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» Increasing forest conservation areas increased all other ecosystem services except timber
yield. Intensive forest management enhanced this increase.

» Increased conservation area decreased timber yield, but intensive forest management reduced
this effect and even overcompensated it at the end of simulation period in the 10% conserva-
tion scenario with intensified forest management.

* Climate change increased all other ecosystem services, except carbon stocks.

Abstract

We used forest ecosystem model simulations to study how forest conservation and management
intensity affected timber yield, ecosystem carbon stocks, amount of dead wood, and habitat suit-
ability area in a middle boreal forest region of Finland under changing climate over a 90-year
simulation period. We used the following forest conservation and management scenarios: baseline
forest management (BM), BM with 10 or 20% increase of conservation area with or without inten-
sified forest management (i.e. improved forest regeneration material and forest fertilization). The
simulations were done under current climate (reference period of 1981-2010), and Representative
Concentration Pathway (RCP) climate change projections under the RCP2.6 and RCP4.5 forcing
scenarios. Overall, increasing the forest conservation area decreased timber yield and increased
the ecosystem carbon stock, the amount of dead wood and consequently the area of suitable habi-
tat for saproxylic species. The use of intensified forest management reduced the loss of timber
yield, increased ecosystem carbon stock, the amount of dead wood and area of suitable habitat
for saproxylic species. At the end of simulation period, the use of intensified forest management
even overcompensated (4—-6% higher) the timber loss from 10% increase of conservation area.
Under changing climate, timber yield, the amount of dead wood and the area of suitable habitats
for saproxylic species increased. To conclude, with intensified forest management it is possible,
in the short term, to decrease the loss of timber yield through increased forest conservation area
and in the long term maintain or even increase it compared to baseline forest management.
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1 Introduction

Boreal forests provide in addition to timber also various other ecosystem services to society
(Hetemaki et al. 2022). Forests sequester and store large amounts of carbon, therefore supporting
climate change mitigation efforts. In addition, dead wood of boreal forests accommodates numer-
ous saproxylic species (Tikkanen et al. 2006, 2007). In Finland, the demand of wood for the forest
industry has been increasing, which has raised concerns about the sustainability of commonly
utilized forest practices (Trivifio et al. 2017; Hetemaiki et al. 2022). At the same time, an increase
in forest conservation areas have been suggested for Finland and elsewhere in Europe (European
Commission 2020).

Forest management and harvesting intensity may have large impact on ecosystem services
and their trade-offs (Felton et al. 2016; Pohjanmies et al. 2017; Heinonen et al. 2017; Diaz et al.
2020, 2021; Triviio et al. 2023). Especially, intensive timber harvesting decreases ecosystem
carbon stocks and biodiversity values of forests (Heinonen et al. 2017; Trivifio et al. 2017). On the
other hand, forest management practices, such as use of improved forest regeneration material and
fertilization (Saarsalmi and Méalkonen 2001; Hedwall et al. 2014; Ruotsalainen 2014; Jansson et al.
2017; Heinonen et al. 2018b; Routa et al. 2019), might simultaneously enhance carbon sequestration
and timber yield, and consequently make possible to set aside more forests, e.g. for conservation.

Climate change and the related increases in natural disturbances affect the functioning of
forests and consequently the provisioning of different ecosystem services (Gauthier et al. 2015;
Seidl et al. 2014; Reyer et al. 2017; Venildinen et al. 2020). However, forest management has a
greater impact on ecosystem services than gradual climate change (Alrahahleh et al. 2016, 2018a,
2018Db; Trivifio et al. 2023). This is although forest growth and carbon sequestration are mostly
expected to increase under climate change in boreal conditions (Kellomiki et al. 2008; Poudel
et al. 2011, 2012; Kellomaki et al. 2018). However, a warming climate may also make growing
conditions sub-optimal for some tree species and increase the mortality of trees under such condi-
tions (Kelloméki et al. 2018).

Nearly half of the threatened forests species live in old forests or in forests rich in dead
wood (Hyvirinen et al. 2019). Forest management practices have altered the structure and age
composition of managed forests and reduced existence of old and primary forests along with the
amount and quality of dead wood (Hyvérinen et al. 2019; Korhonen et al. 2020). In Finland, the
mean volume of decayed dead wood and standing and fallen dead trees on forest land as measured
by the latest national inventory (NFI13) is currently approximately 6.4 m? ha~! (Kulju et al. 2023).
According to previous research saproxylic species prefer sites where there is > 20 m? ha! of dead
wood available (Penttild et al. 2004; Miiller and Biitler 2010; Junninen and Komonen et al. 2011;
Gossner et al. 2013). In natural forests there can be about 60—120 m3 ha™! of dead wood, depend-
ing on site-specific conditions (Peuhu and Siitonen 2011).

The aim of the EU Biodiversity Strategy is to stop and reverse the loss of biodiversity by
placing minimum of 30% EU land (and sea) areas under legal conservation of which 10% must be
under strict conservation by 2030. Priority should be given to primary and old forests (European
commission 2020). In Finland, about 2.4 Mha (10.6%) of forest land and poorly productive forests
are legally protected of which about 2.2 Mha is strictly protected (Kotiaho et al. 2021). In strictly
protected areas ecological processes are left undisturbed from human activities, while statutory
protected areas entail legal protection with the possibility of moderate logging (Kotiaho et al.
2021; European commission 2022). The share of conservation area is overall higher in the northern
part of Finland and in poorly productive forests. According to Kotiaho et al. (2021) strong bias in
conservation to northern and/or unproductive forests does not maintain biological diversity in the
whole of Finland. Sufficient protection benefit is achieved when the 10% strict conservation target
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is reached in each province in Finland. In the simulation study of Réty et al. (2023), implementation
of EU Biodiversity Strategy 2030 resulted in lower total growing stock and increased proportion
of younger forests in managed forests when the target harvest levels remained on current level
under current climate.

To ensure sustainable management and utilization of forests, we need a better understand-
ing on how different ecosystem services (e.g. timber production, carbon sequestration/stocks
and biodiversity indicators like the amount of dead wood) are affected by the intensity of forest
management, forest conservation and the severity of climate change (Seidl et al. 2007; Trivifio
et al. 2023). In the above context, we studied based on forest ecosystem model simulations how
forest conservation and management intensity affect to timber yield, ecosystem carbon stocks, and
the amount of dead wood with implications on the area of suitable habitats for saproxylic species
under different climate projections. We conducted 90-year simulations for the province of north
Karelia using five management scenarios: baseline forest management (BM); BM with increased
conservation area by 10 and 20%; BM with increased conservation area combine with intensive
forest management (improved forest regeneration material and forest fertilization). The simula-
tions were done under the current climate (reference period of 1981-2010), and Representative
Concentration Pathway (RCP) projections under the RCP2.6 and RCP4.5 forcing scenarios. We
hypothesized that increased forest conservation area will decrease the timber yield if intensive
forest management is not used, whereas its use may help to maintain or even increase timber yield
in conservation scenarios compared to the baseline forest management.

2 Material and methods

2.1 Outlines of the forest ecosystem model (SIMA) and its simulations

This study used a gap-type forest ecosystem model (SIMA) (Kelloméki et al. 2008, 2019). The
model simulates forest regeneration, growth and mortality of main boreal tree species growing on
upland forests throughout Finland. The growth and dynamics of forests are controlled by forest
management, and climatic and site conditions. In the model, the growth of tree species is calcu-
lated as a function of the maximum growth, which is affected by temperature sum (degree days
with +5 C° threshold), soil water availability, light conditions, nitrogen supply and atmospheric
carbon dioxide (CO,) concentration. Furthermore, the growth is affected by initial diameter of trees
and genotype. The tree height, and mass (or carbon) of foliage, branches, stem, and roots (carbon
content 50% of mass), are calculated based on tree diameter. The probability of tree mortality (and
further the amount of dead wood) is affected by stand basal area and density, and the maximum
age of trees, as well as by very low diameter growth for two consecutive years.

The site fertility and regional mean temperature sum under current climate determine the
initial amount of soil organic matter (carbon) and nitrogen (N) content (Kelloméki et al. 2008).
Decay of litter and humus, as well as dead wood (on ground), affect the amount of soil carbon (50%
of biomass) and nutrients available for the growth of trees, together with possible N fertilization
(and atmospheric deposition of nitrogen). Soil moisture is affected by precipitation and evapora-
tion, as well as by soil texture.

In the model, forest management control includes precommercial and commercial thin-
ning, N fertilization and final felling with planting of seedlings (also natural regeneration) for the
following production (rotation) cycle. In thinning and final felling, harvested timber assortments
(pulpwood and sawlogs) are calculated using minimum stem diameters of 16.5 and 6 cm for sawlog
and pulpwood, respectively. The stem volume is calculated based on height and diameter at breast
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height using Laasasenaho (1982) function. Model simulations are done with an area of 100 m?
and a time step of 1 year for over a 90-year period (2010-2099). Simulations are conducted with a
pre-determined number of iterations (50 within our study) due to stochastic processes of birth and
mortality of trees. Mean value of results for different iterations are used in data analysis.

The habitat suitability indices were calculated for dead wood demanding, forest saproxylic
species groups, based on the simulated amount and type of dead wood and stand basal area. Cal-
culations are based on Kouki and Tikkanen (2007) and Tikkanen et al. (2007) habitat suitability
index (HSI) models including 27 saproxylic species group (both invertebrate and fungal). In each
group, species were dependent on dead wood of the same host tree species, decay level, type
(standing/fallen) and size. The availability of suitable dead wood and microclimatic conditions
of the stand (indifferent, moist/shady and sunny) affected HSI values of each saproxylic species
group. In the model microclimatic conditions are affected by the total basal area of the stand and the
proportion of Norway spruce (Picea abies (L.) Karst.). The presence of Norway spruce increases
the habitat suitability for moist and shade demanding species. If stand (plot) HSI is greater than
0.5, it is considered as suitable habitat for the species group. Area of suitable habitats (HSA) is
calculated based on total area of stands with HSI averages of indifferent, moist/shady and sunny
species groups greater than 0.5.

2.2 Forest data and simulations

The regional level simulations were conducted on upland mineral soils in Finland on forest land
used for timber production in the province of North Karelia (62°50°N, 29°55°E) of which total
surface area is 21 584 km?. The forest data used to initialize simulations was based on national forest
inventory data (NFI10, data represents circular sample plots measured in stands with relascope;
one sample stand of each permanent sample stand cluster), obtained from the Natural Resources
Institute Finland. We used in total of 190 forest stands (sample plots) in the simulations. Initial
forest composition consisted of 48% Scots pine, 27% Norway spruce, 23% silver birch and 2%
other broadleaved species.

All simulations were conducted using the climate data and scenarios obtained from the Finn-
ish Meteorological Institute for the current climate (CU) representing a period of 1981-2010 and
multi-model Global Climate Model (GCM) projections of RCP2.6 and RCP4.5 forcing scenarios
over a 90-year period (period of 2010-2099). Under the RCP2.6 and RCP4.5 scenarios, the mean
annual temperature is expected to increase by 1.9 °C and 3.3 °C and the precipitation by 6% and
11% by the 2080s when compared to the period of 1981-2010, respectively (Ruosteenoja et al.
2016; Venildinen et al. 2020). The climate change projections used in this study are quite similar
also with the recently updated projections SSP1-2.6 and SSPs-4.5 by the Shared Socio-economic
Pathways (SSPs) greenhouse gas (GHG) scenarios, with temperature and precipitation increases
0f2.4-3.7 °C and 8-11% (Ruosteenoja and Jylhd 2021). We did not consider more severe climate
change scenarios in our simulations, such as RCP8.5. This was because our simulation model
cannot simulate natural disturbances (windstorms and spruce bark beetles), which are projected
to increase strongly under RCP8.5, but also to some extent under RCP4.5, in southern and central
Finland towards end of this century (Venéldinen et al. 2020).

Stand level management scenarios used in simulations were: Baseline management (BM);
BM with increases in forest conservation area by 10 or 20% (CONS10, CONS20); Intensive
management scenarios using CONS10 and CONS20 combined with use of improved seedlings
and fertilization in managed forest stands (CONS10+INT and CONS20+INT). Inventory stands
with a higher basal area and/or trees with larger diameter had a higher probability of selection for
conservation in the simulations. Thinning treatments (thinning from below) were based on cur-
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rent Finnish forest management recommendations (Aijili et al. 2019). The basal area weighted
diameter at breast height, defined the timing of final felling.

The clear-cut sites were planted with either Scots pine (Pinus sylvestris L.) (2000 seed-
lings ha 1), Norway spruce (2000 seedlings ha™1), or silver birch (Betula pendula Roth) (1600 seed-
lings ha™!) depending on the dominant species prior to final felling of the initial stand based on
inventory stands. Forest regeneration under CONS10+INT and CONS20+INT scenarios used
improved seedlings with 20% better potential growth than non-improved seedlings. However, real-
ized growth with improved seedling is an approximation and is to some extent lower (Saarsalmi
and Malkoénen 2001; Ruotsalainen 2014; Jansson et al. 2017).

Nitrogen fertilization was applied using 150 kg N ha™! at the time of thinning on upland
sub-xeric (Scots pine) and mesic sites (Scots pine and Norway spruce). In managed forests, an
annual N deposition of 10 kg ha™! was applied, based on Kellomiki et al. (2005). In practice, the
management recommendations are not strictly followed and there exist harvest savings in the
forests. To avoid harvesting of all harvest savings in the first years of simulations, we used a mean
delay of 13 years in the thinning and final felling as was done in previous simulation studies by
Alrahahleh et al. (2016, 2018a). The lack of initial amount of dead wood in forest inventory data
affected the simulated amount of dead wood and further habitat suitability area over time.

2.3 Data analyses

Based on the forest ecosystem model simulations, we analyzed how timber yield (m3 ha!), ecosys-
tem carbon stock (trees and soil, Mg ha!), amount of dead wood (standing and fallen, Mg ha™!),
and total area of suitable habitat for saproxylic species were affected by forest conservation and
management intensity, in addition to climate change, over a 90-years simulation period (periods
0f2010-2039, 2040-2069 and 2070-2099). The results of management scenarios were compared
to the BM. Similarly, the results under RCP2.6 and RCP4.5 were compared to CU.

3 Results
3.1 Harvested timber yield

Under the current climate (CU), timber yield decreased in the first 30-year period among different
forest conservation scenarios by 17-38% compared to BM, the least in CONS10+INT and the
most under CONS20. In the second and third 30-years periods, the corresponding decreases were
in arange of 11-32% and 13-20%, respectively, excluding the CONS10+INT in the third 30-years
period, in which timber yield was 5% higher compared to BM (Fig. 1).

Under changing climates represented by the RCPs, the change in conservation area and/
or management intensity affected timber yield in a similar way as under CU. Under RCP2.6 and
RCP4.5, timber yield decreased in the first 30-year-period under different forest conservation
scenarios by 13-35% and 15-34%, respectively, compared to BM, the least in CONS10+INT and
the most with CONS20. In the second and third 30-year-periods, the decreases under RCP2.6 were
in a range of 6-28% and 9-27%, while under RCP4.5 decreases of 9-23% and 11-13% occurred,
under different conservation scenarios (Excluding CONS10+INT), respectively. However, under
RCPs, 4-6% increases in timber yield were found in CONS10+INT under the third 30-years period
compared to BM (Fig. 1).

Under the RCP2.6, timber yield was in the first, second and third 30-year-periods 4—14%,
0-12%, and 5—18% higher compared to CU, respectively, depending on conservation and manage-
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Fig. 1. The total timber yield (m?ha™!) (a,c,e) and ecosystem carbon stock (Mg ha™!) (b,d,f) over three 30-year periods
(P1,P2,P3) for different management scenarios under the current climate (CU), Representative Concentration Pathway
RCP2.6 and RCP4.5 climate change projections in eastern Finland.

ment intensity. Under the RCP4.5, the corresponding increases were 11-33%, 9-26% and 35-49%,
respectively, compared to CU (Fig. 1).

3.2 Forest ecosystem carbon stock

Under the current climate, forest ecosystem carbon stocks (trees and soil) increased in the first
30-year-period by 6% in both CONS10 and CONS10+INT scenarios and 9% in both CONS20
and CONS20+INT scenarios compared to BM. In the second and third 30-year-periods, the cor-
responding increases were in a range of 18-31% and 17-30%, respectively, the least in CONS10
and the most under the CONS20+INT (Fig. 1).

Under the RCPs, carbon stocks increased in the first 30-year-period across all forest con-
servation scenarios by 3-9%, respectively, the least in CONS10 and CONSI0+INT scenarios
and the most in CONS20 and CONS20+INT scenarios compared to the BM. In the second and
third 30-year-periods, the increases were under RCP2.6 in a range of 13—-25% and 12-24% and
under RCP4.5 in a range of 8§-22% and 7-20%, respectively, the least in CONS10 and the most
in CONS20+INT (Fig. 1).

Under RCP2.6 the carbon stocks were in the first, second and third 30-year-periods in range
of -2-1%, 1-6%, and 0—6% lower/higher compared to CU, respectively, depending on conserva-
tion and management intensity. Under RCP4.5, the corresponding changes were —2—2%, 0-10%
and 0-10%, respectively, compared to the current climate (Fig. 1).
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3.3 Amount of dead wood and area of suitable habitats for saproxylic species

On average, the share of fallen dead wood from the total amount of dead wood (fallen + standing)
decreased from 54% to 34% over study period under all management and climate scenarios. Under
the CU, the total amount of dead wood increased in the first 30-year-period across all forest con-
servation scenarios by 10-19%, the least in CONS10+INT and the most under the CONS20+INT
scenarios compared to BM. In the second and third 30-year periods, the corresponding increases
were in a range of 20-39% and 22-35%, respectively, the least in CONS10+INT (second period)
and CONSIO0 (third period) and the most under CONS20-+INT (Fig. 2).

Under RCP2.6 and RCP4.5, the total amount of dead wood increased in the first 30-year-
period under conservation scenarios by 7—16% and 6-92%, respectively, the least in CONS10+INT
(for RCP2.6) and CONS10 (for RCP4.5) and the most under CONS20+INT compared to BM. In
the second and third 30-year-periods, the corresponding increases under RCP2.6 were in a range
of 11-26% and 11-20% and under RCP4.5 in a range of 13—-54% and 10-23%, respectively, the
least in CONS10 and the most in CONS20+INT (Fig. 2).

Under RCP2.6 the total amount of dead wood was in the first, second and third 30-year-
periods in range of 1-7%, 4—19%, and 4—18% higher compared to CU, respectively, depending on
conservation and management intensity. Under RCP4.5, the corresponding changes were —5-68%,
11-37% and 11-23%, respectively, compared to CU (Fig. 2).
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Fig. 2. The total amount of dead wood (Mg ha™!) (a,c,e) and suitable habitat area for saproxylic species (%) (b,d,f) over
three 30-year simulation period (P1,P2,P3) for different management scenarios under the current climate (CU), RCP2.6
and RCP4.5 climate change projections in central Finland. (50—75) Means that the habitat is suitable and (75-100)
means that the habitat is very suitable for the species.
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3.4 Area of suitable habitats for saproxylic species

Under the current climate, the habitat suitability area increased in the first 30-year-period across all
forest conservation scenarios by 3—16%, the least in CONS10+INT and the most under CONS20 and
CONS20+INT when compared to BM. In the second and third 30-year periods, the corresponding
increases were in a range of 16-30% and 13—40%, respectively, the least in CONS10+INT and the
most under CONS20+INT (Fig. 2).

Under RCP2.6, habitat suitability area increased in the first 30-year-period in forest conserva-
tion scenarios by 4-16%, the least in CONS20 and the most under the CONS20+INT compared to
BM. Correspondingly, under RCP4.5, the change in habitat suitability area was in a range of —2—9%,
the lowest under CONS10 and highest under CONS20 when compared to BM. In the second and
third 30-year-periods, the habitat suitability area increased under RCP2.6 in a range of 14-33%
and 14-36%, respectively, the least in CONS10 scenarios and the most under CONS20+INT. Cor-
respondingly under RCP4.5 the increase was in the second and third period in a range of 11-21%
and 9-30%, respectively, the least in CONS10 and the most under CONS20+INT (Fig. 2).

Under RCP2.6 the habitat suitability area was in the first, second and third 30-year-periods
in range of —5-8%, —1-6%, and 2—13% lower or higher compared to CU, respectively, depend-
ing on conservation and management intensity. Under RCP4.5, the corresponding changes were
—1-13%, 0-9% and 3—-16%, respectively, compared to the CU (Fig. 2).

4 Discussion

Previous studies have shown that timber yield usually compete with other ecosystem services
(Schwenk et al. 2012; Trivifio et al. 2015; Alrahahleh et al. 2016; Pohjanmies et al. 2017; Diaz-
Yanez et al. 2020). Our results from solely increasing conservation area align with previous studies,
displaying competing ecosystem services through decreases in timber yield on average by 15-30%.
However, compared to baseline forest management, the integration of enhanced forest regeneration
materials and nitrogen fertilization, coupled with expanded conservation areas, resulted in reduction
in timber yield on average from 5% to 26%. Intensive management did not fully compensate the
loss of timber within the first and second period. However, by the third period, the CONS10+INT
scenario was able to increase timber yield by 4-6% across all climates when compared to BM.

Heinonen et al. (2018b) and Routa et al. (2019) found the use of improved regeneration
material and N fertilization to increase long-term timber yield, similar to our findings. Based on
Heinonen et al. (2018b), at a regional level, the benefits of forest fertilization will realize quicker
and be also higher than those of improved regeneration material. This is because the latter one is
dependent on the area of forest at the final felling phase, whereas fertilization may be done even a
couple of times over a rotation. Whereas in individual stands their simultaneous use will increase
timber yield remarkably (Routa et al. 2019). The effect of improved regeneration material in the
study of Heinonen et al. (2018b) was more pronounced in southern Finland, while fertilization
had a larger effect in central and northern Finland. These regional differences may partially be
explained by differences in forest structure, which affects areas of regeneration and fertilization.
In our simulations, we did not employ management scenarios that solely included use of forest
fertilization or improved forest regeneration.

Under mild (RCP2.6) and moderate (RCP4.5) climate change, timber yield increased com-
pared to the current climate over the study period by on average 7-15% and 19-36%, respectively.
The harvested amount of timber in the first period was much larger compared to other periods, as
large amount of harvesting savings were harvested at the beginning of the simulations. In a simula-
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tion study Heinonen et al. (2018a), it was observed that under mild (RCP2.6) and moderate (RCP4.5)
climate change with intensified forest management (improved regeneration material, fertilization,
and ditch network maintenance) the maximum sustainable harvest level in Finland would be up to
80 million m3 yr~! over next 100 years. As of 2021, total annual roundwood removals in Finland
were approximately 76 million m? (Kulju et al. 2023). In previous simulation studies, use of more
severe RCP-scenarios (e.g. RCP8.5 by 2100) were found to reduce the volume growth of forests due
to increase in tree mortality, as growing conditions become suboptimal for conifer species, especially
in southern Finland (Alrahahleh et al. 2018a, 2018b; Heinonen et al. 2018a; Kelloméki et al. 2018).

When examining ecosystem carbon stocks, increases in forest conservation area increased
carbon stocks by on average 6—21%, while intensive management slightly enhanced this effect
(on average, 11-23%). Increase in soil carbon stocks can be explained by the increased forest
growth and production of litter and its accumulation in the soil (Lindroos et al. 2023; Makipaa et
al. 2023). However, in our study climate change had no clear impact on carbon stocks in the forest
(varying by 1 to 7%), because increased growth due to climate change enhanced production of
timber and its harvest.

In North Karelia, approximately 51 000 ha (3%) of forest land and 8000 ha (18%) of poorly
productive forests are strictly protected. Increasing the area of forest land under strict protection to
10% in each Finnish province, favouring the oldest forests, would mean an increase of 60000 ha
in North Karelia (Kotiaho et al. 2021). In the study of Kniivilé et al. (2022) 10% strict protection
in each Finnish province (allocated to old forests) resulted in significant reduction of harvesting
opportunities, especially in North Karelia. In their study the simulated use of timber and wood for
energy either exceeded or was very close to the estimate of the maximum sustained harvesting
level in Finland (Maanavilja et al. 2021; Kniivild et al. 2022). Therefore, based on our simulations,
use of improved regeneration material and fertilization, as represented by intensive management
scenarios could help in reducing the timber deficit due to increased conservation area and, in the
long term, even achieve better timber yield compared to current forest management.

The total amount of available dead wood per period was relatively low, particularly at the start
of the simulations, as the model did not consider dead wood already present. As forest conservation
area increased, the amount of dead wood (DW) rose by on average 10-24% and the area of suitable
habitat for saproxylic species (HSA) increased (on average, 8—24%) compared to baseline forest
management over the study period. In conservation areas, self-thinning increases tree mortality
and thereby also the amount of dead wood (Tikkanen et al. 2007; Mazziotta et al. 2014). The use
of improved regeneration material and fertilization enhanced this effect in managed forest stands
(on average, 12-56% for DW, 12-32% for HSA). Compared to the current climate, the amount of
dead wood and the area of suitable habitats increased under warmer climates (on average, 4-39%
for DW, 1-13% for HSA) and therefore forest management had a higher impact on the amount of
dead wood and habitat suitability area compared to climate change.

In cases where there is a small amount of dead wood, additional increases of dead wood will
improve biodiversity values significantly until a certain point, after which biodiversity will no longer
benefit from additional increases of dead wood (Diaz-Yafez et al. 2021). However, biodiversity
is also influenced by tree species composition in forest stands; for species requiring spruce dead
wood, substantial amount of pine dead wood does not create an optimal environment and vice
versa, especially when the habitat suitability index (HSI) models favor spruce dependent species
(Tikkanen et al. 2006). The habitat suitability area in our study did not increase at the same rate as
the total amount of dead wood under RCP4.5. According to Mazziotta et al. (2016) vulnerability of
saproxylic species to climate change is greatly dependent on species-habitat associations. Climate
change is expected to increase the availability of dead wood, but increased decomposition rate
may further reduce availability of dead wood for saproxylic species (Mazziotta et al. 2014, 2016).
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The diversity and future availability of dead wood are more important than the total dead
wood volume (Simil4 et al. 2003; Lassauce et al. 2011). In our study, the amount of fallen dead
wood from total amount of dead wood decreased from half to a third and the amount of very suit-
able habitat area (75-100) from total amount of suitable habitat areas (50—100) increased from
one third to almost half over the study periods in all management and climate scenarios. This is
understandable, if the amount of dead wood for saproxylic species decreased in poor sites and
increased in ideal sites. For example, in the optimizations of Tikkanen et al. (2007) HSI values
differentiated depending on the use of the forest stand (conservation or wood production). The
quality of the matrix in managed and conservation forests is important, therefore should be chosen
efficiently (Lindenmayer and Franklin 2002; Juutinen et al. 2004; Tikkanen et al. 2007; Mo6nk-
konen et al. 2014).

Our results show that slight increase in conservation area in conjunction with intensive
forest management (use of improved growing stock and fertilization) may increase all the studied
ecosystem variables over the rotation period of forest stands. However, our simulations could
not consider multiple natural disturbances, which are expected to increase along with the sever-
ity of climate change (Reyer et al. 2017; Seidl et al. 2017; Netherer et al. 2019; Venildinen et al.
2020). Increasing natural disturbances, such as windstorms and spruce bark beetles in southern
and central Finland, and especially under RCP8.5 but also to some extent under RCP4.5, affect
also provisioning of ecosystem services (Venéldinen et al. 2020). In addition, our study used only
saproxylic species as biodiversity indicator and recognized the limitations of the analyses based
on calculated HSI averages of indifferent, moist/shady and sunny species groups.

Rotational forestry is the most common forest management method in Finland (Mason et al.
2022), and therefore it was used in our study. However, continuous cover forestry relies on natural
regeneration and thus the benefits of improved forest regeneration material are not obtained. Use
of fertilization may result in adverse environmental impacts both in rotational and continuous
cover forestry, e.g. through changes in species and organism composition of forest ecosystem
(Strengbom and Nordin 2008; Hogberg et al. 2010; Entwistle et al. 2018; Strengbom et al. 2018;
Jorgensen et al. 2021). Too intensive fertilization may also increase greenhouse gas (GHG) emis-
sions and nutrient export to water courses (Bergh et al. 2008; Hedwall et al. 2014; Ojanen et al.
2019; Minkkinen et al. 2020; Hakansson et al. 2021). Typically, the fertilization dose has been
about 150 kg N ha™! in Scots pine and Norway spruce stands in practical forestry, i.e. as we used
in model simulations (Hedwall et al. 2014).

5 Conclusion

Trade-offs exist between the harvested amount of timber and other ecosystem services utilized in this
study. No single management scenario allowed for maximizing all study variables simultaneously.
The increase in forest conservation area resulted in higher ecosystem carbon stocks, quantities of
dead wood and area of suitable habitats for saproxylic species, but a lower amount of harvested
timber. The combined use of improved regeneration material and fertilization enhanced all studied
variables and reduced the timber yield loss in the conservation simulations. As an exception to
other simulation cases, the 10% forest conservation scenario with intensified forest management
increased the benefits of ecosystem services and even increased the harvested amount of timber
compared to baseline forest management in the last 30-year period. In addition, the warming cli-
mate increased timber yield, amount of dead wood and through it also habitat suitability area for
saproxylic species.
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