires increasing
the share of protected areas (European Commission 2020)
while also improving the network of retention forestry
within commercial landscapes (Mielikdinen and Hynynen
2003; Kuuluvainen et al. 2019; Gustafsson et al. 2020). For
example, successful conservation of deadwood depend-
ent species requires larger and better connected set aside
patches (e.g.,> 1 ha for polypores (Ylisirnio et al. 2016)).
These set asides should be of sufficient size that their inte-
riors are buffered from adjacent managed stands, because
stand microclimate can be affect multiple tree heights
toward the stand interior (Dupont et al. 2011; Ylisirnio et al.
2016). Currently, set asides may strongly differ in conser-
vation value between different forest holdings (Sverdrup-
Thygeson et al. 2014).

Effects of scenarios on wind damage risk and timber
volume

We found that rotation and continuous cover forestry
have opposite effects on wind damage probability: rota-
tion forestry reduced, whereas continuous forest cover

increased predicted wind damage risk (Fig. 4b). Although
the wind damage probability is higher for a given stand
under continuous cover forestry (due to the presence of taller
trees), than under rotation forestry (Fig. 6b), the results sup-
port our hypothesis that continuous cover forestry reduced
the volume of exposed timber, and therefore reduced the
potential economic loss. This is because fewer trees are
found in stands under continuous cover forestry compared
with rotation forestry, and therefore the risk of wind damage
is ultimately spread across stands (Fig. 4c). This corresponds
to the findings from Pukkala et al. (2016), that continuous
cover forestry—as uneven-aged forestry—experienced a
lower volume of damaged timber compared with rotation
forestry following a windthrow event. In terms of wind dam-
age probability, our findings indicate higher wind damage
risk for continuous cover forestry than for rotation forestry
seemingly contradicting Pukkala et al. (2016). The estima-
tion of probability of wind damage depends on the investi-
gated predictors and extent of observational data. Pukkala
et al. (2016) investigated wind damage in stand interiors in
experimental long-term study plots following a single wind
event. Here, we applied the statistical model of Suvanto
et al. (2019), based on occurrences (rather than damage
extent) of windthrow events over Finnish national forest
inventory plots. Pukkala et al. (2016) and Suvanto et al.
(2019) investigated different aspects of wind disturbances,
reflecting either their intensity over a short time period or
incidence, respectively. Our study combined a forest growth
and management simulator (Rasinmaki et al. 2009) with the
wind damage risk model of Suvanto et al. (2019) over a
century and across management scenarios; however, it omit-
ted the occurrence of wind damage to the stands, which in
reality would naturally remove trees from the forest stands
and create deadwood over time (Zubizarreta-Gerendiain
et al. 2018). The absence of wind disturbance in the simula-
tion model caused continuous tree growth over a 100-year
study period (unless harvested), and likely overestimates the
exposed timber volume in absolute numbers (Fig. 4). The
prediction of wind damage risk based on scenario-shaped
forest structures over harvest intensity gradients however
sheds light on potential risks in terms of forest economics
and landscape multifunctionality.

Inclusion of the wind damage within simulation runs
is possible by defining a critical wind speed at which the
tree uproots or breaks (e.g., in HWIND model, Peltola
et al. 1999b). This allows for the comparison between wind
damage volumes over various management regimes (Zeng
et al. 2007; Heinonen et al. 2009; Zubizarreta-Gerendiain
et al. 2016), or to understand wind damage contribution to
restore the habitat for deadwood-dwelling species (Zubi-
zarreta-Gerendiain et al. 2018). However, simulating wind
damage within forest simulations is still highly computa-
tionally demanding because it must account for stochastic
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wind events, their intensity, and forest structure under spe-
cific management regimes. Compared with simulating the
incidence of wind events and forest induced wind damage
(e.g., Zubizarreta-Gerendiain et al. 2018), our predictions
of wind damage risk based on a statistical model (Suvanto
et al. 2019) allowed inclusion of a wider variety of landscape
level management scenarios, over longer time periods, and
larger study sites. Further combination of the statistical wind
damage risk estimation with a mechanistic understanding
about wind damage to the tree and stands level as applied in
HWIND should be at the core of future studies investigating
wind damage in uneven-aged forests (e.g., continuous cover
forestry, set asides) and linking wind damage probability
with induced wind damage extent.

We did not confirm our hypothesis that rotation for-
estry—due to increased forest edges—would consequently
increase wind damage risk compared with continuous cover
forestry, which has reduced height heterogeneity between
neighboring stands (Fig. 6d, Pukkala et al. 2016). The small
effect of open edges is likely due to the relatively small influ-
ence of edge effects on overall wind damage risk predic-
tion (Suvanto et al. 2019, Table 2), and potentially because
the average height difference between adjacent stands can be
low in both types of forestry. A threshold of 10 m is often
applied in predicting critical wind speed in temperate for-
ests and in southern Sweden (Blennow and Sallnids 2004,
Seidl et al. 2014; Dobor et al. 2020), supported by empirical
data following large-scale windthrow event (Bélouard et al.
2012). In boreal forests, stand edge is often delineated by
the proximity of recently harvested or heavy thinned stands,
creating a wind-vulnerable open gap (Zeng 2006; Zeng et al.
2007; Heinonen et al. 2009). To reduce wind damage risk in
rotation forestry, it is crucial to reduce the length of exposed
stand edges, e.g., by the aggregation of clear-cuts (Zeng
et al. 2007), and minimizing the height difference between
neighboring stands (Heinonen et al. 2009). Continuous cover
forestry, creating over time uneven-age stand structure with
several layers can limit potential wind damage into the stand
interior (Hanewinkel et al. 2013), but might increase the
probability of wind damage to the remaining dominant trees
(Duperat et al. 2020). Another factor likely affecting our
wind damage risk estimates was our models’ lack of distinc-
tion between permanent (near lakes, meadows) and tempo-
rary open-edges (clear-cuts), although the former one has
inherently higher wind stability (Gardiner et al. 2008).

Dynamics predictors of wind damage risk

Both forest management scenarios and harvest intensity
affected stand structural characteristics over the landscape
(Fig. 6). The dominance of Norway spruce across scenarios
and harvest intensity reflects its economic importance in the
forestry sector. Norway spruce—despite its vulnerability to
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wind damage, pests, and fires at a mature age and under
climate change (Venildinen et al. 2020)—remains the pre-
ferred tree species in Finnish forest management. In addi-
tion, Norway spruce regeneration dominates in artificially
planted stands under rotation forestry (Aijili et al. 2014),
and also under naturally regenerated stands managed under
continuous cover forestry (Pukkala 2016). The increasing
share of Norway spruce over the landscape can however fur-
ther increase disturbance-related damage in future (Ikonen
et al. 2020). Therefore, forest management strategies should
consider optimizing the species composition of forest regen-
eration based on local site climatic conditions and soil fer-
tility to minimize connected risks and future uncertainties
under climate change (Torssonen et al. 2015).

At the same harvest intensity, rotation forestry reduced
average tree height and increased height differences between
neighboring forest stands compared with continuous cover
forestry (Fig. 6d). Continuous cover forestry requires fre-
quent thinning, whereas thinning can be excluded in low
intensity rotation forestry. Exclusion of thinnings in rotation
forestry can provide a mitigating solution between biodiver-
sity conservation and timber provision due to higher dead-
wood volume in unthinned stands (Kuuluvainen et al. 2012).
However, this is economically viable only at low harvest
intensities (Fig. 6¢), and therefore should be complemented
by other management regimes.

Conclusion

Rotation and continuous cover forestry differed considerably
in wind damage probability across the harvest intensity gra-
dient. Rotation forestry lowers wind damage risk, in part by
reducing average tree height, but accumulates high timber
volume before the final harvest. This increases economic
risks while also compromising non-timber ecosystem ser-
vices and biodiversity. Continuous cover forestry increases
wind damage risk due to taller trees and higher thinning fre-
quencies, but nevertheless reduces the wind-exposed timber
volume at any given time because standing timber volume
is kept lower. However, a small share of rotation forestry
within landscape level management planning contributes
to overall high economic revenues and to landscape level
structural diversity. A combination of both management
approaches within the landscape thus provides an efficient
way to reduce the amount of wind-exposed timber volume
and increase habitat for vertebrate and non-vertebrate spe-
cies in boreal forests.
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