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Suomen metsiin kohdistuu ilmastonmuutoksen ja puustotuhojen mukanaan tuomia haasteita
seka odotuksia ja vaatimuksia monipuolisten ekosysteemipalveluiden tuottamisesta. Tarvit-
semme ilmastokestavia metsia, jotka pystyvat turvaamaan erilaiset ekosysteemipalvelut. Tule-
vaisuuden monitavoitteiset metsat ja niihin kohdistuvat riskit muuttuvassa ilmastossa (FOSTER)
-hankkeessa tutkittiin ilmaston ja erilaisten tuhonaiheuttajien seka erilaisten metsanhoitoske-
naarioiden vaikutuksia metsiin ja niiden tuottamiin ekosysteemipalveluihin.

Tuhonaiheuttajien ja ilmastonmuutoksen vaikutukset metsiin havaittiin merkittaviksi. Tarkeim-
pien tuhonaiheuttajien (tuuli, kifjanpainaja ja hirvieldimet) vaikutusten lisdantyminen nykyta-
sosta on todennakdista tulevaisuudessa. Muuttuva ilmasto myds voimistaa esimerkiksi kirjan-
painajan vaikutuksia metsissa merkittavasti. FOSTER-hankkeessa tutkimme my&s mikroilmas-
ton mahdollisia vaikutuksia metsadynamiikkaan, mikroilmaston huomioimisen vaikutusta mak-
roilmastoon seka sitd, miten mikroilmasto voidaan ottaa huomioon erilaisissa simulaatiomal-
leissa. Simuloimme kahdella metsien kasvua ja dynamiikka kuvaavalla mallilla erilaisia metsan-
hoidon ja maankayton skenaarioita sekd maisematasolla (pitkan aikavalin simulaatiot, joihin
sisaltyy ilmastonmuutos ja puustotuhot) etta aluetasolla (lyhyen aikavalin simulaatiot, joissa
vallitsee nykyinen ilmasto). Simulaatiotulokset osoittivat, etta ilmastonmuutoksen hillintaan
tahtaava metsanhoito voivat lisata hiilivarastoja ja tukea luonnon monimuotoisuutta, mutta sii-
hen liittyy korkeampi tuhoriski ja hakkuumaarien vahentyminen. Toisaalta sopeutumiseen tah-
tadva metsanhoito pienentaa metsien hiilivarastoja ja monimuotoisuutta hakkuumaarien kui-
tenkin kasvaessa suhteessa nykymetsanhoitoon. Sopeutumisskenaariot vahensivat tehokkaasti
kirjanpainajariskia muuttuvassa ilmastossa.

FOSTER-hankkeessa yhdistettiin metsien hairié-, ilmastonmuutos- ja metsanhoitoasiantunte-
musta ja sovellettiin monimutkaisia mallinnusmenetelmia Suomen metsien tulevaisuuden ym-
martamiseksi. Tulokset osoittavat, ettd muuttuvan ilmaston ja hairididen vaikutukset voivat olla
huomattavia. Tulevaisuuden metsanhoidon tuleekin olla yhdistelma ilmastonmuutoksen hillin-
taa ja siihen sopeutumista ja varautumista.

Asiasanat: metsanhoito, monitoimisuus, metsatuhot, ilmastonmuutos, mikroilmasto, hirvi-
eldintuho, ilmastonmuutoksen hillintd, tuhoriskien ennakointi, ekosysteemipalvelut, metsamal-
lit
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Finnish forests are facing challenges from climate change and increasing natural disturbances
while demands for the provisioning of diverse ecosystem services should be ensured. Resilient,
multifunctional forests are therefore needed for the future. Future multipurpose forests and
their disturbance risk in the changing climate (FOSTER) -project investigated the impacts of
climate change and natural disturbance agents on forests as well as the synergies and trade-
offs between ecosystem services under multiple alternative forest management scenarios.

We found significant impacts of disturbances and climate change on forests. Impacts of dis-
turbance agents, such as wind, spruce bark beetle, and ungulate browsers, are likely to in-
crease in the future. Impacts of deer species (whitetail deer, roe deer) with expanding distri-
bution ranges and increasing populations may have unexpected impacts on forest ecosys-
tems. Climate change interacts with disturbances and exacerbates disturbance effects, specifi-
cally in the case of bark beetles. FOSTER also explored the potential effects of micro-climate
on forest disturbances and how to take them into account in modelling. Using a multi-model
approach, various forest management and land-use scenarios were simulated for both
smaller landscapes (long-term simulations including climate change and disturbances) and
larger regions (short-term, current climate simulations). The simulation results indicate that
mitigation management can increase carbon storage and support biodiversity but carry
higher disturbance risks and considerably reduce harvested volumes. Conversely, adaptation-
focused management was less beneficial for carbon storage but yielded higher harvests. The
adaptation scenarios aimed to reduce disturbance risks were effective in reducing bark beetle
risk under climate change.

The FOSTER project has brought together forests disturbance, climate change and forest
management expertise and applied complex modelling approaches to understand the future
of Finnish forests. The results show that impacts of changing climate and disturbances may
be substantial. Thus, the future forest management should include actions to not only miti-
gate climate change, but also prepare for adaption to the dramatic changes it may bring in
order to ensure resilient ecosystem-provisioning in the future.

Keywords: forest management, multifunctionality, disturbances, climate change, microcli-
mate, browsing, mitigation, adaptation, ecosystem services, forest models
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1. Introduction

1.1. Objectives

FOSTER - “Future multipurpose forests and their disturbance risk in the changing climate”
-project was funded by the Ministry of Agriculture and Forestry in 2021 as part of the Catch
the Carbon Research and Innovation Programme (R&I programme). The overall aim of the
FOSTER project was to provide solutions to foster forest resilience with forest management,
game and wildlife policies and efficient land use while taking into account the changing for-
est disturbances. Specifically, the main research questions were; 1) How resilient forests are to
the risks posed by climate change? 2) What are the synergies and tradeoffs between different
forest management?

1.2. Overview

Forests and their ability to uptake and store carbon are crucial on Finland's road to reach car-
bon neutrality in 2035. The important role of forests in mitigating climate change has been
acknowledged nationally, and at European and global scale. Different choices of forest man-
agement practices and land-use decisions can enhance the carbon fluxes and storage signifi-
cantly. On the other hand, forest disturbances have increased in Europe over the past dec-
ades and they are predicted to increase even more in the future with the changing climate.
Such development is threatening the mitigation potential of forests. In addition to carbon
uptake, forests provide numerous other ecosystem services, such as timber and recreational
values. The role of forests is also significant for conserving biodiversity, the foundation of
ecosystem services.

The FOSTER project was aimed to provide solutions to foster forest resilience with forest
management, game and wildlife policies, and efficient land use while taking into account the
changing climate and forest disturbance regimes. In FOSTER, we simulated different forest,
land-use, and game management scenarios at landscape, regional and national scales and
assessed their economic, social, and ecological impacts using metrics for different ecosystem
services. We analyze both short- and long-term changes and resilience of forests as well as
their ability to adapt to the changing climate and the forest disturbances.

The FOSTER project was divided into seven work packages with different specific objectives.
Ungulate impacts on forest ecosystems were studied with literature review, GPS-collar data
and remote sensing data, and simulation modelling. These results are introduced here first in
Chapter 2 "Browsing by cervids in Finland". Changing climate was an integral part of the FOS-
TER project where future climate change scenarios were needed to study the impacts of
changing disturbance regimes to forests. In addition, we initiated a collaboration effort to im-
plement microclimate effects into simulation model workflow. Methods and materials for cli-
mate change scenarios as well as for the microclimate work are presented in Chapter 3
“Changing climate”. Finally, the third large entity in the FOSTER project was the simulations of
future dynamics of multifunctional forests in landscape and regional scale under different for-
est management and land-use scenarios. Simulations were carried out with two different
state of the art simulation models and the results for the simulations are presented in Chap-
ter 4 "Simulating future multifunctional forests”.
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Figure 1. Overview of FOSTER project and its objectives.
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2. Browsing by cervids in Finland

2.1. Cervids and forests in Finland

In Finland, there are six species of browsing cervids which form varying compositions of cer-
vid assemblages in different parts of the country. In the south-western part of country the
highest populations consists of white-tailed deer (Odocoileus virginianus Zimmermann),
moose (L.) and roe deer (Capreolus capreolus L.); in central and eastern areas moose is pre-
sent with highest numbers accompanied by locally significant populations of roe deer; and in
the north the most numerous cervid species are moose and semi-domesticated reindeer
(Rangifer tarandus L.) (Finnish Natural Resources Institute 2023, Reindeer Herders' Association
2023). In addition, there are smaller local populations of fallow deer (Dama dama, Niemi et al.
2015) and wild forest reindeer (Rangifer tarandus fennicus). All these cervids have potential to
influence regeneration and early succession of their preferred browse trees (see e.g., Ammer
1996, Heikkila & Tuominen 2009, den Herder & Niemeld 2003, Ramirez et al. 2018, Rooney
2001). The species that can have biggest effects on Finnish forests are in the order of cur-
rently assumed importance moose, white-tailed deer and roe deer. However, there is lack of
knowledge regarding the many exact effects and importance of deers in Finnish forests.

Effects of moose on boreal forests have been rather thoroughly researched for a long time.
High moose (Alces alces L.) populations have caused extensive forest damage in the Fen-
noscandian boreal forests in recent decades (Markgren 1974, Lavsund et al. 2003, Bergqvist
et al. 2014, Nevalainen et al. 2016). In Finland, the results of the 10" National Forest Inventory
(NFI; 2004-2008) showed some symptoms of moose damage on 990,000 hectares, or 4.9% of
the total forest area (Nevalainen et al. 2016). Moose damage is partly determined by their
population density, as well as factors related to available browse and suitable habitat (Horn-
berg 2001a,b, Nikula et al. 2019, 2021). The clearest connections between moose population
and forest damages so far have been shown by Nikula et al. (2021) who developed regional
models to predict the area damaged by moose as a function of their population and forest
characteristics observed in the NFI. For moose it has now been possible to take a next step
and attempt to adapt prediction models for moose damage to forestry modelling and thus
make more realistic forestry projections for future including this marked disturbance.

The role of smaller deer with currently high numbers, white-tailed and roe deer, has so far
been under rather limited research Finnish forests. Their population growth has happened re-
cently and their possible role as forest disturbance factor has therefore risen also just in re-
cent years. However, their impact on forests in their established range is well known (e.g.,
Ammer 1996, Rooney 2001) and as regards roe deer it has been studied in Sweden and Nor-
way which provides results for similar conditions than at least in southern Finland. In rare
Finnish studies they have been shown to prefer rather similar forest trees and dwarf shrubs as
moose (Andersson & Koivisto 1980, Helle 1980) but their preferences on habitats here and
their impacts on forestry remains unstudied.

Due to the increase in the number and further spread of smaller cervids, the combined effect
of multi-species and abundant cervids in terms of forest damage, future forest management
goals and forest development becomes an even more important issue (Spitzer et al. 2020,
Huuskonen et al. 2020). An interesting indication of the indirect effect of small deer is pro-
vided by a recent Swedish study (Pfeffer et al. 2021), which found that large numbers of

8
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smaller deer consume the ground vegetation favoured by all species to such an extent that
moose are forced to use even more pine as winter food, which further increases moose dam-
age in forests. In a study conducted in Finland, the moose density per pine sapling stands
was not so good predictor for the forest damage in areas where there is higher densities of
white-tailed and roe deer as compared elsewhere in the country (Nikula et al. 2021). This
raises the question of whether in Finland, too, could the food competition between white-
tailed deer and roe deer against moose be partial explanation to forest damage along with
their direct consumption of tree saplings. In any case, we need more analysis on their role as
disturbance factors in order to model forest development scenarios taking into account the
impact of the multi-species deer community (De Jager et al. 2017, Ramirez 2018).

2.2. Consumption of browse trees by cervids with highest
populations in Finland

Consumption of browse species and amount by cervid species makes it possible to evaluate
how cervids impact on forest regeneration. In more detail, it is possible to estimate the pro-
portion of coniferous and deciduous trees in the diets of deer to understand the potential
role of deer herbivory for the dynamics of mixed species forests.

At the moment, we have good knowledge on moose food consumption and browse species
preferences but there is very limited knowledge on these for white-tailed deer and roe deer
in their current common range in Finland or even in similar boreal conditions. In FOSTER-pro-
ject, we have reviewed the current scientific literature on the food diet preferences and food
consumption of white-tailed deer and roe deer in boreal and temperate regions and evaluate
the potential role of these species on forest regeneration and resilience of boreal forests in
Finnish conditions (Poutanen et al. 2024, manuscript).

Our review showed that deciduous trees and forbs were the two most important group of
food species categories of both white-tailed deer and roe deer diet during the entire year.
For white-tailed deer diet, the third food category was coniferous trees but for roe deer the
third category was shrubs. When consumption was evaluated by season, deciduous trees and
forbs remained the two most important food groups in both species’ diet in spring, summer
and autumn. In winter, deciduous trees are still among the three most important food
sources for both deer but coniferous trees comprised the biggest part of the diet for both
species. When deciduous and coniferous trees were evaluated together, trees formed the
majority (69%) of winter diet for white-tailed deer. Tree browse is important also in roe deer
winter diet, but it is not the major component as 38% of their browse is trees (Poutanen et al.
2024, manuscript)

Most of the literature originated from temperate regions and thus information was also fo-
cused on deciduous trees. In species-poor Finnish conditions the potential browse species
composition is different, and this might also lead to different selection and use. However, the
result of both deer species preferring deciduous trees over conifers, except for the winter-
time, is likely to hold also in boreal conditions, whenever deciduous trees are available. This
can have a negative effect on promoting more deciduous-mixed forests in the boreal as an
adaptive management to increasing natural disturbances and promoting biodiversity.
(Poutanen et al. 2024, manuscript)
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The impact of cervid food consumption onto vegetation is related to size of the animals
through differences in daily biomass consumption. Our review (Poutanen et al. 2024) gives
possibility to make comparisons between our main deer species in this respect as we now
have estimates also to white-tailed and roe deer on their daily consumption. Our review
showed that white-tailed deer consume about 2 kg of fresh biomass per individual per day
and the average dry weight estimate of daily consumption was 1.5 kg. For roe deer, the daily
consumption of food was 1.6 kg fresh weight per individual and 0.70 kg dry weight per indi-
vidual. In comparison to these, moose daily consumption as averaged over seasons is 22.5 kg
fresh weight food (Persson et al. 2000).

Taking into account the population sizes of different deer species we can compare the impact
of deers in total. The Finnish moose population size is approximately 77 000 individuals (Pu-
senius 2023). The moose diet is estimated to be composed on 54% of deciduous trees and
39% of coniferous trees (Mysterud et al. 2000). Based on these numbers the Finnish moose
population would eat 1 732 500 kg of fresh biomass daily (935 550 kg deciduous trees and
675 675 kg coniferous trees). Based on the estimates on our review, the white-tailed deer
population (120 000 individuals, Aikio & Pusenius 2023) would eat in total 252 000 kg of
fresh biomass daily (71 820 kg deciduous trees and 41 200 kg coniferous trees). The popula-
tion size of roe deer is not evaluated in Finland, but the rough estimate can be 100 000 indi-
viduals (pers.comm. Sami Aikio & Jyrki Pusenius). Thus, the roe deer population would eat
156 000 kg of fresh biomass daily (29 796 kg deciduous trees and 16 536 kg coniferous
trees). Thus, in comparison to moose, white-tailed deer and roe deer together would con-
sume 11% of the deciduous tree biomass and 9% of the coniferous tree biomass. This indi-
cates that moose still have a significantly larger effect on forest regeneration in general than
smaller cervids in Finland. However, as both smaller deers are highly concentrated into south-
west Finland their effect locally in their most dense range there is proportionally higher.

One notable phenomenon on deer food consumption is that there is a substantial supple-
mental wintertime feeding of game animals in Finland. It is estimated that there is 17.6 mil-
lion kg per year supplementary food provided by hunters targeting especially to white-tailed
deer (Pellikka et al., 2020). This is presumably already compensating for the effect of winter
restrictions on food availability and promoting deer survival and reproduction (Ozoga and
Verme, 1982, Rodriguez-Hidalgo et al., 2010, Milner et al., 2013). Based on our review
(Poutanen et al. 2024, manuscript), white-tailed deer consume about 2 kg of fresh food daily.
Thus, the artificial feeding would be quantitatively enough to completely fulfil the dietary re-
quirements of 50 000 individuals over the winter. Furthermore, these feeding stations also
support roe deer and other ungulate populations during winter. More research is needed on
the effect of artificial feeding on deer populations and consequently on the possible impacts of
feeding-influenced population growth and behavioural changes to local forest regeneration.

2.3. New information on habitat selection of white-tailed and
roe deer in their sympatric range

Knowledge on habitat use of cervids is needed for both successful management of their pop-
ulation and also in analysis for their impacts on land-use, especially forestry and agriculture.
To fill knowledge gaps on habitat use of white-tailed deer and roe deer in Finland, it was ana-
lysed in FOSTER-project by using location data collected earlier by GPS-collared deer (Graf et
al. 2024, manuscript). For habitat analysis, we had GPS-location data of 35 roe deer and 31

10
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white-tailed deer. Habitat use and composition was analysed using Kernel Density Estimation
at Multi-Source National Forest inventory (MS-NFI) data, which is a spatially explicit data
product generalizing the information from the NFI field plots using Landsat and Spot satellite
images, and digital maps of roads, agricultural land, and other non-forest land. In addition to
habitat composition and availability of resources we also evaluated the impact of habitat
configuration (patch and edge density) in the landscape (Graf et al. 2024, manuscript).

In our analysis (Graf et al. 2024, manuscript), average home ranges of roe deer varied from
about 220 ha to 480 ha in summer and from 120 ha to 230 in winter. White-tailed deer had
home ranges between 180-420 ha in summer and 270-360 ha in winter. It was a bit surprising
that roe deer had larger home ranges in summer than white-tailed deer, but this might be
explained by the fact that species were located in different landscapes and roe deer were lo-
cated in more northern and less productive environments where more movement might be
necessary in search for food and shelter. Both species showed preference for agricultural
lands, but there were seasonal differences as white-tailed deer did not prefer agricultural
lands during winter. Deciduous seedling stands were found to be important for both species
during summer and young pine forest were important in winter. As there also was effect on
patch density on habitat selection, it might be that forest seedling stands close to forest
edges near agricultural land might be at higher risk of browsing damage when forage on ag-
ricultural land becomes scarce in the winter. As agricultural land was important habitat the
effects of various agricultural crops on habitat selection and browsing damage in adjacent
seedling stands should be investigated in future studies.

2.4. National scenarios of moose damages in forestry scenario
modelling

Several risks are expected to influence future forests and forestry in Finland. One main dam-
age agent that cause damages regularly on wide areas is moose. To make reasonable projec-
tions on development of forests in future, these damages should be included forestry models
and the models should also be able to predict the susceptibility of projected in forest struc-
tures to browse damage.

Recently, Nikula et al. (2021) formulated a prediction model where moose damage was re-
gion-specifically dependent on the total forest area, proportions of seedling stands and ma-
ture forests, and moose population density per land area. In FOSTER-project we developed
this modelling further and augmented the European Forestry Dynamics Model (EFDM) for the
area of seedling stands damaged by moose (Vauhkonen et al. 2023). The augmented model
was tested in projecting both forest resources and moose damage for 18 million hectares of
forest land in Finland, based on input data from the National Forest Inventory (NFI). Model-
ling the area of seedling stands damaged as a function of moose population density, forest
characteristics, and region-specific interactions of these variables was found to work realisti-
cally for 30 years, predicting that the area of seedling stands damaged by moose would in-
crease by up to a third from the last NFI observation. Our work laid the groundwork for fu-
ture to model consequential, large-scale ecological and socio-economic effects of moose
browsing on forests. Next steps towards more comprehensive analysis would be introduction
of models that describe growth and quality losses (Heikkild and Loyttyniemi 1992; Wallgren
et al. 2014; Matala et al. 2020) in these damaged stands and analyze which would be the eco-
nomic losses due to impaired further development in forests damaged by moose in the long
run.
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3. Changing climate

3.1. Climate change scenarios

The climate scenarios used in this study were based on the EURO-CORDEX model simulations
(Kotlarski et al. 2014, Jacob et al. 2020). The EURO-CORDEX is the European branch of the
Coordinated Regional Climate Downscaling Experiment (CORDEX) initiative to provide dy-
namically downscaled high-resolution climate scenarios for the European domain. The dy-
namical downscaling consists of running a limited area regional climate model (RCM) over a
selected domain of interest for long continuous simulation times driven by lateral boundary
conditions obtained either from a global climate model (GCM) simulation or global reanalysis
of weather observations. The most recent EURO-CORDEX simulations which are currently
publicly available are based on the Coupled Model Intercomparison Project phase 5 (CMIP5)
GCM simulations (Taylor et al. 2012, Flato et al. 2013), as the dynamical downscaling of the
CMIP6 GCM simulations (Eyring et al. 2016) is still undergoing. The results of the EURO-
CORDEX simulations are available for numerous meteorological variables from a bunch of
model simulations.

Here, we selected at first data from seven pairs of GCM-RCM simulations (Table 1) under the
Representative Concentration Pathway (RCP) scenarios RCP4.5 and RCP8.5 (Riahi et al. 2011,
Thomson et al. 2011, van Vuuren et al. 2011). Regarding the global greenhouse-gas emis-
sions, RCP4.5 is an intermediate pathway assuming that the emissions peak before the year
2050 whereas in the high-end RCP8.5 pathway the emissions continue to rise throughout the
21st century. In the CMIP6 simulations the RCPs were replaced by homologous Shared Socio-
economic Pathway (SSP) scenarios (Riahi et al. 2017). By the end of the current century, the
increase in global mean temperature relative to the preindustrial level falls very likely within
the range from 2.1 °C to 3.5 °C under SSP2-4.5 and between 3.3 °C and 5.7 °C under SSP5-8.5
(IPCC, 2021). Thus, both pathways will lead to a considerably higher level of warming com-
pared to the target of the 2015 Paris agreement to limit the increase in global mean temper-
ature preferably to 1.5 °C. This is, however, a very challenging target (Samuelsson et al. 2016,
IPCC 2022). In fact, the global greenhouse-gas emissions between 2005 and 2020 tracked
most closely the RCP8.5 pathway (Schwalm et al. 2020). Consequently, Schwalm et al. (2020)
argued that RCP8.5 should be considered as a useful risk assessment tool, although it also
has been argued that given the current climate policies, RCP8.5 should be clearly labelled as a
highly uncertain worst-case scenario (Hausfather & Peters 2020).

In Finland, like elsewhere in the high northern latitudes, the rate of warming has clearly ex-
ceeded the global average within the recent decades (Rantanen et al. 2022). Also in the fu-
ture, the mean temperature is projected to increase substantially more rapidly in Finland
compared to the global average, although the ratio of the warming rate in Finland to the
global mean warming rate is projected to somewhat decrease and converge towards ~1.6 by
the end of the current century (Ruosteenoja & Jylha 2021). Relative to the period 1981-2010
this would mean that under the SSP5-8.5 pathway the annual mean temperature in Finland
would likely increase by nearly 6 °C by the late 21st century with 90% confidence interval
from 3.3 °C to 8.6 °C. Under SSP2-4.5 the corresponding temperature increase would be very
likely within the range from 1.7 °C to 5.6 °C. For the upper part of the distribution of possible
temperature changes these are slightly higher estimates than those based on the CMIP5
model simulations under the RCP8.5 and RCP4.5 pathways (Ruosteenoja et al. 2016).
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Moreover, the mean temperature is projected to increase more rapidly in winter than in sum-
mer. Nevertheless, with the global warming levels of only 1-2 °C the occurrence of extreme
summertime heatwaves in Finland, for instance, is expected to multiply (Ruosteenoja & Jylha
2023).

In addition to temperature increase, also precipitation levels are projected to increase in Fin-
land. The increase in annual precipitation level from 1981-2010 to 2070-2099 ranges under
SSP5-8.5 very likely from 7% to 31% and under SSP2-4.5 from 1% to 20% (Ruosteenoja &
Jylha 2021). These estimates are very close to those based on the earlier RCP pathways. It is
very likely that the precipitation levels will increase in winter but in summer the direction of
the change is uncertain, particularly in the southern half of Finland, yet the precipitation lev-
els will more likely slightly increase than decrease also in summer. However, the possible in-
crease in summer precipitation has been attributed to an intensification of heavy precipita-
tion events (Myhre et al. 2019). Accompanied with enhancing evaporation and a general ten-
dency towards more extreme and variable precipitation conditions in a warmer climate
(Giorgi et al. 2011, Lehtonen & Jylha 2019), this may lead to an increase also in drought oc-
currence (Ruosteenoja et al. 2018).

Anticipated changes in other climate variables in Finland include slightly increasing solar radi-
ation in summer and early autumn and decrease in diurnal temperature range in winter (Ru-
osteenoja & Jylha 2021). Little changes are projected both for mean and extreme wind
speeds (Ruosteenoja et al. 2019, Ruosteenoja & Jylha 2021), but decreasing soil frost (Lehto-
nen et al. 2019) may contribute to increasing wind damage in winter.

Although due to their finer resolution RCM simulations tend to outperform GCM simulations
in capturing many regional-scale climatic features, direct application of RCMs in many impact
modelling studies is hampered by model biases (Casanueva et al. 2016). Overall, the EURO-
CORDEX simulations tend to be often too cold, too wet and too windy (Vautard et al. 2021).
Thus, in this project we performed a statistical bias correction on the model data by applying
a distributional-based quantile mapping technique. It is a routinely applied technique in at-
mospheric sciences to correct biases of RCM simulations compared to observational data
(Maraun 2013). In quantile mapping, cumulative probability distributions of simulated time
series of daily weather variables are fitted to the observed distributions within the calibration
period, separately for each month. Eventually, the monthly probability distributions of cor-
rected model variables become identical with the observed distributions within this period.
Then, the same corrections are applied to the whole simulation period. A detailed description
and evaluation of quantile mapping for correcting simulated temperature time series was
presented by Raisanen and Raty (2013) and for precipitation time series by Raty et al. (2014).
However, quantile mapping can be used for correcting biases also in other simulated weather
variables, like demonstrated, e.g., by Wilcke et al. (2013). Here, we used a version of quantile
mapping that is referred to as quantile mapping with smoothing where the extreme tails of
the probability distributions are not precisely fitted (Raisdnen & Raty 2013, Raty et al. 2014).

The bias correction was performed for the following variables: daily minimum, mean and
maximum air temperatures at 2 m height, daily precipitation level, daily mean wind speed at
10 m height, daily global radiation and daily relative humidity at 2 m height. For relative hu-
midity, the bias correction was performed relative to ice in subzero temperatures, but the
corrected values were transformed relative to water. The vapor pressure deficit needed in the
iLand simulations was calculated from the corrected mean temperature and relative humidity.
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The bias correction was performed separately for each variable and for temperature variables
the corrected values were finally adjusted, if needed, so that daily maximum temperature
could not be lower than the minimum temperature and by checking that the maximum and
minimum temperatures on adjacent days behaved reasonably. As our observational data set
for temperature variables, precipitation, global radiation and relative humidity in the bias cor-
rection procedure, we used gridded daily climatology produced by the Finnish Meteorological
Institute that covers Finland at the spatial resolution of 10 km x 10 km (Aalto et al. 2016). Wa-
ter vapor deficit was calculated based on the daily means of air temperature and relative hu-
midity. In correcting the wind speed, we used interpolated values from the ERA5 reanalysis
data (Hersbach et al. 2020) that were previously used in creating a gridded evapotranspiration
data for Finland (Pirinen et al. 2022). As our calibration period in the bias correction procedure,
we used the years 1971-2005 corresponding to the historical period of the climate model
runs. During the process, we also interpolated the model data from its original grid approxi-
mately at 12.5 km x 12.5 km to the same grid with the observational data at 10 km x 10 km.

As input for the iLand model simulations, we selected a total of four model runs from the en-
semble of bias-corrected climate model runs. Two model runs were selected under RCP4.5
and two runs under RCP8.5. The selection was based on the projected changes in annual
mean temperature and precipitation level among the model simulations. Additionally, only
one simulation from each individual GCM and RCM was selected. The selected simulations
under RCP4.5 were the RCA4 model run driven by lateral boundary conditions from the
global model MPI-ESM-LR and the REMO2015 run driven by boundary conditions from the
NorESM1-M model. Under the RCP8.5 pathway, we selected the run by CCLM4-8-17 with
boundary conditions from the EC-Earth model and the run by WRF381P with boundary con-
ditions from the IPSL-CM5A-MR model. The IPSL-CM5A-MR_WRF381P model run in the se-
lection represents a warm and extreme wet scenario under RCP8.5, while the
EC-Earth_CCLM4-8-17 run represents a relatively dry scenario in the context of RCP8.5. The
NorESM1-M_REMO2015 run represents an average scenario under RCP4.5 and the MPI-ESM-
LR_RCA4 run under RCP4.5 represents a scenario with overall low-end climate change signal.
The annual course of mean temperature in Finland in the selected bias-corrected model runs
from 1971 to 2100 is shown in Figure 2 and the same for precipitation level in Figure 3. For
the purpose of the iLand model simulations, the selected model runs were finally bilinearly
interpolated onto a 1 km x 1 km grid.
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Table 1. The complete list of the EURO-CORDEX model runs for which the statistical bias cor-
rection onto a 10 km x 10 km grid was performed. The four model runs that were selected as
input for the iLand model simulations are shown in bold. The last two columns show the
changes in annual mean temperature and precipitation level in Finland from 1981-2010 to
2070-2099 under RCP4.5/RCP8.5 in the bias-corrected model runs, respectively. More infor-
mation about the driving GCMs can be found in Flato et al. (2013) and about the RCMs in Diez-
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Sierra et al. (2022).

Driving GCM | Ensemble | RCM model Dowr]scalling Temperature Precipitation
realisation change change
EC-Earth r12i1p1 CCLM4-8-17 v1 +3.0°C/+5.0°C +11.1% / +11.2%
EC-Earth ri1p1 RACMO22E vi +3.2°C/+51°C +4.4% [ +15.2%
EC-Earth r12i1p1 RCA4 vi +3.2°C/+53°C +12.7% / +16.9%
IPSL-CM5A-MR | r1i1p1 WRF381P v1 +4.2°C/+59°C +21.6% / +40.1%
MPI-ESM-LR r1i1p1 CCLM4-8-17 v1 +2.3°C/+4.7°C +7.7% | +23.4%
MPI-ESM-LR r1i1p1 RCA4 via +2.3°C/+49°C +8.8% / +27.2%
NorESM1-M r1i1p1 REMO2015 v1 +3.2°C/+52°C +13.8% / +18.2%
12.5 T ;
—— MPI-ESM-LR_RCA4 RCP4.5
—— NorESM1-M_REMO2015 RCP4.5
—— EC-Earth_CCLM4-8-17 RCP8.5
10.0 + — IPSL-CM5A-MR_WRF381P RCP8.5
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Figure 2. Annual countrywide mean temperatures in Finland in 1971-2100 in the four bias-
corrected model runs that were selected as input for the simulations with the iLand model
are shown with coloured curves. The thick black curve depicts the observed annual mean
temperature in Finland in 1971-2022.
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Figure 3. Annual countrywide precipitation levels in Finland in 1971-2100 in the four bias-
corrected model runs that were selected as input for the simulations with the iLand model
are shown with coloured curves. The thick black curve depicts the observed annual precipita-
tion level in Finland in 1971-2022.

3.2. Importance of microclimate

3.2.1. Background and objectives

Microclimatic conditions inside forests differ from macroclimates in several ways (Lenoir et al.
2016, De Frenne et al. 2021). Macroclimate refers to large-scale climate patterns that affect
entire regions, while microclimates are localized climate conditions within a forest, including
air and soil temperature and soil moisture. Forest climates are influenced by various drivers,
such as tree cover and canopy structure, topography, and proximity to water bodies (Aalto et
al. 2022). Forest climates exhibit significant spatial and temporal variations due to factors like
shading, wind sheltering, and ground cover. They often exhibit smaller i.e., buffered tempera-
ture and humidity variations compared to open areas (Figure 4; De Frenne et al. 2019). Due to
the buffering effect, forests can potentially mitigate extreme weather events such as heat or
drought episodes, providing more stable and moderated temperatures and humidity levels,
and wind speeds compared to open areas, benefiting the biota dwelling within forests (De
Frenne et al. 2021). The characteristics of forest microclimates and their impacts of forest dy-
namics have so far remained largely unclear, because conventional coarse-resolution macro-
climate data commonly used in ecosystem and impact models (spatial resolution > 1km?)
does not describe conditions inside forests and high-resolution microclimate data is not of-
ten available.
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Forest management modifies microclimates as forest structure, density and species composi-
tion are altered (Ehbrecht et al. 2017). For example, clear-cutting and forest regeneration, as-
sociated with even-aged forestry traditionally implemented in Finland, can impact microcli-
mates by altering energy and water cycles at the start of forest rotation. During the rotation,
gradual changes in stand density, structure and composition may amplify or impede the ef-
fects of macroclimate on microclimate and further on various ecosystem services. For the
multi-target mitigation and adaptation, future forest management could benefit of consider-
ing microclimatic and fertility gradients that control forest dynamics at landscape level. One
deficit of current operative forest planning systems in Finland (e.g., MELA and SIMO) is that
their forest dynamics (i.e., growth, mortality) library and soil carbon models ignore microcli-
matic variability by using only long-term average temperature and precipitation metrics as
climatic inputs.

In FOSTER WP2 one of the aims was to investigate the effects of forest structure on microcli-
mate, namely on temperature and humidity variability close to ground surface. This infor-
mation and produced spatial layers were then used in WP4 to examine the sensitivity of the
iLand model on microscale climate information and show the potential added value of incor-
porating microclimate data into model of forest landscape dynamics. All in all, this novel
model integration enables us to explore forests’ long-term (and likely non-linear) response to
macro- and microclimate change.

3.2.2. Microclimate modeling

To generate high-resolution microclimate data, we used the open-source mechanistic micro-
climate model microclimf (Maclean 2023), version 0.1.0, developed for the R software envi-
ronment (R core team 2022). In brief, microclimf estimates near-ground air and soil tempera-
tures principally based upon the net energy flux density absorbed by surfaces (vegetation,
soils; Figure 5) and momentum as modified by the local environment e.g., local topography.
A combination of gridded climate data, remote sensing and model-derived data products
were used to parameterize the microclimf model:

Weather, FMI Climgrid (Aalto et al., 2016), ERA5 (Hersbach et al.,, 2020)

- Temperature (°C)

- Relative humidity (%)

- Atmospheric pressure (kpa)

- Total shortwave radiation received by a horizontal surface (W/m?)
- Diffuse radiation (W/m?)

- Sky emissivity (range 0 to 1)

- Wind speed at reference height (m/s)

- Wind direction (in degrees)

Topography from digital surface and terrain models (National Land Survey of Finland)

- Elevation (meters above sea level)
- Aspect (in degrees)
- Slope angle (in degrees)
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Vegetation

- Plant area index (unitless)

- Vegetation height (m)

- Ratios of vertical to horizontal projections of leaf foliage

- Maximum stomatal conductance (mol/m#2/s)

- Degree of canopy clumpiness (0 = even, 1 = highly clumped)
- Leaf reflectance values for shortwave radiation (0 — 1)

- Leaf diameters (m)

- Leaf transmittance values for shortwave radiation (0 - 1)

Soil

- Soil type (e.g. sand, silt, clay)
- Soil reflectance values for shortwave radiation (0 - 1)

Mechanistic modeling Conventional macroclimate data

Warmer

RN

Novel high-resolution microclimate data

Figure 4. Conventional, coarse-resolution macroclimate data does not represent conditions
inside forests (To=conditions outside forest, T=conditions inside forests). In FOSTER, we used
sophisticated mechanistic modeling, and spatial environmental to produce data of microcli-
mate at very high-resolution to be integrated with the iLand dynamic forest landscape model.
L=latent heat flux, H=sensible heat flux, G=soil heat flux, R.et=net radiation.

The key outputs of the model include spatiotemporal estimates of:

- Air temperatures at requested height (°C)

- Leaf temperatures at requested height (°C)

- Ground surface temperatures (°C)

- Soil moisture fractions in the top 10 cm of the soil (m?/ m3)

- Relative humidity at requested height (%)

- Wind speed at requested height (m/s)

- Downward direct shortwave radiation incident on horizontal surface (W/m?)
- Downward diffuse shortwave radiation incident on horizontal surface (W/m?)
- Downward longwave radiation incident on horizontal surface (W/m?)

- Upward shortwave radiation fluxes (W/m?)

- Upward longwave radiation fluxes (W/m?)
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3.2.3. Model implementation

R environment as implemented in library microclimf at 10 x 10 m spatial resolution produces
hourly estimates 2011-2020 from April to September. Model runs were performed in a super-
computing environment of the CSC (IT center for science) PUHTI system. The general model-
ing pipeline is presented in Figure 5. Due to large computational burden, the model runs
were divided into two-day segments. This allowed for running the model on multiple compu-
tation nodes, lowering overall run times, and lowering the memory requirements of each of
the model runs. The prediction domain was selected as a 10 x 10 km area with the following
specifications (left, bottom, right, top): (299349,4 | 6766634 | 309349,4 | 6776634) — coordi-
nates in ETRS89 / TM35FIN, EPSG:3067.

Weather Environment

ERAS5 FMI climgrid National
datasets
1

Tri-hourly 1 1
Hourly . Temperature = Vegetation \L'di‘
Shortwave and diffuse Relative humidity || Vaterbodies types
radiation, +
wind speed and wind Daily DEM
direction, precipitation Vegetation
sky emissivity,  |—7——————_|._______ height
atmospheric pressure  Interpolation P : PAI
~ ' i Microclimf tools 1
__________ | ¢ to hourly ' S :
e ——— oo, | Joresimeding ¢
' i - | 1 vegetationand |
| period, divide ! ;  Calculate P !
: ‘ ' : ' i soil parameters |
i into2-day el Waterbody (Wheel casisnis sl -
datasets ' i effectson
. (memory | L ompemaine
i conservation) 5
---------- P Reprolect Vegetation and
V\;?raath:r ——. resample and set —————— soil parameter
y ! tosametime | arrays

Supercomputing
environment:
microclimf

Figure 5. Summary of the modeling pipeline, taken from Kolstela et al., (under review).

3.2.4. Prediction performance

Recently, Kolstela et al. (under review) conducted cross-validation of the near-surface air tem-
perature predictions during May-August 2020 against a comprehensive set of in-situ micro-
climate observations over boreal three boreal landscapes in Finland (Lohja, Hyytidld and
Varrid). The analysis suggested a reasonable predictive performance of the model with root
mean square error (RMSE) between three-hourly predicted and observed temperatures
across all landscapes ca. 3.3 °C. The predictive performance was found to vary between the
areas and with environmental characteristics with the prediction error in general being
smaller inside forest canopies compared to open areas. Figure 6 exemplifies model outputs
by presenting maximum near-surface air temperature variability in Lohja area aggregated
over the summer 2020.
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Figure 6. An example of microclimate layer produced using the microclimf model. The map
depicts spatial variation in absolute maximum temperature close to ground surface over the
summer of 2020 in Lohja region, southern Finland, at the spatial resolution of 10 x 10 m.

3.2.5. Investigating ecosystem dynamics using microclimate data

In FOSTER, we took first steps to integrate the mechanistic microclimf model with the dynam-
ical forest landscape model iLand (Seidl et al. 2012, see also Section 4.1.4 for a more detailed
description of the model). Ecosystem models generally use relatively coarse-scale (both spa-
tial and temporal) climate data and model parameters are parametrised based on macrocli-
mate. However, when investigating the development of forests under climate change and
disturbance, particularly the crucial processes of forest recovery and re-organisation after dis-
turbance (Seidl & Turner 2022), it becomes increasingly important to consider the impact of
microclimatic variation on ecosystem processes in models (De Frenne et al. 2021).

There are multiple potential avenues towards better representation of microclimatic variation
in ecosystem models, from empirically parametrised offset functions (e.g., modifying climate
variables based on topography, forest structure, etc. based on empirically observed data) to
fully integrating mechanistic modelling of local interactions of climate and forest. As a first
step towards a more mechanistic approach, we here tested the possibility of establishing an
interaction between the iLand forest landscape model and microclimf. Forest conditions gen-
erated from simulations from iLand (under macroclimatic conditions) were used as input data
for microclimf which in turn provided microclimate as an output.

This resulted in two sets of climate inputs: i) conventional gridded data interpolated from
weather station observations (spatial resolution of 1 x 1 km, neglecting microclimatic
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processes) and ii) high-resolution microclimate surfaces accounting for e.g. the effects of
vegetation cover on local temperature and humidity (spatial resolution of 10 x 10 m), show-
ing the potential variability in local climate which is currently not represented in simulation
modelling (Figure 7) We then explored the range of differences between these two datasets,
with a particular focus on climate variables relating to processes of forest disturbances and
forest development, e.g. key iLand parameters related to regeneration establishment, bark
beetle development and overwintering, as well as decomposition processes of deadwood
and litter.
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Figure 7. An example 1 km?from the center of the simulated landcapes showing the local
differences in temperature when running microclimf on iLand vegetation output. In the
macro-climate driven simulation, this entire area would have homogenous climate. Shown is
average daily maximum temperature for July 2018 15 cm (a) and 150 cm (b) above ground.
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4. Simulating future multifunctional forests

4.1. Scenarios and study landscapes

We applied two models for simulating the future of multifunctional forests. First, to investi-
gate effects of climate change, disturbances, and management at a landscape level in the
next 80 years, we used iLand (“the individual-based forest landscape and disturbance model”,
Seidl et al. 2012a). Second, to analyze the effects of mitigation and adaptive management in
larger areas and in the short term (30 years), corresponding forest management options were
simulated with Motti (“simulator for forest development forecasts”, Hynynen et al. 2015). The
short-time horizon was chosen to provide information on the effects of forest management
option with time horizon relevant for meeting Finland’s Carbon Neutrality Goal by 2050,
whereas the long-time simulations provide insight into the long-term effects of changing for-
est management strategies on forest ecosystem services and biodiversity under multiple sce-
narios of climate change.

We simulated with both models in total of nine different forest management and land-use
options, which formed three overarching themes: business-as-usual (BAU), climate change
mitigation (MIT), and climate change adaptation (ADA). Business-as-usual scenario followed
the current good practice guidance for forestry in Finland (Rantala 2011). The MIT and ADA
scenarios were modifications of BAU by adjustments in rotation lengths and regenerated
tree-species selections, allocation of set-aside areas and share of continuous cover forestry
(CCF) (Table 2). In mitigation scenarios rotation periods were prolonged to allow the trees to
grow larger, store carbon in-situ for an extended time and produce also more litter input to
soil (Liski et al. 2001, Repo et al. 2015). In these options, the set-aside areas were selected pri-
oritizing old stands or high volume stands to increase carbon storage in the landscape (Pre-
gitzer & Euskirchen 2004, Repo et al. 2021). In adaptative scenarios the rotation lengths were
shortened to reduce the risk of loss of timber because of disturbances (Zimova et al. 2020),
and birch was planted in former spruce stands after clearcuts to reduce the risks from bark
beetle outbreaks by lowering the share of the primary host species (Honkaniemi et al. 2020).
Increasing the share of broadleaf trees is also seen as beneficial to biodiversity (Felton et al.
2021). Set-aside areas were implemented as connected areas with a random starting point to
minimize edge effects and provide large continuous protected areas, which have been seen
as beneficial to conservation (Fahrig et al. 2022). In iLand all forest management options were
simulated in five different climate scenarios (historical climate and two scenarios each under
RCP 4.5 and RCP 8.5), in Motti the current climate conditions were applied.
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Table 2. Definition of different forest management scenarios with iLand and Motti.

Scenario Rotation length Set Aside Broadleaf Share CCF
Target >60-90 years in
iLand and correspond- Max 10% admixed
BAU ing stand diametersin | None but not actively None
Motti, depending on added
site type.
0 , 5% of herb-
MIT_1 +10% 1 d‘,’s‘;area (cla/high volume | 5 i1 BAU fich sites
(OMT)
0 , 5% of herb-
MIT_2 +10% gfaﬁ’ d‘;‘;area (old/high volume | 5 i1 BAU rich sites
(OMT)
0 : 5% of herb-
MIT_3 +30% ;t‘r’a {;’ d‘;‘;area (cla/high volume | »o i1 BAU rich sites
(OMT)
0 : 5% of herb-
MIT 4 +30% ;(’aﬁ’ d‘;‘;area (old/high volume | »< 11 BA rich sites
(OMT)
15% of area, continuous area | 50% of spruce
ADA_1 -10% randomly placed, different lo- | substituted by none
cation for each replicate broadleaves
15% of area, continuous area | 100% of spruce
ADA_2 -10% randomly placed, different lo- | substituted by none
cation for each replicate broadleaves
15% of area, continuous area | 50% of spruce
ADA_3 -30% randomly placed, different lo- | substituted by none
cation for each replicate broadleaves
15% of area, continuous area | 100% of spruce
ADA_4 -30% randomly placed, different lo- | substituted by none
cation for each replicate broadleaves

4.1.1. Simulations with iLand

For the iLand simulations, we selected two forest landscapes in Finland (Figure 8). The first
landscape is centered around the municipality of Urjala at the border of the Pirkanmaa and
Kanta-Hame regions (61°04' N, 23°27' E) and covers a total of 53 510 ha. The landscape is a
mixture of forests, agricultural land, and lakes, of which we simulated the 30 584 ha of forests
with iLand (only upland/mineral soils, excluding peatlands). The landscape is located in the
southern boreal zone (SYKE, 2015), is dominated by Norway spruce, and characterized by rel-
atively fertile forest sites (Table 3).

The second landscape is located in the Central Finland region, in Aédnekoski and neighbour-
ing municipalities (62°38' N 25°38" E). It is straddling the border of the Southern boreal and
Middle boral forest vegetation zones (Figure 8) and covers a total area of 60 436 ha, of which
30 248 are classified as forest area and simulated here. Compared to Urjala, Aédnekoski land-
scape has poorer sites and higher shares of Scots Pine (Table 3). The initial state of the forest
vegetation was derived from Metsakeskus stand-level data (Metsakeskus 2021) and repre-
sents an approximation of the forest state in the year 2020. iLand simulations were run for 80
years each, with each scenario combination being replicated 10 times to take into account
stochastic variation in model processes (e.g., tree mortality, bark beetle spread).

23



Natural resources and bioeconomy studies 28/2024

To design the management scenarios, we first defined the Business-as-Usual scenario based
primarily on Tapio Best Practice Guidelines for Sustainable Forest Management (Rantala 2011,
TAPIO 2022) therefore representing the current recommendations for planting, thinning, and
final harvests (in iLand, final harvests are currently primarily based on age rather than mean
diameter as in Motti) for each site type and landscape (following recommendations for
Southern Finland for Urjala and Central Finland for Adnekoski). To create the alternative man-
agement scenarios, final fellings were scheduled earlier or later according to scenarios, thin-
nings were not altered. For the ADA scenarios, planting targets were altered, replacing 50 or
100% of previous spruce targets with birch. For the MIT scenarios where CCF management
was added, this was done primarily in young stands, which were transformed towards uneven
aged stands through a series of selection cuttings, following a similar approach to Shanin et
al. (2016). To select set-aside areas in the MIT scenarios with a focus on high-volume stands,
stands on each landscape were ranked by volume per hectare in a descending order and iter-
atively set aside until the target of 15 or 30% of forest area was reached. In the ADA scenar-
ios, 15% of the forest area were set-aside as one continuous forest area. The location of this
area varied in each of the 10 replicates. This was done by selecting 10 center points randomly
in each landscape and iteratively growing the protected area around them until 15% of the
forest area was set-aside. The set-aside areas were not managed in any way and trees killed
by disturbance were not salvaged.

All management scenario combinations were simulated in iLand under 5 different climate
scenarios (historical, 2 RCP 4.5 scenarios 2 RCP 8.5 scenarios, see section 3.1.1. for details on
climate scenarios).

4.1.2. Simulations with Motti

For extending landscape-level results produced by iLand to the larger geographical areas,
scenario analysis with National Forest Inventory (NFI) data and Motti stand simulator was car-
ried out.

First, we defined two circular study-regions with 100 km radius and with Urjala (Region 1) and
Aznekoski (Region 2) as their focal points. Then, we selected NFI12-sample plots (fieldwork
2014-2018; Korhonen et al. 2021) located inside the circles, totaling 5 371 and 5 855 plots in
Regions 1 and 2, respectively. Each NFI-plot represents app. 350 ha of productive or non-pro-
ductive forest land, resulting ca. 1.8 and 2.2 million hectares in Regions 1 and 2, respectively
(Table 4). The detailed information of the forest sites and stands measured from each NFI-
plot produced a representative view to the current stage of forests in the study-regions and
served as an input for the simulations.

In the Motti-simulations, stand projections of NFl-sample-plot stands were predicted for 30
years according to pre-defined management regimes. Several alternative regimes were simu-
lated to cover the variation in forest management practices currently in use. In Region 1, alto-
gether 535 670 different stand projections were simulated, and in Region 2, the number was
663 321.
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Figure 8. Location of study areas in Finland. Smaller shaded areas represent the iLand simu-
lation landscapes (Urjala and Aanekoski), while the circles around them represent the regions
simulated with Motti (Region 1 centered around Urjala, Region 2 centered around Aanekoski).

Table 3: Forest and site characteristics in the two study areas in iLand simulations.

Landscape (iLand simulation area) Urjala Ainekoski
Area (ha) 30 584 30 248
Site types (% coverage)

Herb rich (OMT) 32.5 14.0
Mesic (MT) 96.2 52.0
Subxeric (VT) 7.3 30.1
Xeric (CT) 4.0 3.9
Tree species (% share of volume)

Norway Spruce 29.4 48.4
Scots Pine 23.5 36.9
Other (Broadleaves) 171 14.7
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Table 4: Forest and site characteristics in the two study areas in Motti simulations.

Region 1 (Urjala) : A"‘;‘:g;’gsii)
Area mill. ha % mill. ha %
Total 1.83 2.23
Production forests 88.2 91.9
Strictly protected 5.6 3.6
Other 6.2 45
Mineral soils 1.46 1.64
Herb rich (OMaT, OMT), % 23.8 19.3
Mesic (MT), % 38.9 38.4
Subxeric (VT), % 13.4 14.0
Xeric (CT, CIT), % 3.9 2.0
Peatlands 0.37 0.58
Herb rich (Rhtkg), % 43 3.0
Mesic (Mtkg), % 8.4 8.1
Subxeric (Ptkg), % 3.2 9.6
Xeric (Vatkg, Jatkg), % 4.2 5.6
Volume mill. m3 % mill. m3 %
Total 307 329
Production forests 86.5 90.9
Strictly protected 74 4.6
Other 6.1 4.4
Mineral soils 248 252
Peatlands 59 77
Tree species, share of volume % %
Norway Spruce 43.3 31.9
Scots Pine 434 58.4
Other (Broadleaves) 13.3 9.7

The forest management scenarios (BAU, MIT, and ADA) were defined same way for the Motti-
simulations as for the iLand simulations (see Table 2 in chapter 4.1.).

The basic scenario “Business As Usual” (BAU) was first constructed from simulated datasets
via linear programming (LP) using software J (Lappi & Lempinen 2014) to represent recent
forest management activity in the study regions. The same simulation-LP method has re-
cently been applied in several regional scenario analyses (e.g., Hynynen et al. 2015,
Haikarainen et al. 2021). In BAU, we adjusted harvesting removals and areas of silvicultural
treatments to the level of recent years (2017-2021) according to the forest statistics (Luke
2023a, 2023b) by using them as constraints in LP. The final solution for BAU included one sin-
gle management regime for each sample plot. The regional results were calculated on the
basis of the area represented by each sample plot.
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After defining BAU, we constructed the other scenarios (MIT1-4, ADA1-4) by replacing
specific BAU regimes with other options better reflecting the new scenarios. For example, in
MIT1 the rotation length aimed to be 10% longer compared to BAU, the area of CCF in OMT-
sites aimed to be 5%, and set-aside area in old stands 15% (Table 2). More specifically, re-
gime with standard final-cutting time was replaced with the otherwise similar regime but
later final-cutting time, regime including cuttings was replaced with the “no-treatments”-re-
gime representing set-aside strategy, and the even-age regime was replaced with the CCF-
regime.

The changes in rotation lengths (i.e., timing of final cuttings) were based on the stand
mean diameter at the time of final cutting. The simulated regimes included several alternative
mean diameters (varying around the final-cutting stages suggested in guidelines and defined
separately by sites and tree species, about 2 cm intervals). Thus, we were able to replace re-
gime initially selected for BAU with the regime including smaller or larger diameter for final
cutting. However, using diameters instead of stand ages means that the differences between
scenarios initially defined with years, were not exactly reached. Especially in MIT scenarios the
intended lengthening was not perfectly achieved, whereas in ADA, intended shortening was
better achieved.

Management regimes for both rotation forestry and CCF were included in a set of manage-
ment alternatives. We set the area of CCF-management zero in BAU and ADA, whereas in
MIT-scenarios the CCF management was applied in 5% of randomly selected mineral soll
herb rich (OMT) sites.

The selection of set-aside areas was carried out differently for MIT and ADA scenarios. In
MIT, the selection was allocated primarily to the old and/or high-volume stands, whereas in
ADA all kind of stands had equal possibility to be selected. For ADA, we picked 10 different,
randomly selected subsets of the NFI-plots for both study-regions. After resolving them sep-
arately, we used averages of the results as final results. Both in MIT and ADA, the total of se-
lected set-aside plots was set to be large enough to fulfil the targeted total area of protected
forests in each scenario (i.e., 30% in MIT2 and MIT4 and 15% in MIT1, MIT2, and ADA-scenar-
i0s).

The increasing share of the birch stands following regeneration in ADA-scenarios were cal-
culated separately. The sites, where spruce is used for planting are also suitable for growing
birch. Therefore, we replaced the initial annual area regenerated for spruce with birch (50% in
ADA1 and ADA3 and 100% in ADA2 and ADA4).

4.1.3. Effects on ecosystem services and biodiversity

To study the interlinkages between forest management and land-use options as well as bio-
diversity and ecosystem services we included a set of indicators in our study (Table 4). In
iLand simulations we used the number of large trees, share of broadleaved trees, and dead-
wood as indicators of biodiversity, because the link between these key forest structures and
biodiversity is well established (Felton et al. 2017, Gao et al. 2015 Hyvarinen et al. 2019, Jo-
hansson et al. 2013, Siitonen 2001). As indicators for ecosystem services we used total carbon
storage, harvested timber, bilberry yield (Miina et al. 2016), and scenic beauty of forest (Puk-
kala et al. 1988). The scenic beauty index increases with the age and size of trees, with share
of pines and deciduous trees, and with openness of stand. Since there are no bilberry models
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for broadleaf-dominated stands, models for pine stands were applied for birch-dominated
stands (pers. communication J. Miina). In Motti simulations, the studied variables for biodiver-
sity were volume of broadleaved trees, deadwood volume, and a combined diversity indicator
calculated from several deadwood types and qualities (Table 4). Forest ecosystem services are
described through the volume of growing stock, carbon storage of living trees, harvested
sawlog and pulpwood volumes, and the economic indicators of incomes from harvests, costs
of silvicultural treatments, and net present value (Table 4).

Table 4. Indicators for ecosystem services by models.

Indicator Unit Description
iLand

Includes stems, branches, foliage, coarse and fine
Total carbon tC ha! roots, regeneration, snags, downed wood, litter and

soil

Harvested timber volume

m3 ha' year!

Included both regular planned and salvage harvests

Annual disturbed volume

m? ha! year!

Volume killed by bark beetle and wind disturbance

Deadwood carbon

tC ha!

Includes stems, branches and coarse roots of stand-
ing dead trees and downed woody debris

Share of broadleaved trees

%

Basal area share of broadleaved trees

Number of trees with a diameter at breast height

-1
Large trees Nha larger than 30 cm
Bilberry yield kg har! year é(r)\;\gal yield of Billberries, according to Miina et al.,

. Index of perceived scenic beautyc, according to Puk-
Scenic beauty Index (0-10) kala et al. 1988
Motti
Volume of growing stock Mill. m3 Stem volume
Carbon storage of living trees tCO,eq ha’ Includes stems, branches, coarse roots, fine roots
Harvested timber volume (cutting Mill. m? g Volume of merchantable wood (sawlogs and pulp-
removals) ' wood)
Incomes Mill. € Stumpage earnings from cuttings
Costs Mill. € Costs of silvicultural treatments
Net present value Mill. € Value of future net revenues discounted to present
Volume of broadleaved trees Mill. m3 Stem volume
Deadwood volume Mill. m? lré:ét;des shags (standing) and logs (downed) dead

Based on the number of dead tree species, types of

Diversity Index deadwoods (e.g., snags and logs), size-classes and

decaying stage of deadwood

4.1.4. Model descriptions

The alternative management strategies were simulated using two complimentary modelling
approaches. iLand integrates climate change and disturbances in smaller landscapes, focusing
particularly on longer term interactions of these factors with forest management. Motti deliv-
ers robust forecasts of forest management effects (including profitability) for larger regions,
focusing on shorter term development under the current climate.
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iLand - the individual-based forest landscape and disturbance model

iLand, a process-based forest landscape model was developed as a research tool to investi-
gate forest dynamics under the influence of climate, natural disturbances, and forest man-
agement. The forest is represented as individual trees and forest dynamics directly emerge
from their demographic processes (regeneration, growth, mortality, competition) and their
interaction with the environment (daily climate, soil conditions). Because of this, the effects of
climate change can be directly included by using future climate data generated by climate
models and it is particularly suitable to investigate long-term interactions of forest dynamics,
natural disturbances, climate change, and forest management and their combined effects on
forest ecosystem services. iLand is a spatially explicit model, including landscape-scale pro-
cesses such as seed dispersal and spread of disturbance agents (Seidl et al. 2012). The model
has been previously applied both in Europe and North America. For the application in Fin-
land, we tested and parameterized it with Finnish data (Repo et al. 2024, manuscript). iLand
includes modules for both abiotic (Seidl et al. 2014a, 2014b) and biotic (Honkaniemi et al.
2021, Seidl & Rammer 2017) natural disturbances. We simulated the effects of the disturb-
ance agents wind and European spruce bark beetle as well as their interactions with climate
and forest management. The various management scenarios are implemented through the
agent-based management engine within iLand (Rammer & Seidl 2015). iLand is freely availa-
ble under the GNU General Public License and the full model documentation as well as a
downloadable version can be found at: https://iland-model.org/

Motti - an efficient and versatile simulator for forest development forecasts

Motti is an empirically based simulation tool for assessing the impacts of different forest
management practices on stand dynamics and forest management profitability as well as for
comparing alternative management strategies (Salminen & Hynynen, 2001; Salminen et al.,
2005). A large set of tree-species specific stand-level and tree-level models are incorporated
in Motti, separately for mineral soil and peatland stands (e.g., Hynynen et al, 2014, Repola et
al., 2018). Components of stand dynamics, like regeneration, growth, and mortality, can be
predicted in different stages of stand development and in different circumstances (i.e., site
fertilities, climatic conditions, and with or without silvicultural treatments (Hynynen et al.,
2015). The technical details of Motti are described in Salminen et al. (2005).

4.2. Landscape scale results (iLand)

4.2.1. Future forest development and forest disturbances

The interplay between changing climate and forest management practices significantly influ-
enced the projected trajectory of forest development within the study landscapes (Figure 9,
Figure 10). Mitigation scenarios generally resulted in larger total carbon stocks compared to
adaptation or business-as-usual scenarios due to longer rotation times and forest protection.
Conversely, shorter rotation periods in the adaptation scenarios lead to increased harvesting
and lower carbon stocks particularly in the short term relative to BAU and mitigation scenar-
ios. The general trends were similar in both studied landscapes. The impact of management
options on carbon stocks was greater than that of climate change. For instance, in the Urjala
region, climate change alone increased total carbon stocks by an average of 5% in RCP 4.5
climate and 11% in the RCP 8.5 climate in the long-term compared to business-as-usual
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management in historical climate, while the combined effect of climate change and mitiga-
tion management increased total carbon stocks correspondingly by 15-23% and 20-28% de-
pending on the management option.

Climate change increased disturbances, especially bark beetle invasions compared to histori-
cal climate (Figure 11, Figure 12). The annual disturbed volumes increased over time, with the
largest volumes being observed in the RCP 8.5 climate change scenarios and mitigation op-
tions (Figure 11, Figure 12). For example, in the long term, the average annual disturbed vol-
umes increased up to 2.2 m*haa™ in Urjala, while in Ainekoski, the increase was 0.2 m*ha’
a'. (Table 5, Table 6). In the Urjala landscape, the disturbed volumes can be explained by
higher larger standing volume, more productive forest stands, higher trees and higher spruce
share compared to Adnekoski. Management had both positive and negative effects on dis-
turbed volumes, which became more noticeable over time, particularly with climate change.

Wind damages dominated disturbances in both BAU and ADA climate scenarios (Figure 9,
Figure 10) while in MIT options, bark beetle damages were also significant. For example, in
Urjala under the MIT4 RCP 8.5 scenario, bark beetle invasions accounted for over 60% of the
total disturbed volumes in the long-term. In contrast, the ADA scenarios reduced the impact
of bark beetles by reducing the spruce share and shortening rotation times. Hence, despite
wind disturbances, the disturbed volumes in ADA3 and ADA4 were lower under RCP8.5.

Disturbances affected both managed and set-aside areas. In historical climate over 70% of
the disturbed volumes were in protected areas in Urjala. However, the more severe the cli-
mate change, the smaller proportion of total disturbed volumes came from protected areas.
In adaptive options there were only small differences in the share of disturbed volume from
protected areas between climate scenarios.
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Figure 9. Development of total carbon stocks, cumulative annual harvests and annual dis-
turbances in scenarios in Urjala. Climate scenarios are: RCP 4.5, dry=MPI, RCP 4.5, wet=NCC,
RCP 8.5, wet=IPSL, RCP 8.5 dry=ICHEC. For abbreviations of management scenarios see Table
2. The values are averages over 10 simulation replicates.
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Figure 10. Development of total carbon stocks, cumulative annual harvests and annual dis-

turbances in scenarios in Aanekoski. Climate scenarios are: RCP 4.5, dry=MPI, RCP 4.5,
wet=NCC, RCP 8.5, wet=IPSL, RCP 8.5, dry=ICHEC. For abbreviations of management scenar-
ios see Table 2. The values are averages over 10 simulation replicates.
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Figure 11. Accumulated disturbed volumes by barkbeetles and wind in 80 years of simulation
in different management and climate scenarios in Urjala. Climate scenarios are: RCP 4.5,
dry=MPI, RCP 4.5, wet=NCC, RCP 8.5, wet=IPSL, RCP 8.5=ICHEC. Bars show the mean of 10
replicates and whiskers show the maximum and minimum among replicates. For abbrevia-
tions of management scenarios see Table 2.
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Figure 12. Accumulated disturbed volumes by bark beetles and wind in 80 years of simula-
tion in different management and climate scenarios in Adnekoski. Climate scenarios are: RCP
4.5, dry=MPI, RCP 4.5, wet=NCC, RCP 8.5, wet=IPSL, RCP 8.5=ICHEC. Bars show the mean of
10 replicates and whiskers show the maximum and minimum among replicates. For abbrevia-
tions of management scenarios see Table 2.
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4.2.2. Trade-offs between disturbance risk prevention and climate change
mitigation potential of forests

Forest management options focused on climate change mitigation generally increased total
carbon stocks both in the short- and long-term but increased disturbed volumes and resulted
in lower harvests compared to BAU (Table 5, Table 6). The trends were similar in both regions.
However, it is worth noting that the increase in disturbed volumes did not outweigh the
gained carbon benefits obtained with combinations of forest protection and prolonging rota-
tion length. In mitigation regimes, the total average carbon stocks calculated over the full
simulation period were larger than in ADA or BAU options, even when losses due to disturb-
ances were accounted for. The trade-off of mitigation options was a significant reduction in
harvested volumes. Adaptive management to reduce risks generally reduced the disturbed
volumes compared to mitigation options but not always compared to BAU (Table 5, Table 6)
For example, under the ADA2 regime, disturbed volumes were larger than in the business-as-
usual regime towards the end of the century due to the intensive substitution of spruce for
broadleaves. Despite shortened rotations, there was an increase in wind disturbance due to
the faster early height growth of birches.
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Table 5. Management effects on total carbon stocks, harvested and disturbed timber as dif-
ference to BAU management in different climate scenarios in short term (average over first 30
years) and long-term (average over last 30 years) for the Urjala landscape. Light background
colours (green/orange) signify a difference to BAU under that climate larger than one standard
deviation, dark background colours signify a difference larger than 2 standard deviations.
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URJALA Difference to BAU

Total carbon

(tC ha') (short-term) b

Historical 152.9

RCP4.5Dry (MPI) | 157.3

RCP 4.5 Wet (NCC) | 156.2

RCP 8.5 Dry (ICHEC) | 159.4

RCP 8.5 Wet (IPSL) | 158.7

Total carbon

(tC ha) (long-term)

Historical 174.8

RCP4.5Dry (MPI) | 1834

RCP 4.5 Wet (NCC) | 184.2

RCP 8.5 Dry (ICHEC) | 200.9

RCP 8.5 Wet (IPSL) | 193.4

Harvested (m? ha!

(short-term() ) 4

Historical 5.62

RCP 4.5 Dry (MPI) 6.24

RCP 4.5 Wet (NCC) | 6.26

RCP 8.5 Dry (ICHEC) | 6.45

RCP 8.5 Wet (IPSL) | 6.34

Harvested (m? ha)

(long-term)

Historical 5.28

RCP 4.5 Dry (MPI) 6.70

RCP 4.5 Wet (NCC) | 6.99

RCP 8.5 Dry (ICHEC) | 9.41

RCP 8.5 Wet (IPSL) | 10.30

Disturbed (m*ha) | gay | mTe | miT2 | MIT3 | MIT4 | ADA1 | ADA2 | ADA3 | ADA4
(short-term)

Historical 0.051 | +0.040 | +0.063 | +0.046 | +0.064 | +0.001 | +0.000 | +0.001 | -0.000
RCP45Dry (MPI) | 0.061 | +0.044 | +0.072 | +0.054 | +0.078 | +0.000 | -0.001 | -0.002 | -0.003
RCP 4.5 Wet (NCC) | 0.098 | +0.070 | +0.123 | +0.090 | +0.143 | +0.005 | +0.004 | -0.002 | -0.002
RCP 8.5 Dry (ICHEC) | 0.106 | +0.064 | +0.125 | +0.091 | +0.150 | +0.000 | -0.003 | -0.009 | -0.010
RCP 8.5 Wet (IPSL) | 0.111 | +0.078 | +0.151 | +0.106 | +0.176 | +0.001 | +0.000 | -0.007 | -0.010
Disturbed (m? ha')

(long-term)

Historical 0.047 | +0.177 | +0.272 | +0.180 | +0.282 | +0.093 | +0.281 | +0.033 | +0.100
RCP4.5Dry (MPI) | 0.174 | +0.260 | +0.392 | +0.259 | +0.405 | +0.160 | +0.463 | -0.002 | +0.110
RCP 4.5 Wet (NCC) | 0.466 | +0.400 | +0.655 | +0.386 | +0.637 | +0.229 | +0.649 | -0.072 | +0.078
RCP 8.5 Dry (ICHEC) | 1.120 | +1.000 | +1.100 | +0.151 | +0.550 | -0.281 | -0.148
RCP 8.5 Wet (IPSL) | 1.690 | +1.130 | +1.180 | +0.288 | +0.801 | -0.410 | -0.191
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Table 6: Management effects on total carbon stocks, harvested and disturbed timber as dif-

ference to BAU management in different climate scenarios in short term (average over first 30
years) and long-term (average over last 30 years) for the Aidnekoski landscape. Light back-
ground colours (green/orange) signify a difference to BAU under that climate larger than one
standard deviation, dark background colours signify a difference larger than 2 standard devi-

ations.

AANEKOSKI Difference to BAU

Total carbon

(tC ha-) (short-term) BAU | MITT | MIT2 | MIT3 | MIT4 | ADA1 | ADA2

Historical 122 .4 +6.2 +7.7 +8.1 +8.3 2.3 -2.8

RCP45Dry (MPl) | 1233 | +66 | +83 23 | 29

RCP4.5Wet(NCC) | 1202 | +6.4 | +7.6 | +7.9 21 | -28

RCP 8.5Dry (ICHEC) | 1224 | +64 | +8.4 | +85 23 | 27
RCP85Wet(IPSL) | 1247 | +63 | +7.9 | +83 | +85 | 23 | -238

Total carbon

(tC ha) (long-term)

Historical 145.0 +1.6 +0.1

RCP4.5Dry (MPI) | 1447 +18 | +05

RCP 4.5 Wet (NCC) | 141.7 +25 | +1.9

RCP 8.5 Dry (ICHEC) | 159.7 +00 | -2.1

RCP 8.5 Wet (IPSL) | 151.9 +26 | +15

Harvested (m? hat) il p ) ) ADA1 | ADA2 | ADA3 | ADA4
(short-term)

Historical 2.55 15185 | 208 |24 | +0.27 | +0.28 | +0.87 | +0.87
RCP4.5Dry (MPI) | 2.75 | +0.26 | +0.26 | +0.94 | +0.95
RCP 4.5 Wet (NCC) | 2.57 | +0.30 | +0.29 |+0.95 | +0.96
RCP 8.5 Dry (ICHEC) | 2.62 | +0.28 | +0.28 | +0.88 | +0.90
RCP 8.5 Wet (IPSL) | 2.75 | +0.31 | +0.30 |+0.96 | +0.97
Harvested (m? ha)

(long-term)

Historical 293 |-014 |-058 |+0.11 |-045 |-008 |[-020 |+0.62 |+0.43
RCP45Dry(MPl) | 350 |-024 |-0.74 |+0.06 |-061 |-021 |-033 |+055 |+0.34
RCP 4.5Wet (NCC) | 333 |-0.18 |-067 |+0.11 |-053 |-014 |-017 |+0.74 | +0.66
RCP85Dry (ICHEC) | 45 |-0.38 |-1.01 | -015 |-097 |-043 |-068 |+0.37 |+0.01
RCP 85 Wet (IPSL) | 4.78 |-043 |-145 | -0.18 |-1.05 |-027 |-038 |+0.68 |+0.50
Disturbed (m*ha) | gay | MiT1 | miT2 | MIT3 | MIT4 | ADA1 | ADA2 | ADA3 | ADA4
(short-term)

Historical 0.003 | +0.001 | +0.008 | +0.008 | +0.008 | +0.001 | +0.001 | +0.002 | +0.001
RCP4.5Dry (MPI) | 0.004 | +0.002 | +0.012 | +0.011 | +0.010 | +0.001 | +0.001 | +0.002 | +0.002
RCP 4.5 Wet (NCC) | 0.006 | +0.001 | +0.013 | +0.016 | +0.015 | +0.001 | +0.002 | +0.001 | +0.001
RCP 8.5 Dry (ICHEC) | 0.005 | +0.001 | +0.010 | +0.010 | +0.010 | +0.001 | +0.001 | +0.001 | +0.001
RCP 8.5 Wet (IPSL) | 0.006 | +0.001 | +0.013 | +0.014 | +0.014 | +0.002 | +0.001 | +0.002 | +0.001
Disturbed (m? ha')

(long-term)

Historical 0.006 | +0.052 | +0.060 | +0.050 | +0.054 | +0.014 | +0.020 | +0.009 | +0.012
RCP4.5Dry (MP]) | 0.016 | +0.072 | +0.086 | +0.070 | +0.060 | +0.024 | +0.041 | +0.013 | +0.022
RCP 4.5 Wet (NCC) | 0.036 | +0.070 | +0.090 | +0.070 | +0.082 | +0.035 | +0.082 | +0.015 | +0.044
RCP 8.5 Dry (ICHEC) | 0.090 | +0.154 | +0.199 | +0.149 | +0.185 | +0.038 | +0.069 | +0.001 | +0.025
RCP 8.5 Wet (IPSL) | 0.193 | +0.132 | +0.184 | +0.117 | +0.159 | +0.077 | +0.168 | +0.004 | +0.076
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4.2.3. Effects of adaptation and mitigation management on biodiversity and
ecosystem services

The combined effects of management and climate change resulted in trade-offs and syner-
gies with biodiversity and ecosystem service indicators (Figure 13, Figure 14). Mitigation op-
tions were found to increase carbon stocks, large trees, and scenic beauty index compared to
BAU in both regions in the short- and long-term. The effects on deadwood were slightly pos-
itive or negative in the short-term but positive in the long-term. The magnitude of the posi-
tive effects was impacted by the severity of climate change. For instance, in mitigation op-
tions, the number of large trees increased by up to 50%. However, the positive trend was re-
duced due to the severity of climate change. Overall, the scenic beauty index was minimally
affected by climate change or management options.

Adaptive options resulted in more mixed positive and negative effects on the chosen indica-
tors. In the short-term, adaptive management led to an increase in timber harvested, had a
small positive or negligible effect on deadwood and bilberry yields while it also reduced car-
bon stocks and the number of large trees compared to BAU. Over the long term, adaptive
management increased or decreased harvests, reduced carbon stocks, increased bilberry
yields, increased deadwood, and had mixed effects on the number of large trees. When in
adaptive management rotation was shorted by 10% (ADA1 and ADA2), the number of large
trees increased compared to BAU in the long-term (largely due to the effect of added set-
aside areas). However, also in this case, the severity of climate change reduced the effect.

The share of set-aside areas had an impact on ecosystem service indicators, increasing partic-
ularly biodiversity relevant variables such as deadwood and large trees. In the case of adap-
tive management, set-aside areas partially contributed to offsetting the negative impacts of
shortened rotations on these variables on the landscape level, particularly in the long-term.
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4.3. Regional results (Motti)

4.3.1. Results of the large study-regions

In terms of total area and forest structure, the large study-regions (Regions 1 and 2) were
quite homogeneous, which means that the results — especially the comparisons between sce-
narios — follow a similar pattern.

The rotation lengths and the share of set-aside areas had the largest impacts on the develop-
ment of the study-area forests and on the differences between scenarios. The small propor-
tion of the stands, where management was changed from even-aged management to contin-
ues-cover management had only minor impacts on the overall results. Changing manage-
ment from spruce to birch in regeneration had impacts, which cannot be seen properly dur-
ing a 30-year study-period. Further, the impacts of the different selection methods of set-
aside areas (MIT vs. ADA) can only be seen in some results.

4.3.2. Development of the growing stock and carbon storage

At the onset, the growing stock was 307 and 329 million m® (168 m*ha™' and 148 m*ha™) in
Region 1 and Region 2, respectively. At the end of the 30-year study-period, total growing
stock was notably higher (30-70%) in MIT scenarios with extended rotations when compared
to BAU (Figure 15). Correspondingly, shorter rotations clearly decreased the total stand vol-
umes in ADA scenarios. They were lower than BAU in the first 10-year period (due to large
harvests in forests, which had already met or exceeded the shortened rotation target at the
beginning of the simulation), and barely returned to the BAU-level in 30 years (+/- 5% com-
pared to BAU, and the scenarios with final harvests scheduled 30% earlier staying below BAU
for the whole study-period). Further, the larger the area of set-aside stands, the higher the
growing stock, i.e., including productive-, protected-, and set-aside forests (MIT2 and MIT4
compared to MIT1 and MIT3). A minor increase in volumes was obtained as more birch was
planted instead of spruce, which is due to the rapid growth of young birches (e.g., ADA2 vs.
ADAT).

Region 1. Total standing stock Region 2. Total standing stock

600 600

500

400

Mill. m?

200 A —

100 A -

1-10 11-20 21-30 1-10 11-20 21-30
10-yr period 10-yr period

EBAU EMIT_1 EMIT 2 BMIT_3 BMIT_4 EBAU EMIT_1 EMIT 2 BMIT_3 BMIT_4

®ADA_1 m ADA_2 m ADA_3 " ADA_4 B ADA_1 M ADA_2 MADA_3 W ADA_4

Figure 15. Development of total growing stock (volume) during the first 30 years in different
management scenarios (periods: 10-year average).
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Carbon storage, here calculated from biomasses to tCO.eq (including all living parts of the
trees both above and below ground) followed the same pattern as the total volume, driven
by changes the scheduling of final cuttings and the share of set-aside areas. At the end of the
study-period, carbon storages were substantially higher in MIT with extended rotations and
at the same level in ADA with shortened rotations when compared to BAU (Figure 16). Over
the 30 years, storages increased continuously in BAU and MIT (with a stronger relative in-
crease in MIT scenarios), whereas in ADA there was first a drop due to the increased cuttings
based on shorter rotations and then a slower increase (compare also the pattern of harvested
wood in Figure 17). Set-aside areas, where no wood was removed through management, in-
creased carbon storage, similar to volume. This was evident particularly from the differences
between the MIT scenarios, where those with a higher share of set-aside area (MIT2, MIT4)
had higher carbon stocks. Although both total volume and carbon storage were slightly
higher in Region 1 than in Region 2, the averages per hectare were lower in Region 2 due to
the larger proportion of poorer peatland sites and pine dominated stands (Table 3). The pat-
tern between the scenarios remains the same in Region 2.

Region 1. Carbon storage Region 2. Carbon storage
350 350
300 300
250 250
o o
(5] @
£ 200 —_— £ 200
o o
% 150 - s
S 9
- -
100 - 100 —
50 — 50 —
0 1 0 -
1-10 11-20 21-30 1-10 11-20 21-30
10-yr period 10-yr period
MBAU ®mMIT_1 EMIT_2 EMIT_3 mMIT_4 EBAU ®MIT 1 mMIT 2 BMIT 3 BMIT 4
W ADA_1mADA_2 mADA_3 "ADA_4 ®ADA_1®mADA 2 mADA 3 = ADA 4

Figure 16. Development of carbon storage of living trees during the first 30 years in different
management scenarios (periods: 10-year average).

4.3.3. Cuttings

Different rotation lengths caused notable differences in cuttings, especially at the beginning
of the study period (Figure 17). In BAU the stands mature for final cutting were harvested to
the extent that beforehand-set level of annual cutting volumes (including both thinning and
final-cutting removals) was reached. In the other scenarios no restrictions were set to the cut-
ting volumes, but the final cuttings were either postponed (MIT) or executed earlier (ADA).
This led to very different temporal patterns in the cuttings, with the bulk of removals in ADA
happening in the first 10 years and lower than BAU removals for the remaining 20 years. Cut-
tings under MIT increased towards the end of the simulation, as more stands reached the ex-
tended rotation prescriptions.

The total removals over 30 years were 190 and 188 mill. m?, in Region 1 and 2, respectively.
During the 30-year study-period, almost the same removal was cut in BAU and ADA, whereas
20-60% less in MIT. However, the structure of the removals varied between scenarios. In BAU,

42



Natural resources and bioeconomy studies 28/2024

55% of removals were sawlogs, whereas the share of sawlogs was 40-55% and 55-60% in

MIT and ADA, respectively (Figure 17).

Due to the fact that higher volume and older stands were prioritized when selecting set-aside
areas in MIT scenarios, the total removals and especially the sawlog removals in MIT2 and
MIT3 were almost half of those in MIT1 and MIT2 (Figure 17). The impacts of increased use of
birch in regeneration under ADA scenarios began to appear in removals only at the end of
the study-period. It resulted in slightly higher removals (due to the earlier thinnings), but at
the same time the proportion of sawlogs decreased.

Regionl. Cutting removals, All

Region 2. Cutting removals, All
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Figure 17. Annual cutting removals (total and sawlogs) in different management scenarios
for 30 years of simulation (periods: 10-year average).
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Figure 18. Annual harvesting incomes, costs of silvicultural treatments, and net present val-
ues (NPV) in different management scenarios for 30 years of simulation. NPVs were dis-
counted by differ-ent interest rates (1-5%) for the first 30 years (periods: 10-year average).
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4.3.4. Economics

Different rotation lengths caused the largest differences between incomes — lower in MIT and
larger in ADA (especially in the first 10-years), when compared to BAU (Figure 18). Set-aside
areas reduced both cutting incomes and silvicultural costs in overall results. Differences in
costs between scenarios arose primarily from differences in cutting areas, which directly af-
fect the areas of forest regeneration and juvenile stand management, the main causes of sil-
vicultural costs. Other silvicultural treatments, like fertilization and ditch network mainte-
nance, had only small impacts on and between scenarios.

Since a lot of final cuttings were carried out in the first 10-year period in BAU, and even more
in ADA, the discounted net present values (NPV) were clearly higher in those scenarios than
in MIT. In general, the higher the interest rate the larger NPV of ADA in relation to other sce-
narios (e.g., ADA1 and ADA2 bypass BAU with 4% interest rate) (Figure 18). The set-aside ar-
eas, having neither incomes nor costs, decreased NPVs proportionally to the area they cov-
ered. That was also the reason why removals and NPVs of ADA didn't bypass BAU.

Here, the NPVs were calculated only for a 30-year study-period. However, many activities car-
ried out in these scenarios will have their impacts only beyond the simulated period. To get
an idea of that, we calculated the value of the growing stock at the end of the 30-year study-
period. In this calculation, we excluded protected- and set-aside areas so that value includes
only the stands available for wood production. At the end of the 30-year period, the value of
growing stock was on average 20% higher in MIT1 and MIT3 (extended and 15% set-asides),
-5% lower in MIT2 and MIT4 (extended and 30% set-asides), and —35% lower in ADA (short
rotations and 15% set-asides), when compared to BAU.

4.3.5. Biodiversity

Differences between scenarios associated with biodiversity were not as clear as differences
associated with cuttings and economics. The changes in management affect the biodiversity
indicators only slowly and clearer differences would show up only in the longer term. For ex-
ample, in these scenarios total volume of broadleaved trees will increase when older and
higher-stocking stands were set aside, and broadleaved trees avoided cuttings (especially
MIT2 and MIT3) (Figure 19). Increased planting of birch increases broadleaved trees volumes
little by little after regeneration, but its real volume-impact would be seen beyond the 30-
years study-period, when these stands mature.

Similarly, the amount of deadwood was mainly driven by the share of set-aside areas. The
rotation lengths were a secondary driver. Although the earlier cuttings inhibited deadwood
production in productive stands, ADA had more deadwood than BAU due to the set-aside ar-
eas (Figure 20). In all scenarios, including BAU, deadwood volume grew over the full 30 years
simulation, but its growth was much stronger in the alternative management scenarios. The
diversity-index, based on the number of tree species, decaying stage of deadwood, and mir-
roring the deadwood volumes, were slightly better in MIT-scenario, and correspondingly
lower in ADA, when compared to BAU (Figure 21).
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Figure 19. Stem volume of broadleaves in different

years (periods: 10-year average).

management scenarios for 30 simulated

Region 1. Deadwood, stem volume
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Figure 20. Stem volume of deadwood in different management scenarios for 30 simulated

years (periods: 10-year average).
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Region 1. Diversity Region 2. Diversity
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Figure 21: Deadwood diversity in different management scenarios for 30 simulated years (pe-
riods: 10-year average).

4.3.6. Summary and comparison to iLand-results

Two large-scale study-areas based on NFl-data gave us a representative and up-to-date basis
for the scenarios. The management alternatives defined for the scenarios were somewhat
ambitious, and the aims were not fully met in simulations (i.e., the rotation lengths). Also, the
30-year study period was too short to show all the impacts of the treatments (like birch
planting in ADA scenarios).

However, the result showed the general trends caused by the alternative forest management
scenarios. As the birch planting impacts were not seen yet in the study period and the effects
of CCF management remained marginal due to the small areas, the main factors causing dif-
ferences between scenarios were the changes in rotation lengths and the proportion of set-
aside areas.

Two study-regions (Region 1 and 2) were very similar, so the comparisons between scenarios
resulted in similar results.

e Carbon storage increased by extending rotations and by increasing the share of set-
aside areas. Both ensured that more trees grow longer in the forests.

¢ In short perspective, cutting removals, incomes, and NPVs increased by shortening
rotations, but if cutting volumes were not kept at the same level (as was done in BAU
scenario) changes between annual or periodical cuttings can be remarkable. Early cut-
tings also decreased the growing stock in the beginning of the scenarios, which de-
creased both volume and value of the growing stock in the end of the study-period.
Extended rotations had contrary effects. The share of the set-aside areas decreased
the cutting possibilities and further the incomes and NPVs, because in this analysis
cuttings were not directed to the other areas.

¢ Biodiversity impacts were poorly seen in this analysis due to the slow changes in the
forests and a short study. Extending rotations slowly increased both broadleaved trees
and deadwood volumes, shorter rotations having contrary effects. Favoring old and
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high-stocking stands in the selection of set-aside areas was beneficial for both. It is
also worth noting that all structural characteristics for forest biodiversity were not
available in NFl-data. Thus, only development of the general characteristics can be as-
sessed with these scenarios.

Generally, the regional simulations under historical climate (Motti scenarios) revealed similar
patterns as the landscape level simulations (iLand scenarios) for the effects of alternative
management strategies. It is however important to consider the differences in input data
(Motti: NFI data, iLand: stand data), length of simulations (30 for Motti, 80 for iLand), and
model architecture (Motti: empirical model, includes peatlands, no climate change or disturb-
ances, iLand: process-based model, no peatlands included, includes climate sensitivity and
disturbances).

According to the datasets, there were also differences in forests they were representing (e.g.,
distributions of site types, dominant tree species). iLand study-areas consisted of mineral soil
stands only, whereas in Motti study-areas there were also peatlands included (20% and 26%
of the total area in region 1 and 2, respectively) (Table 3). When mineral-soil sites were com-
pared, the proportion of better sites (herb rich and mesic) is higher in iLand study-area 1 (Ur-
jala) than in Motti study-area 1, whereas in study-area 2 the proportion of better sites (espe-
cially herb rich) is higher in Motti data. The proportion of pine-dominated stands is clearly
larger in Motti study-areas than in iLand study-areas (Table 2 and 3).

Some general comparisons are, however, possible. Both models showed a strong impact of
changing the management strategy. Even when simulating different climate-change scenar-
ios with iLand, the difference between management scenarios was much larger than between
climate change scenarios. Both the change in rotation lengths and the share of protected ar-
eas in the landscape substantially influenced the results in both iLand and Motti.

There are some interesting considerations regarding how disturbances affect the results, tak-
ing into account also some differences in indicator definition, e.g.;:

¢ while a direct comparison between carbon values in iLand and Motti was not possible
due to the difference in the carbon pools that are included, it can be noticed that es-
pecially the relative increases under mitigation strategies was much less pronounced
in iLand even under historical climate (Table 5, 6), which was likely an effect of disturb-
ances (and of including the soil carbon pool which is a large, slow-responding pool
and reduces variability overall).

e For the harvested wood, Motti allowed us to distinguish between pulp and sawn wood
and showed for example that not only do MIT scenarios had lower harvests (particu-
larly in early parts of the simulation), but they also had a higher share of pulpwood,
overall causing a substantial reduction in income. While only a small amount of wood
removals in iLand were salvage harvest compared to regular harvest, these would also
impact the quality of removed wood, increasing the share of pulp wood.

¢ In relation to biodiversity, the effects were only partially seen within the 30-year simu-
lation period used in Motti scenarios but became clearer over the longer duration of
iLand simulations. In both Motti and iLand, the share of set-aside area was a major
driver in relation with biodiversity, with all alternative scenarios eventually having
higher deadwood amounts than BAU due to deadwood being left behind in protected
areas. The disturbances included in iLand further contributed to this as an additional
deadwood generating process, as protected areas are not salvage-logged.
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5. Conclusions

Finnish forests are facing changing climate, disturbance regimes and societal demands in the
future. They will have to provide multiple ecosystem services while potentially being im-
pacted by more extreme climate and increasing disturbances. Alternative management ap-
proaches are needed but different demands are difficult to reconcile within forest manage-
ment. The FOSTER project aimed to provide better understand of future development of mul-
tifunctional forests, gaining a better understanding of potential disturbance agents and cli-
mate impacts and exploring a wide range of alternative management strategies, both from
climate change mitigation and adaptation angles.

When adapting forests to future challenges, forest regeneration plays a crucial role, particu-
larly when aiming for mixed species stands by increasing the share of broadleaves. Ungulate
browsers have considerable impacts on forest regeneration in Finland. In FOSTER, we focused
on gaining better understanding of the relatively less researched but potentially impactful
small browsing agents, white-tailed deer and roe deer. For both these species, our review
found that young trees make up a substantial part of their diet (particularly in winter) and
based on movement analysis, young forest stands are an important habitat for them (broad-
leaved stands in summer, coniferous stands in winter). On the national level, moose however
remains the most impactful browser. Assumed combined food consumption of roe and
white-tailed deer (based on their daily consumption and populations estimates) still repre-
sent only about 10 % of moose consumption nationally. However, especially white-tailed
deer can locally have a considerable impact in high population density areas.

Climate change is one of the main drivers of forest change, both directly and indirectly
(through disturbances and demands for forests to act as carbon sinks). Mean temperature in
Finland is rising considerably faster than the global average, particularly in winter. Along with
a rise in temperature, increasing precipitation is also forecast. Due to the uncertainty associ-
ated to future climate, we aimed to cover a range of climate scenarios in our simulations. We
therefore assembled a set of four future scenarios, ranging from a relatively weak climate
change signal to strong changes, covering both increases in precipitation but also a dry and
hot scenario. While our main simulations of climate change impacts on forests use the con-
ventional approach utilizing macro-climate data, including micro-climatic effects is an im-
portant next step in simulation modelling. Local variation in topography, vegetation, and soil
creates large microclimatic variability in e.g. temperature and moisture. Micro-climatic effects
in forest microclimates can play an important role in buffering climate extremes (e.g. heat,
drought). However, forest models rarely consider such microclimate data and instead gener-
ally utilize coarse-scale climate data. The representation of processes such as regeneration,
deadwood dynamics and the lifecycle of disturbances such as bark beetle could be further
improved by including micro-climatic effects. In FOSTER, we explored the possibility of inte-
grating a process-based micro-climate modelling approach and a forest simulator, laying the
groundwork for an improved inclusion of micro-climate in forest simulation.

To explore the effects of a portfolio of alternative management scenarios (combining various
levels of rotation length increase/reduction, tree species change and setting aside areas from
management) we used two simulation models, iLand and Motti. With iLand we simulated two
forest landscapes investigating the management strategy portfolio under climate change and
disturbances from wind and bark beetles. Scenarios aiming to mitigate climate change
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through increased carbon storage succeeded in raising carbon stocks in the landscape while
scenarios aiming to adapt to future disturbance risks reduced carbon storage relative to busi-
ness-as-usual. Overall the chosen management scenarios affected carbon storage more than
climate change. Disturbances increased considerably under climate change, particularly bark
beetle disturbances, but significant increases are expected only in the latter half of the cen-
tury. Disturbances increased considerably under mitigation scenarios, particularly in set-aside
stands which had high volume at risk. However, losses due to disturbances did not offset the
gain in carbon storage in mitigation scenarios. Mitigation scenarios were overall more suc-
cessful in fulfilling multiple ecosystem services (carbon stocks, deadwood, large trees, scenic
beauty index) but had a strong trade-off in the form of considerably reduced harvests due to
lengthening rotations and setting aside large shares of the most productive forests from har-
vest. Regional simulations with Motti were in line with the iLand simulations yet adding that
economic differences between scenarios were primarily driven by rotation lengths because of
their effects in decreasing/increasing harvested area. Increased cuttings under adaptive man-
agement increased Net Present Value but larger shares of set-aside area reduced it.

The key messages from the FOSTER project are;

1. Increasing carbon storages in forests is possible with controlled risks. Even though
the risks are increasing in the future, using forests to mitigate climate change is possible
in Finland in the coming decades. Climate change mitigation is also crucial to control
future disturbance risks.

2. Adaptation to climate change. Different adaptive measures of forests management,
such as mixed species stands and shorther rotations, are needed in the future and they
have the potential to mitigate also the disturbance risks. Increasing rotation lengths is
climate-smart forestry to mitigate climate change, but at the time of regenerating a
stand, adaptation measures should be considered carefully.

3. Management choices provide synergies and tradeoffs between ecosystem ser-
vices. FOSTER results remind well that forest management choices with single main aim
(mitigation vs. adaptation) impact still all the different ecosystem services in different
ways.

The FOSTER project provided insights on the future of multifunctional forests in Finland, in-
vestigating the main drivers impacting them and exploring potential effects of changing
management regimes. We integrated multiple suggested changes to forest management (ro-
tation length and species shifts, setting aside large shares of forest) which interacted in com-
plex and even surprising ways. This highlights that changing forest management to adapt
forests to future challenges requires clear setting of priorities and deep understanding of the
complex interactions between climate, disturbance agents, and forest management. Further
research is needed to better understand the future disturbance regime in Finland and to inte-
grate these effects more fully into simulation modelling approaches.

50



Natural resources and bioeconomy studies 28/2024

References

Aalto, J., Pirinen, P. & Jylha, K., 2016. New gridded daily climatology of Finland: Permutation-
based uncertainty estimates and temporal trends in climate. Journal of Geophysical
Research: Atmospheres 121: 3807-3823. https://doi.org/10.1002/2015JD024651

Aalto, J., Tyystjarvi, V., Niittynen, P., Kemppinen, J., Rissanen, T., Gregow, H. & Luoto, M. 2022.
Microclimate temperature variations from boreal forests to the tundra. Agricultural
and Forest Meteorology 323: 109037. https://doi.org/10.1016/j.agrformet.2022.109037

Aikio, S. & Pusenius, J. 2023. Valkohadntapeurakanta talvella 2022-2023: Arvio Suomen valko-
hantapeurakannan koosta ja rakenteesta seka kuvaus kanta-arvion laskentamenetel-
mista (2. korjattu painos). Luonnonvara- ja biotalouden tutkimus 38/2023. Luonnonva-
rakeskus. Helsinki. 22 p. http://urn.fi/URN:ISBN:978-952-380-692-4 (Population esti-
mation of white-tailed deer in Finland at winter 2022-2023, In Finnish)

Andersson, E. & Koivisto, I. 1980. Valkohantapeuran talviravinto ja vuorokausirytmi. Suomen
Riista 27: 84-92.

Ammer, C. Impact of ungulates on structure and dynamics of natural regeneration of mixed
mountain forests in the Bavarian Alps. Forest Ecology and Management 88: 43-53.

Bergquist, G., Bergstrom, R. & Wallgren, M. 2014. Recent browsing damage by moose on
Scots pine, birch and aspen in young commercial forests - effects of forage availability,
moose population density and site productivity. Silva Fennica 48(1): article id 1077.
http://dx.doi.org/10.14214/sf.1077

Casanueva, A, Kotlarksi, S., Herrera, S., Fernandez, J., Gutiérrez, J.M., Boberg, F., Colette, A,
Christensen, O.B., Goergen, K., Jacob, D., Keuler, K., Nikulin, G., Teichmann, C. & Vau-
tard, R. 2016. Daily precipitation statistics in a EURO-CORDEX RCM ensemble: added
value of raw and bias-corrected high-resolution simulations. Climate Dynamics 47:
719-737. https://doi.org/10.1007/s00382-015-2865-x

De Frenne, P., Zellweger, F., Rodriguez-Sanchez, F., Scheffers, B.R., Hylander, K., Luoto, M., Vel-
lend, M., Verheyen, K. & Lenoir, J. 2019. Global buffering of temperatures under forest
canopies. Nature Ecology & Evolution 3(5): 744-749. https://doi.org/10.1038/s41559-
019-0842-1

De Frenne, P. ,Lenoir, J., Luoto, M., Scheffers, B.R., Zellweger, F., Aalto, J., Ashcroft, M.B., Chris-
tiansen, D.M., Decocq, G., Pauw, K.D., Govaert, S., Greiser, C., Gril, E., Hampe, A., Jucker,
T., Klinges, D.H., Koelemeijer, I.A., Lembrechts, J.J., Marrec, R, ... Hylander, K. 2021. For-
est microclimates and climate change: Importance, drivers and future research agenda.
Global Change Biology 27(11): 2279-2297. https://doi.org/10.1111/gcb.15569

De Jager, N.R,, Drohan, P.J., Miranda, B.M., Sturtevant, B.R, Stout, S.L,, Royo, A.A.,, Gustafson,
E.J. & Romanski, M.C. 2017. Simulating ungulate herbivory across forest landscapes: A
browsing extension for LANDIS-II. Ecological Modelling 350: 11-29.
http://dx.doi.org/10.14214/sf.1077.

51



Natural resources and bioeconomy studies 28/2024

Den Herder, M. & Niemela, P. 2003. Effects of reindeer on the re-establishment of Betula pu-
bescens subsp. czerepanovii and Salix phylicifolia in a subarctic meadow. Rangifer
23(1): 3-12.

Diez-Sierra, J., Iturbide, M., Gutiérrez, J.M., Fernandez, J., Milovac, J., Cofifio, A.S., Cimadeuvilla,
E., Nikulin, G, Levavasseur, G., Kjellstréom, E., Bilow, K., Horanyi, A., Brookshaw, A., Gar-
cia-Diez, M., Pérez, A, Baiio-Medina, J., Ahrens, B., Alias, A., Ashfaqg, M., Bukovsky, M.,
Buonomo, E., Caluwaerts, S., Chou, S.C., Christensen, O.B., Ciarlo, J.M., Coppola, E.,
Corre, L., Demory, M.-E., Djurdjevic, V., Evans, J.P., Fealy, R,, Feldmann, H., Jacob, D., Ja-
yanarayanan, S., Katzfey, J., Keuler, K., Kittel, C., Kurnaz, M.L,, Laprise, R, Lionello, P.,
McGinnis, S., Mercogliano, P., Nabat, P., Onol, B., Ozturk, T., Panitz, H.-J., Paquin, D.,
Pieczks, |., Raffaele, F., Remedio, AR, Scinocca, J.,, Sevault, F., Somot, S., Steger, C., Tan-
gang, F., Teichmann, C,, Termonia, P., Thatcher, M., Torma, C., van Meijgaard, E., Vau-
tard, R., Warrach-Sagi, K., Winger K. & Zittis, G., 2022. The worldwide C3S CORDEX
grand ensemble: a major contribution to assess regional climate change in the IPCC
ARG atlas. Bulletin of the American Meteorological Society 103: E2804-E2826.
https://doi.org/10.1175/BAMS-D-22-0111.1

Ehbrecht, M., Schall, P., Ammer, C. & Seidel, D. 2017. Quantifying stand structural complexity
and its relationship with forest management, tree species diversity and microclimate.
Agricultural and Forest Meteorology 242: 1-9.

Eyring, V., Bony, S., Meehl, G.A,, Senior, C.A,, Stevens, B., Stouffer, RJ. & Taylor, K.E. 2016.
Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experi-
mental design and organization. Geoscientific Model Development 9: 1937-1958.
https://dx.doi.org/10.5194/gmd-9-1937-2016

Fahrig, L., Watling, J.I, Arnillas, C.A., Arroyo-Rodriguez, V., Jorger-Hickfang, T., Muller, J., Pe-
reira, H.M., Riva, F., Résch, V., Seibold, S., Tscharntke, T. & May, F. 2022. Resolving the
SLOSS dilemma for biodiversity conservation: a research agenda. Biological Reviews
97: 99-114. https://doi.org/10.1111/brv.12792

Flato, G., Marotzke, J., Abiodun, B., Braconnot, P., Chou, S.C,, Collins, W., Cox, P., Driouech, F,
Emori, S., Eyring, V., Forest, C., Gleckler, P., Guilyardi, E., Jacob, C., Kattsov, V., Reason,
C. & Rummukainen, M. 2013. Evaluation of Climate Models, in: Climate Change 2013:
The Physical Science Basis. Contribution of Working Group | to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., Qin, D., Platt-
ner, G.-K,, Tignor, M., Allen, S.K,, Boschung, J., Nauels, A, Xia, Y., Bex, V., Midgley, P.M.
(eds.)]. Cambridge University Press, Cambridge and New York, 741-866.

Gao, T., Nielsen, A.B. & Hedblom, M. 2015. Reviewing the strength of evidence of biodiversity
indicators for forest ecosystems in Europe. Ecological Indicators 57: 420-434.
https://doi.org/10.1016/j.ecolind.2015.05.028

Graf, L., Matala, J., Honkaniemi, J., Poutanen, J., Vauhkonen, J. & Nikula, A. 2024. Landscape
structure defines habitat selection and space use consistency of two sympatric ungu-
late species. Manuscript.

52



Natural resources and bioeconomy studies 28/2024

Giorgi, F.,, Im, E.-S., Coppola, E., Diffenbaugh, N.S., Gao, X.J., Mariotti, L. & Shi, Y. 2011. Higher
hydroclimatic intensity with global warming. Journal of Climate 24: 5309-5324.
https://doi.org/10.1175/2011JCLI3979.1

Hausfather, Z. & Peters, G.P. 2020. Emissions — the ‘business as usual’ story is misleading. Na-
ture 577: 618-620. https://doi.org/10.1038/d41586-020-00177-3

Heikkila, R. & Loyttyniemi, K. 1992. Growth response of young Scots pines to artificial shoot
breaking simulating moose damage. Silva Fennica 26: 19-26.
https://doi.org/10.14214/sf.a15627.

Heikkild, R. & Tuominen, M. 2009. The influence of moose on tree species composition in
Liesjarvi National Park in Southern Finland. Alces 45: 49-58.

Helle, P. 1980. Food Composition and Feeding Habits of the Roe Deer in Winter in Central
Finland. Acta Theriologica 25(22): 395-402.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nicolas, J.,
Peubey, C., Radu, R., Schepers, D., Simmons, A, Soci, C., Abdalla, S., Abellan, X., Bal-
samo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P.,
Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R, Fuentes, M., Geer, A,
Haimberger, L., Healy, S., Hogan, R. J., H6Im, E., Janiskova, M., Keeley, S., Laloyaux, P.,
Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, I, Vambourg, F., Villaume, S. &
Thépaut, J.-N., 2020. The ERAS5 global reanalysis. Quarterly Journal of the Royal Mete-
orological Society 146: 1999-2049. https://doi.org/10.1002/qj.3803

Honkaniemi, J.,, Rammer, W. & Seidl, R. 2021. From mycelia to mastodons — A general ap-
proach for simulating biotic disturbances in forest ecosystems. Environmental Model-
ling & Software 138: 104977. https://doi.org/10.1016/j.envsoft.2021.104977

Honkaniemi, J., Rammer, W. & Seidl, R. 2020. Norway spruce at the trailing edge: the effect of
landscape configuration and composition on climate resilience. Landscape Ecology 35:
591-606. https://doi.org/10.1007/s10980-019-00964-y

Huuskonen, S., Domisch, T., Finér, L., Hantula, J., Hynynen, J., Matala, J., Miina, J., Neuvonen, S.,
Nevalainen, S., Niemisto, P., Nikula, A., Piri, T., Siitonen, J., Smolander, A, Tonteri, T,
Uotila, K. & Viiri, H. 2020. What is the potential for replacing monocultures with
mixed-species stands to enhance ecosystem services in boreal forests in Fen-
noscandia? Forest Ecology and Management 479: 118558.
https://doi.org/10.1016/j.foreco.2020.118558.

Hynynen, J., Salminen, H., Ahtikoski, A., Huuskonen, S., Ojansuu, R, Siipilehto, J., Lehtonen, M.,
& Eerikainen, K. 2015. Long-term impacts of forest management on biomass supply
and forest resource development: A scenario analysis for Finland. European Journal of
Forest Research 134(3): 415-431. https://doi.org/10.1007/s10342-014-0860-0

Hynynen, J., Salminen, H., Ahtikoski, A., Huuskonen, S., Ojansuu, R, Siipilehto, J., Lehtonen, M.,
Rummukainen, A, Kojola, S. & Eerikdinen, K. 2014. Scenario Analysis for the Biomass
Supply Potential and the Future Development of Finnish Forest Resources.

53



Natural resources and bioeconomy studies 28/2024

Hyvarinen, E., Juslén, A., Kemppainen, E., Uddstrom, A. & Liukko, U.-M., 2019. The 2019 Red

List of Finnish Species. Ymparistoministerié & Suomen ymparistokeskus, Helsinki.

Hornberg, S., 2001a. Changes in population density of moose (Alces alces) and damage to

forests in Sweden. Forest Ecology and Management 149: 141-151.

Hornberg, S. 2001b. The relationship between moose (Alces alces) browsing utilisation and

the occurrence of different forage species in Sweden. Forest Ecology and Manage-
ment 149: 91-102.

IPCC 2021. Climate Change 2021. The Physical Science Basis. Contribution of Working Group |

to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
[Masson-Delmotte, V., Zhai, P., Pirani, A, Connors, S.L., Péan, C,, Berger, S., Caud, N.,
Chen, Y., Goldfarb, L., Gomis, M.l, Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R.,
Maycock, T.K., Waterfield, T, Yelekgi, O., Yu, R., Zhou, B. (eds.)]. Cambridge University
Press, Cambridge and New York, 2391 p.

IPCC 2022. Global Warming of 1.5°C: An IPCC Special Report on the impacts of global warm-

Jacob,

ing of 1.5°C above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat of climate
change, sustainable development, and efforts to eradicate poverty [Masson-Delmotte,
V., Zhai, P, Portner, H.-O., Roberts, D., Skea, J., Shukla, P.R., Pirani, A. (eds.)]. Cambridge
University Press, Cambridge, 616 p. https://doi.org/10.1017/9781009157940

D., Teichmann, C., Sobolowski, S., Katragkou, E., Anders, |., Belda, M., Benestad, R., Bob-
erg, F., Buonomo, E., Cardoso, R.M., Casanueva, A., Christensen, O.B., Hesselbjerg
Christensen, J., Coppola, E., De Cruz, L., Davin, E.L, Dobler, A, Dominguez, M., Fealy, R,
Fernandez, J., Angel Gaertner, M., Garcia-Diez, M., Giorgi, F., Gobiet, A., Goergen, K.,
José Gomez-Navarro, J., Jesis Gonzalez Aleman, J., Gutiérrez, C., Gutiérrez, J.M.,
Guttler, 1., Haensler, A., Halenka, T., Jerez, S., Jiménez-Guerrero, P., Jones, R.G., Keuler,
K., Kjellstrom, E., Knist, S., Kotlarski, S., Maraun, D., van Meijgaard, E., Marcogliano, P.,
Pedro Montavez, J., Navarra, A., Nikulin, G., de Noblet-Ducuoudré, N., Panitz, H.-J.,,
Pfeifer, S., Piazza, M., Pichelli, E., Pietikdinen, J.-P., Prein, A.F., Preuschmann, S., Rechid,
D., Rockel, B., Romera, R, Sanchez, E., Sieck, K., Soares, P.M.M., Somot, S,, Srnec, L.,
Serland, S. L, Termonia, P., Truhetz, H., Vautard, R., Warrach-Sagi, K. & Wulfmeyer, V.
2020. Regional climate downscaling over Europe: perspectives from the EURO-
CORDEX community. Regional Environmental Change 20: 51.
https://doi.org/10.1007/s10113-020-01606-9

Johansson, T., Hjaltén, J.,, de Jong, J. & von Stedingk, H. 2013. Environmental considerations

from legislation and certification in managed forest stands: A review of their im-
portance for biodiversity. Forest Ecology and Management 303: 98-112.
https://doi.org/10.1016/j.foreco.2013.04.012

Korhonen, K.T., Ahola, A., Heikkinen, J., Henttonen, H.M., Hotanen, J.-P., Ihalainen, A., Melin,

M., Pitkanen, J.,, Raty, M., Sirvio, M. & Strandstrom, M., 2021. Forests of Finland 2014-
2018 and their development 1921-2018. Silva Fennica 55.
https://doi.org/10.14214/sf.10662

54



Natural resources and bioeconomy studies 28/2024

Lappi, J. & Lempinen, R. 2014. A linear programming algorithm and software for forest-level
planning problems including factories. Scandinavian Journal of Forest Research
29:178-184. https://doi.org/10.1080/02827581.2014.886714

Lavsund, S., Nygrén, T. & Solberg, E.J. 2003. Status of moose populations and challenges to
moose management in Fennoscandia. Alces 39: 109-130.

Lenoir, J., Hattab, T. & Pierre, G. 2016. Climatic microrefugia under anthropogenic climate
change: Implications for species redistribution. Ecography 40(2): 253-266.

Maclean, .M.D. & Klinges, D.H. 2023, October 20. Microclimf Github repository.
https://github.com/ilyamaclean/microclimf

Metsakeskus 2021. Paikkatietoaineistot, https://www.metsakeskus.fi/fi/avoin-metsa-ja-luon-
totieto/aineistot-paikkatieto-ohjelmille/paikkatietoaineistot (files downloaded
14.10.2021 (Urjala) and 06.06.2022 (Adnekoski))

Markgren, G. 1974. The moose in Fennoscandia. Le Naturaliste Canadien 101: 185-194.

Matala, J., Kilpeldinen, H., Hergjarvi, H., Wall, T. & Verkasalo, E. 2020. Sawlog quality and tree
dimensions of Scots pine 34 years after artificial moose browsing damage. Silva Fen-
nica 54: article id 10389. https://doi.org/10.14214/sf.10389.

Miina, J., Pukkala, T. & Kurttila, M. 2016. Optimal multi-product management of stands pro-
ducing timber and wild berries. European Journal of Forest Research 135: 781-794.

Milner, J.M., van Beest, F.M,, Solberg, E.J. & Storaas, T., 2013. Reproductive success and failure:
the role of winter body mass in reproductive allocation in Norwegian moose. Oecolo-
gia172, 995-1005. https://doi.org/10.1007/s00442-012-2547-x

Mysterud, A., 2000. Diet overlap among ruminants in Fennoscandia. Oecologia124, 130-137.

Natural Resources Institute Finland 2023. Catalog | Natural Resources Institute Finland
(luke fi).

Nevalainen, S., Matala, J., Korhonen, K.T., Ihalainen, A. & Nikula, A. 2016. Moose damage in
National Forest Inventories (1986—-2008) in Finland. Silva Fennica. 50: article id 1410.
http://dx.doi.org/10.14214/sf.1410

Niemi, M., Matala, J., Melin, M., Eronen, V. & Jarvenpaa, H. 2015. Traffic mortality of four un-
gulate species in southern Finland. In: Seiler, A. & Helldin, J.-O. (Eds.). Proceedings of
IENE 2014 International Conference on Ecology and Transportation, Malmo, Sweden.
Nature Conservation 11: 13-28. https://doi.org/10.3897/natureconservation.11.4416

Nikula, A., Nivala, V., Matala, J. & Helidvaara, K. 2019. Modelling the effect of habitat compo-
sition and roads on the occurrence and number of moose damage at multiple scales.
Silva Fennica 53: article id 9918, https://doi.org/10.14214/sf.9918

Nikula, A., Matala, J., Hallikainen, V., Pusenius, J., Ihalainen, A., Kukko, T. & Korhonen, K.T.
2021. Modelling the effect of moose Alces alces population density and regional forest

structure on the amount of damage in forest seedling stands. Pest Management Sci-
ence 77: 620-627. https://doi.org/10.1002/ps.6081.

55


https://doi.org/10.14214/sf.10389

Natural resources and bioeconomy studies 28/2024

Ozoga, J.J. & Verme, L.J. 1982. Physical and Reproductive Characteristics of a Supplementally-
Fed White-Tailed Deer Herd. The Journal of Wildlife Management 46: 281-301.

Pfeffer, S.E., Singh, N.J., Cromsigt, J.P.G.M., Kalén, C. & Widemo, F. 2021. Predictors of brows-
ing damage on commercial forests — A study linking nationwide management data.
Forest Ecology and Management 479: 118597. http://dx.doi.org/10.1016/j.foreco.-
2020.118597.

Pellikka, J., Kauhala, K., Holmala, K. & Forsman, L. 2020. Riistan ruokinta ja metsastys. Suomen
Riista 66: 21-37.

Persson, I., Danell, K. & Bergstrom, R. 2000. Disturbance by large herbivores in boreal forests
with special reference to moose, 2000. Annales Zoologici Fennici 37(4): 251-263.

Poutanen, J., Matala, J., Albrich, K., Graf, L., Huitu, O., Nikula, A. & Honkaniemi, J. 2024. The
role of native and alien cervid species for forest regeneration and resilience of boreal
forests in Northern Europe. - a literature review, Manuscript.

Pukkala, T., Kellomaki, S. & Mustonen, E. 1988. Prediction of the amenity of a tree stand.
Scandinavian Journal of Forest Research 3: 533-544.
https://doi.org/10.1080/02827588809382538

Pusenius, J. 2023. Moose population estimate for Finland in 2023 (Luke news in Finnish),
https://www.luke.fi/fi/luonnonvaratieto/uutiset/luonnonvarakeskus-arvioinut-hirvikan-
nan-koon-ja-rakenteen Referred at 17th August 2023.

R Core Team 2022. R: A language and environment for statistical computing. In R Foundation
for Statistical Computing, Vienna, Austria.

Ramirez, J.I., Jansen, P.A. & Poorter, L. 2018. Effects of wild ungulates on the regeneration,
structure and functioning of temperate forests: A semi-quantitative review. Forest
Ecology and Management 424: 406-419. https://doi.org/10.1016/j.foreco.2018.05.016

Rammer, W. & Seidl, R. 2015. Coupling human and natural systems: Simulating adaptive
management agents in dynamically changing forest landscapes. Global Environmental
Change 35 475-485. https://doi.org/10.1016/j.gloenvcha.2015.10.003

Rantala, S. (Ed.) 2011. Finnish forestry practice and management, 2011th ed. Metsdkustannus,
Helsinki.

Reindeer Herders' Association 2023. https://paliskunnat.fi/reindeer/reindeer-herding/.

Repo, A, Albrich, K, Jantunen, A, Aalto, J., Lehtonen, I. & Honkaniemi, J. 2024. Contrasting
forest management strategies for climate change mitigation and adaptation: unravel-
ing the effects on biodiversity and ecosystem services in changing climate and dis-
turbance regimes. Manuscript

Repola, J., Hokka, H. & Salminen, H. 2018. Models for diameter and height growth of Scots
pine, Norway spruce and pubescent birch in drained peatland sites in Finland. Silva
Fennica 52(5). https://doi.org/10.14214/sf.10055

56



Natural resources and bioeconomy studies 28/2024

Rodriguez-Hidalgo, P., Gortazar, C., Tortosa, F.S., Rodriguez-Vigal, C., Fierro, Y. & Vicente, J.
2010. Effects of density, climate, and supplementary forage on body mass and preg-
nancy rates of female red deer in Spain. Oecologia164: 389-398.

Rooney, T.P. 2001. Deer impacts on forest ecosystems: a North American perspective. For-
estry 74(3): 201-208.

Salminen, H. & Hynynen, J. 2001. Motti; a growth and yield simulation system. In LeMay, V. &
Marshall, P. (Eds.). Forest modelling for ecosystem management, forest certification,
and sustainable management. p. 488.

Salminen, H., Lehtonen, M. & Hynynen, J. 2005. Reusing legacy FORTRAN in the MOTTI
growth and yield simulator. Computers and Electronics in Agriculture 49(1): 103-113.
https://doi.org/10.1016/j.compag.2005.02.005

Siitonen, J. 2001. Forest management, coarse woody debris and saproxylic organisms: Fen-
noscandian boreal forests as an examole. Ecological Bulletins 49: 114

Seidl, R. & Rammer, W. 2017. Climate change amplifies the interactions between wind and
bark beetle disturbances in forest landscapes. Landscape Ecology 32: 1485-1498.
https://doi.org/10.1007/s10980-016-0396-4

Seidl, R., Rammer, W. & Blennow, K. 2014a. Simulating wind disturbance impacts on forest
landscapes: Tree-level heterogeneity matters. Environmental Modelling & Software 51:
1-11. https://doi.org/10.1016/j.envsoft.2013.09.018

Seidl, R, Rammer, W., Scheller, R M. & Spies, T.A. 2012. An individual-based process model to
simulate landscape-scale forest ecosystem dynamics. Ecological Modelling 231: 87—
100. https://doi.org/10.1016/j.ecolmodel.2012.02.015

Seidl, R, Rammer, W. & Spies, T.A. 2014b. Disturbance legacies increase the resilience of for-
est ecosystem structure, composition, and functioning. Ecological Applications 24:
2063-2077. https://doi.org/10.1890/14-0255.1

Seidl, R. & Turner, M.G. 2022. Post-disturbance reorganization of forest ecosystems in a
changing world. Proceedings of the National Academy of Sciences 119.
https://doi.org/10.1073/pnas.2202190119

Shanin, V., Valkonen, S., Grabarnik, P. & Makipaa, R. 2016. Using forest ecosystem simulation
model EFIMOD in planning uneven-aged forest management. Forest Ecology and
Management 378: 193-205. https://doi.org/10.1016/j.foreco.2016.07.041

Spitzer, R, Felton, A, Landman, M., Singh, N.J., Widemo, F. & Cromsigt, J.P.G.M. 2020. Fifty
years of European ungulate dietary studies: a synthesis. Oikos 129: 1668—1680.
https://doi.org/10.1111/0ik.07435.

SYKE 2015. Metsakasvillisuusvydhykkeet (National biogeographical regions). Dataset.
https://ckan.ymparisto.fi/fi/dataset/metsakasvillisuusvyohykkeet

TAPIO 2022. Metsdanhoidon suositukset (Best practices for Sustainable Forest Management).
Online Resource. https://metsanhoidonsuositukset.fi/fi

57



Natural resources and bioeconomy studies 28/2024

Wallgren M., Bergquist J., Bergstrom R. & Eriksson S. 2014. Effects of timing, duration, and in-
tensity of simulated browsing on Scots pine growth and stem quality. Scandinavian
Journal of Forest Research 29: 734-746. https://doi.org/10.1080/02827581.2014.-
960896

Vauhkonen J., Matala J. & Nikula A. 2023. Future browsing damage in seedling stands accord-
ingto projected forest resources and moose population density. Silva Fennica 57(2):
article id 23012. 18 p. https://doi.org/10.14214/sf.23012

58



Luke

LUONNONVARAKESKUS

You can find us
online

luke.fi

Y
O0O006

Natural Resources Institute Finland (Luke), Latokartanonkaari 9, 00790 Helsinki, Finland


https://www.luke.fi/en

