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* National-level biodiversity and carbon forest sector policies modelled in a simulation-
optimization framework.

» Impacts of policies on management along site productivity gradients estimated.

»  Policies vary in impact across productivity gradients with regional implications.

Measures to enhance boreal forests’ biodiversity and climate change mitigation potential are high
on the policy agenda. Site productivity influences management, ecological attributes, and economic
outcomes. However, national-level analyses of management implementation in response to poli-
cies considering site productivity are lacking. We analyzed impacts of a carbon policy (Carb), a
biodiversity policy (Bio) and a combined biodiversity and carbon policy (BioCarb) in Norway
using a simulation-optimization framework, assessing impacts on forest management, timber
harvest, ecological attributes, and carbon fluxes until year 2140. Management alternatives were
simulated in the single-tree simulator TreeSim before being fed into a market model NorFor to
compare policy outcomes to a business-as-usual (BAU) scenario. All policies led to decreased
harvests. Old forests expanded from the current 3% to cover 21% or more of the productive
forest area in all scenarios. Impacts of policies depended on site productivity. On low-productive
land, management under Bio mirrored BAU, while the Carb and BioCarb policies yielded more
set-asides. On high-productive land, management intensity under the Carb policy was similar to
BAU but the Bio and BioCarb policies resulted in more set-asides and more old forest. Thus, on
low-productive land, the carbon policy showed to have the strongest impact on forest management,
while on high-productive land, the biodiversity policy had the strongest impact. With geographi-
cal site-productivity gradients, the two policies exhibited different regional effects. The study
shows that ex-ante analyses with appropriate tools can provide relevant information of multiple
consequences beyond the stated aims which should be considered in policy design.
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1 Introduction

The boreal forest biome is one of the largest land biomes and hosts 73% of the world’s coniferous
forests (Kuusela 1992; Haila 1994; Wulder et al. 2007; Kayes and Mallik 2020). Boreal forests
supply about 17% of the global industrial roundwood (Burton et al. 2010) and multiple other
critical ecosystem services (Pohjanmies et al. 2017), thus playing a key role in supporting human
well-being. Global wood demand is expected to increase by approx. 37% by 2050 compared to
2020 (FAO 2022). At the same time, international agreements and national regulations increas-
ingly demand other forest ecosystem services (EU 2023). These increasing expectations put greater
challenges on the management of boreal forests (Aggestam et al. 2020; Pohjanmies et al. 2021).

In general, timber production is the most prioritized ecosystem service in the boreal forest
outside conservation areas (Huuskonen et al. 2021) which might come at the expense of the supply
of other ecosystem services through changes in i.a. forest structures (Duncker et al. 2012; Pohjan-
mies et al. 2017). Hence, different regulative framework and instruments are designed to support
other ecosystem services from boreal forests like the international commitments on biodiversity
conservation (Convention on Biological Diversity 2011) and the Paris Agreement (UNFCCC 2015)
and EU’s regulation on land use, land use change and forestry (EU 2018) that aim at reducing
atmospheric greenhouse gas (GHG) concentration through enhancing forest sector carbon pools. In
the Nordic countries Finland, Sweden and Norway, large parts of the forests are under management,
with even-aged forestry and clearcutting being the dominant silvicultural regime (Savilaakso et
al. 2021). Over time, forest policy objectives have been broadened to include public goods along-
side timber production (Fridén et al. 2024). Forest certification schemes that focus on improving
management practices to support biodiversity within production forests are widely implemented
(Sverdrup-Thygeson et al. 2008; Elbakidze et al. 2011). The debate of effects of clearcutting on
ecosystem services is ongoing (Keenan and Kimmins 1993). Several studies have been conducted
to elucidate the influence of forest management on multiple forest attributes (Johnston and Withey
2017; Pohjanmies et al. 2017; Pingoud et al. 2018; Sabatini et al. 2018). These studies underlined
the complex interactions between forest management practices and ecosystem services like biodi-
versity and carbon pools and the need to balance economic, social, and ecological aims.

There is a rich literature of how policies can support forest management that enhances carbon
sequestration and biodiversity. The multi-faceted and complex nature of biodiversity gives rise to
a wide set of policy intervention options. The most suitable forest policy instruments to enhance
multifunctionality consider economic, social, and ecological factors (Cubbage et al. 2007). Angel-
stam et al. (2011) and Brukas et al. (2013) discussed how forest policies are implemented in forest
management in northern Europe, while Angelstam et al. (2020) stressed how policies should aim
at increase landscape connectiveness for conserving biodiversity. Silbaugh and Betters (1997)
explored how biodiversity indices may be brought into decision-support forest management tools.

Another branch in the literature has scrutinized how forest policies can support increased
forest carbon sequestration. This includes clarifying the frames and opportunities for forest man-
agement carbon credits (Fahey et al. 2010; Golden et al. 2011; Malmsheimer et al. 2011). On the
stand level, van Kooten et al. (1995) outlined the theory of and investigated numeric impact of
carbon taxes and subsidies on profit-maximizing forest management, concluding that optimal
rotation ages were increased with higher carbon price.

To assess the impact of policies on management and forest attributes, forest simulation and
optimization models (SOM) are widely used, typically based on profit-maximization (Kaya et
al. 2016). On the stand level, Niiniméki et al. (2013) combined process-based growth modeling
and economic analyses to evaluate carbon storage in Finland. Juutinen et al. (2018) found trough
stand-level simulation and optimization that carbon payment increases rotation ages with some
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impact on forest management in Finland. Also in Finland, Pukkala (2020) employed SOM on a
large set of forest stands to evaluate at which carbon price harvesting would no longer be profit-
able. Market-level analyses approaches are commonly used for understanding how policies influ-
ence harvest levels, wood product carbon storage and economic outcomes. Im et al. (2007) used a
partial equilibrium model of western Oregon private forests to assess impacts of carbon taxes and
subsidies on carbon fluxes. Their findings indicate that carbon policy shapes forest management
practice, leading to reduced timber harvest and increased silvicultural investments. Moreover, as
the carbon tax level increased, the optimal rotation age increased. Pohjola et al. (2018) utilized a
SOM approach with endogenous markets with the FInFEP (Finnish Forest and Energy Policy) partial
equilibrium model, which encompasses the forest and energy sectors in Finland. Their model inte-
grates supply and demand with Finnish National Forest Inventory (NFI) data, landowner behavior,
technological details of wood industries, and wood products demand. They assessed impacts of a
forest carbon policy by considering the behavior of forest owners and firms in response to carbon
pricing. Similarly, Guo and Gong (2017) studied the potentials and costs of enhancing forest carbon
sequestration in productive forestlands in Sweden through a carbon tax/subsidy policy, analyz-
ing the impacts of carbon prices ranging from approx. 170 to 1428 SEK per Mg of CO; (approx.
14 to 123 € in 2024). Applying a partial equilibrium model based on intertemporal optimization
adapted from the Swedish Timber Market Model (STIMM), they simulated how carbon prices
influence timber harvest and forest carbon stocks dynamics. In Norway, a partial equilibrium model
integrating wood markets, forest industry, timber harvest and forest management was applied to
generate marginal-cost curves for carbon sequestration (Sjolie et al. 2013a), assess climate change
mitigation under the first Kyoto protocol (Sjelie et al. 2014) and estimate effects of considering
albedo-induced climate impacts in policies (Sjolie et al. 2013b).

A branch of studies has explored trade-offs between biodiversity protection and economic
returns in forest management using SOM. Bergseng et al. (2012) used a SOM with exogenous
wood prices to analyze economic and habitat impacts of forest management restrictions aimed
at biodiversity protection. Vergarechea et al. (2023) applied a single-tree simulator and a multi-
objective optimization model to assess the viability of meeting exogenously given quantities of
wood and biomass demand and simultaneously ensuring sustainable forest ecosystem services
supply in Norway. Pukkala (2011) applied a SOM to analyze the effect of carbon pricing on forest
management and economics in Finland. In Sweden, Eggers et al. (2020) examined effects of forest
management on biodiversity and wood production based on different stakeholders’ preferences
using a SOM. A SOM were also applied by Pohjanmies et al. (2019) to analyze impacts of stand
management on the availability of dead wood and wood production in Finland and by Augustynczik
et al. (2020) to find the optimal forest management considering biodiversity and wood supply in
Southwestern Germany. Few studies have focused on how management implications of policies
differ with site characteristics; however, Borges et al. (2016) found that green-up time restrictions
yielded site productivity-specific impacts depending on details in the regulations.

In the extensive literature of forest management and biodiversity applying SOM, the lion’s
share of studies, including the above-mentioned papers, do not include impacts of policies or
management shifts on wood markets. The few works employing SOM with endogenous wood
markets to scrutinize costs and effects of policies to preserve biodiversity include Montgomery et
al. (1999) and Nalle et al. (2004). Both used regional timber market models to consider opportu-
nity costs under large-scale changes in management and harvest levels. Montgomery et al. (1999)
underlined the strength in their approach to cost-effectively select areas for old-growth forest con-
servation and provide a basis for policymakers to compare conservation goals. Through combining
a wildlife model stochastically simulating habitats and a regional wood-market model, Nalle et al.
(2004) identified areas with high habitat potential and low economic consequences of set-aside.
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The literature of SOM considering adaptations in markets caused by biodiversity policies is thus
limited. To the best of our knowledge, no studies have combined biodiversity and carbon policies
in the same analysis using a SOM with endogenous markets. In addition, we identified that most
carbon policy studies have focused on timber markets and industry with relatively less attention
being paid to forest management.

We applied a SOM of the Norwegian forest sector with endogenous wood markets to assess
how carbon and biodiversity policies induce changes in management, harvest, carbon fluxes and
biodiversity. We focused on the management of forest land and regional impacts, using site pro-
ductivity as a scale due to its crucial role in forest management practice, ecological attributes,
and economic value. The objectives of our study were to: i) assess the individual and combined
impact of carbon and biodiversity policies on forest management and timber harvest across site
productivity levels and geographical areas, and ii) analyze the effects of these policies on habitats
and carbon fluxes.

2 Materials and methods
2.1 Study area

Norway’s mainland area extends approx. 324 000 km? within the Scandinavian Peninsula and the
forest cover is circa 121800 km? (FAO 2020a) of which about 71%, 86494 km?, is considered
productive forest area, i.e. with an annual growth of minimum 1 m? ha™! yr! incl. bark (FAO
2020b). Norway experienced from 1990 to 2020 a positive net change in forest area cover of about
570 km?2 (FAO 2020a). Floristic composition includes around 30 tree species (NIBIO 2022), where
the dominant trees species are the two softwood conifers species spruce (Picea abies (L.) H. Karst.)
and pine (Pinus sylvestris L.) and the two broadleaves species silver birch (Betula pendula Roth),
and downy birch (Betula pubescens Ehrh.) (Fjellstad and Skrappa 2020). The main wood industries
in Norway consist of board, pellet, pulp & paper, and sawmill plants geographically clustered as
the coniferous forests in the central and south-eastern part of the country (Supplementary file S1,
available at https://doi.org/10.14214/s£.23067).

Forest lands are classified into site productivity classes using the H40 Site Index (SI) system.
The Sl refers to the average height (m) of the one hundred trees per hectare with the largest diameter
at breast height age of 40 years (Tveite and Braastad 1981), running from 6 to 26. Based on the
Norwegian NFI data, we categorized the total area of productive forest land into three SI levels.
Low SI has an SI below 10.5, totaling 45% of the productive forest land area; medium SI ranges
from 10.5 to 15.5 and constitutes 39% of the productive forest land area. High SI represents the
forests with the greatest growth potential with an SI above 15.5, with 16% of the national produc-
tive forest land area. Productivity has important geographical gradients, with most high-productive
land located in the lowland in south-eastern Norway. Moving further north and at a higher altitude,
productivity is lowered. There are also some high-productive lands along the western coast. The
current presence of specific tree species is shown in Suppl. file S1 maps.

2.1.1 Forest management in Norway

The main management method in Norwegian forest is stand management with clearcutting (CC)
that take on circa 71% of the total productive forest area, followed by seed tree cut (STC) with
20%, and the remaining 9% including other harvesting methods, e.g. selective cutting and patch
cutting (Granhus 2021; Agricultural Agency 2022). Regarding land tenure, about 78% of the pro-
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ductive forest area is distributed among non-industrial private owners divided into about 118 000
individual ownerships (Statistics Norway 2023).

Pine, spruce, and birches are the most important tree species in terms of volume and man-
agement (Ministry of Agriculture and Food 2014). However, only spruce and pine constitute the
major forest type, i.e. coniferous evergreen forest, which covers circa 64 % of the total productive
forest area (Svensson et al. 2021). The total commercial removals of industrial roundwood have
experienced variation over time but remains well below the annual increment. Considering a time
span of 100 years (1920-2020), Norway’s annual harvest for industry was on average 8 million m3,
while the growing stock volume increased during the same period from 323 million m3 to 995 mil-
lion m3-(Statistics Norway 2022). This source also indicates a pronounced and sustained rise in
the annual forest growth. In 2021, about 48% of the annual increment, i.e. net volume increase of
wood per year, was harvested (Statistics Norway 2022).

2.2 Simulation-optimization framework

The simulation-optimization work consisted of a sequence of five steps: A) preparation of data and
setting functions and equations to simulate forest dynamics; (B) establishing forest management
alternatives; (C) simulating forest dynamics for all forest management alternatives; (D) defining a
set of policy scenarios; (E) running optimization and analyze results which includes visualizations
such as graphs and spatial distribution maps with forest management intensities for all scenarios
(Fig. 1).

For the first step (Fig. 1A), we utilized the Norwegian NFI data representing the productive
forest landbase. The NFI design covers the entire land area of Norway and includes a systematic
sample of permanent plots. Across the productive forest landbase, the NFI plots are circular-shaped
with an area of 250 m? distributed as a 3x3 km grid; the plots are revisited every five years and all
trees with a diameter at breast height (DBH)>5 cm are recorded (Breidenbach et al. 2020). The NFI
dataset comprises information from all plots in productive forest gathered in the period 2015-2019.
In addition to the NFI data, meteorological data obtained from Norwegian Meteorological Institute
(Meteorologisk institutt 2022) were utilized to estimate soil carbon stocks and fluxes.

We included sets of forest management alternatives that were simulated if plot-level criteria
were met (Fig. 1B). The alternatives reflect current common practices in Norwegian forestry along
a management intensity gradient and include clearcutting, seed tree cut, thinning, fertilization,
planting, and natural regeneration, with varied harvest timing and regeneration intensities as well
as no silviculture other than harvest and no management which excludes all treatment, also harvest.
Depending on the SI, up to 37 management alternatives were applied for a plot. The alternatives
were grouped into five management intensity classes (MIC): High Intensity, Medium Intensity,
Low Intensity, No Investment, and No Management. Each MIC has a given regeneration density
and species composition, silvicultural activities, and age and type of final harvest. The specific
details of the MICs, like regeneration density and set of rotation ages, depend on the SI. For the
different MICs we considered the two harvests methods clearcutting (CC) and seed tree cut (STC).
As regeneration methods, planting (PL), natural regeneration (NR) and natural regeneration under
seed trees (NRST) were modeled. In thinning, 35% of the volume from below was removed. Fer-
tilization only took place after thinning. For the spatial distribution analysis, we also introduced
a Moderate Intensity category, which includes Medium, Low Intensity, and No Investment MIC.
The MICs with corresponding methods are summarized in Table 1.

We applied the open-source, individual-tree simulator TreeSim (Fig. 1C) designed to simulate
forest growth, management and stand dynamics based on functions for diameter and height growth,
ingrowth and mortality (Nabhani and Sjelie 2022). TreeSim (available in GitHub repository) is
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Fig. 1. Workflow of the study, including: (A) forest data preparation from the National Forest Inventory (NFI) and
climate data from the Meteorological Institute, and models to simulate forest dynamics, (B) setting of forest manage-
ment alternatives, (C) forest management simulation, (D) setting of carbon policy and biodiversity regulation scenarios,
and (E) optimization that yields the area per management regime for each scenario. Adapted from Nabhani and Sjelie

(2022).

Table 1. Forest management alternatives implemented in TreeSim. Considering two harvest methods, clearcutting
(CC) and seed tree cut (STC). In regeneration methods, planting (PL), natural regeneration under seed tree (NRST),
and natural regeneration (NR). MIC were grouped into: High, Low, Medium Intensity, No Investment, and No Manage-
ment. Moderate Intensity is a combined MICs for spatial distribution and visualization purpose used in Fig. 8.

Name of the aggregate of Management Intensity Class (MIC)

Harvest methods

Regeneration methods

Pine Spruce  Broadleaves
High Intensity CC, STC, Thinning ~ PL, NRST PL NR
Medium Intensity CC, STC, Thinning NRST PL NR
Low Intensity CC, STC, Thinning None PL NR
No Investment CC, STC, Thinning None None NR
No Management None None None None
Moderate Intensity (combined MIC which includes CC, STC, Thinning ~ PL, NRST PL NR

Medium, Low, and No Investment)
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written in Python and utilizes an object-oriented programming approach to model individual tree
growth based on height and DBH, ingrowth and mortality as well as growing stock wood volumes
(live trees), deadwood, and harvest, all categorized by tree species. In addition, TreeSim estimates
above- and below-ground carbon storage in living tree biomass, deadwood carbon, soil carbon and
includes forest biodiversity attributes. We simulated these individual-tree and plot level features
for all 9832 NFI plots and the TreeSim output with multiple forest management alternatives for
each plot were then fed into the optimization model NorFor (Suppl. file S2).

In the fifth step (Fig. 1E), we run four scenarios in NorFor (Fig. 1D): biodiversity policy
(Bio) and carbon policy (Carb) scenarios in addition to a scenario that combined those (BioCarb). In
addition, a BAU (business-as-usual) scenario was run with no new policy from the current situation.
In the carbon policy scenarios, we applied a carbon price of 100 € Mg CO,eq! that targeted carbon
fluxes in the compartments trees and soils (Nabhani and Sjelie 2022), emissions from machinery
and transportation, storage in wood products, substitution effects and emissions upon combustion,
with non-CO,; GHG converted to CO;-equivalents. All sawn wood was assumed to substitute for
concrete and steel in equal parts, while boards were assumed to replace only steel. Bioenergy was
assumed to replace a combination of hydropower and coal-power. This assumption is supported
by the fact that in Norway, heating is predominantly powered by electricity, with hydropower
being the main source of electricity production (Statistics Norway 2024b). However, coal-power
is the production technology often on the margin at electricity trading partners (Olkkonen and Syri
2016). The carbon policy was designed as a tax/subsidy system where fluxes deviating from base
scenario levels in any period were subject to taxes or subsidies; thus, increased sequestration or
lower emissions compared to BAU yielded a subsidy while the opposite triggered a tax. Yearly GHG
fluxes were calculated as the difference in GHG stock between two periods divided by the period
length. For the biodiversity policy, we considered three attributes (Table 2): warm broadleaves,
ungulate forage, and old forests. They were chosen based on their proven capability to enhance
forest biodiversity. Temperate broadleaves trees (warm broadleaves) only live on marginal areas
in Norway but are ecological hotspots (Direktoratet for naturforvaltning 2007). The forage species
were chosen due to their role in the diet of deer (Solberg et al. 2012) with aspen also being consid-
ered ecologicallyl important in the boreal zone (Bendiksen et al. 2008). Maintaining old forests in
the landscape is important for ecosystem functioning and biodiversity (Kuuluvainen and Gauthier
2018), not at least for specialists (Nordén et al. 2013). In addition, these attributes are available in
NFI data and present in the public discourse about forest biodiversity, thus policy relevant.

NorFor (Sjelie et al. 2011b) was designed to simulate the behavior of the agents in the forest
sector for analyzing, e.g. costs and potentials of climate change mitigation (Sjelie et al. 2013a,
2013b, 2014) and consequences of changes in policy and economic frames (Sjolie et al. 2016). Three
groups of agents are included in the model, each with an assumed behavior. Based on extensive
literature of non-industrial private forest owners (Amacher et al. 2003; Beach et al. 2005), forest
owners are assumed to seek to maximize their utility from market and non-market values, thus
from having old forests and profit from selling timber. The wood industry maximizes profit from
processing wood into wood products and consumers aim to maximize utility from consuming these
products. The model maximizes forest sector welfare across regions calculated as the discounted
profits and utility net of transport and capital costs, in accordance with principles established by
Samuelson (1952), with optimization being based on perfect foresight. The model encompasses
19 domestic regions and two foreign regions.

Within this framework, forest owners supply spruce, pine, and non-coniferous sawlogs
and pulpwood. The allocation of pulpwood is determined as a function of tree species, height,
and diameter (Blingsmo and Veidahl 1992). In industry, sawlogs are processed into three types of
sawn wood, while pulpwood is transformed into two pulp grades and two board grades, as well
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Table 2. Overview of policy scenarios analyzed in the study: business-as-usual (BAU), carbon policy (Carb), biodiversity
policy (Bio), and their combination (BioCarb). BAU scenario reflects a continuation of trends observed at the time of the
study, while the Bio scenario introduces a policy of harvest restrictions of forests containing certain broadleaves and old
forests. The Carb scenario implements taxes/subsidies for carbon fluxes based on a carbon price of 100 € MgCO,eq .
In the BioCarb scenario, biodiversity and carbon policies are combined. Maps of spatial distribution of target tree spe-
cies described under Bio scenario are provided in Supplementary file S1.

Scenario Description

BAU Business-as-usual with policies continuing as observed during the study period with no new policies
implemented.

Bio Biodiversity policy based on three plot features:

Warm broadleaves: harvest does not occur if there is at least one of the following warm broadleaves
(Fjellstad and Skreppa 2020) species present in the plot: lime (7ilia cordata Mill.), common ash (Fraxi-
nus excelsior L.), oaks (Quercus robur L., Quercus petraea (Matt.) Liebl.), European beech (Fagus
sylvatica L.), common alm (Ulmus glabra Mill.), Norway maple (Acer platanoides L.), sweet cherry
(Prunus avium (L.) L.).

Ungulate forage: maximum national, total removal for rowan (Sorbus aucuparia L.), aspen (Populus
tremula L.), and great sallow (Salix caprea L.) is 250000 m3 yr -1, about halve the base harvest level.
Old forest: harvest does not occur if the stand age is equal to or greater than 160 years.

Carb All carbon fluxes subject to tax/subsidies of 100 € Mg COeq .
BioCarb  Combined Bio policy and Carb policy.

as five categories of paper and three bioenergy carriers. Pulp and bioenergy feedstocks serve as
intermediate inputs in subsequent processing stages. Firewood, chips, and pellets contribute to heat
production in water-borne heating systems and stoves. All pulp, paper, and board mills operating
in Norway are included in the model, each represented individually with their respective capacities
and processing technologies. Additionally, sawmills and bioenergy manufacturers are specified
at the county level. The flow of products in harvest and industry is given in Sjelie et al. (2011).

Demand functions for all end products are specified at the county level. Elasticities regard-
ing changes in price and gross domestic product (GDP) are primarily drawn from Chas-Amil and
Buongiorno (2000) and Simangunsong and Buongiorno (2001); these elasticities are found to be
rather stable over time (Buongiorno 2015). The two foreign regions are treated as pure trade regions,
each characterized by specified demand and supply functions for every product. Transport costs
for all products between regions are accounted for, with trade occurring when price differentials
between any two regions exceed transport costs, following Samuelson (1952).

Regional GDP growth is determined by county-level population growth and national GDP
projections. Population growth is informed by Statistics Norway’s ‘middle scenario’ projections,
initially covering the period up to 2030 and extended beyond with 2030 figures. Foreign regions
are assigned a growth rate of 1.0%. Together, these assumptions in GDP and population growth
result in varying regional GDP growth rates, ranging from 1.27% to 1.64% per annum. GDP
elasticities range from 0.0 for newsprint to 0.8 for linerboards, while price elasticities range from
—0.3 to —0.8. Leakage is the effect of counterbalancing actions that happen outside the border of
the policy implementation as a response to the policy (Richards and Stokes 2004) and should be
of consideration in forest policies (Sun and Sohngen 2009). To avoid leakage to foreign regions,
international trade in policy scenarios was tied to base scenario levels for all products.

Data of industry, trade, and demand are from Tremborg and Sjelie (2011) and updated to the
new base year 2020. This update incorporates data from Statistic Norway (2022) for trade-related
data, Mustapha (2016) for bioenergy consumption figures, Norwegian Bioenergy Association
(2023) for pellet market statistics, and data from individual companies regarding industry input
and output. In addition, the version of the NorFor model used in Sjelie et al. (2016) has been
rewritten to the Model I structural framework, from the previous Model II structure (Johnson and
Scheurman 1977). In the Model I, all land is tracked throughout the modeling horizon, allowing
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for keeping forest information between rotations. The model’s base year is set at 2020 with five
years period length. The model is run for 30 periods, while we focus on results throughout year
2140 (period 24) to dampen terminal effects. The real discount rate was 2.5% p.a.

3 Results

To present the optimization results, timber harvest was grouped by tree species: spruce, birch, pine,
temperate broadleaves (referred to as warm, detailed in Table 2), ungulated forage (referred to as
forage, detailed in Table 2), and others (all other tree species).

3.1 Harvest levels and timber prices

All scenarios exhibited a decrease in harvest level in the second period and a subsequently steady
growth. However, all policy scenarios yielded lower harvest volumes throughout the horizon
than BAU, with the Carb policy impacting harvest levels more than the Bio policy (Fig. 2). The
average annual harvested timber volume in the 2025-2140 period under the BAU scenario was
13.3 million m3, in Bio scenario 13.2 million m3, in Carb 11.8 million m3, and in BioCarb 11.7
million m3. When comparing the last period, the BAU scenario resulted in the highest estimated
total timber harvested of about 15.0 million m3, while the BioCarb scenario presented the lowest
harvest estimation of approx. 12.4 million m3. Carbon pricing led to strong increases in timber
price for coniferous (Fig. 3 left) and broadleaves (Fig. 3 right). The BioCarb scenario experienced
the highest weighted timber prices in all periods, with coniferous prices ranging from approx. 108
to 150 € per cubic meter and broadleaves prices ranging from about 104 to 145 € per cubic meter,
compared to BAU levels of 26-36 € per cubic meter.

15.07 __ gau
—— Carb
1454 —— Bio

BioCarb

Timber harvest (M m3 yr~1)

N N N N N
N N w w b
o (6)] o [6)] o

-
N
[$,]

11.0 1

2040 2060 2080 2100 2120 2140
Year

Fig. 2. Estimated total timber harvest expressed in million cubic meters per year (M m?3 yr!) from 2025 to 2140
under four different management scenarios. Business-as-usual (BAU) carbon policy (Carb) biodiversity policy
(Bio), and their combination (BioCarb).
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In all scenarios, most of the harvest occurred on medium productive land (Fig. 4). Harvest
volumes were reduced across policy scenarios compared to BAU on high-productive land and
largely maintained on medium-productive land with only minor deviations found in Carb scenario.
While harvests were reduced on high-productive land in the Bio scenario, it was slightly increased
in low-productive land while carbon policy led to reduction in both productivity groups. Across
all productivity levels, spruce was the predominant harvested species ranging from about 10.3
million m3 in BAU scenario to circa 8.9 million m? in BioCarb scenario, followed by pine.

3.2 Old forest areas and broadleaves inventories

Projections showed an increase in old forest areas and volumes of targeted broadleaves species in
year 2140 across BAU and policy scenarios compared to the initial 2020 period (Fig. 5). In 2020,
old forest areas, i.e. forests with stand age of at least 160 years, covered around 3000 km?, of which
84% was in low-productivity land, about 15% in medium-productivity land, and less than 1% in
high productivity land. In the BAU scenario, the old forest area expanded to about 18300 km?,
that is 21% of the total productive forest in Norway, with 61% allocated in low productivity land,
and about 37% in the medium productivity land (Fig. SA).

The impacts of policies on old forest areas varied with land productivity. Within the high
productivity lands (14 100 km?), the Bio scenario led to the greatest expansion in old forest areas,
followed by the BioCarb scenario. In the medium productivity land of 33 820 km?, the BioCarb
scenario resulted in the largest expansion of old forest areas, followed by the Carb scenario. Within
the low productivity lands (38 600 km?), the Carb scenario showed the largest expansion of old
forests, followed by BioCarb. Finally, out of the total productive forest land (86 494 km?), the Carb
policy led to the largest expansion of old forest.

For all scenarios, the total growing stock volume for forage and warm broadleaves increased
compared to the initial state. For forage, the BAU scenario demonstrated a growth from approxi-
mately 46500 m? to 71000 m* by 2140, an increase of 53% (Fig. 5B). For warm broadleaves,
there was a 34% increase under the BAU scenario, with volumes increasing from around 23 000 m?
to 31000 m? (Fig. 5C). Under the Carb scenario, the volumes of forage and warm broadleaves
increased by 63% and 52% from year 2020 to year 2140, respectively. The 20202140 increases
in volumes in the Bio scenario were 91% for forage and 69% for warm broadleaves; the numbers
were similar for the BioCarb scenario.

3.3 GHG fluxes

All scenarios experienced a pronounced decrease in net GHG sequestration from 2025 to 2140
(Fig. 6A). The annual average net GHG sequestration was higher under the Carb and BioCarb
policies than in the BAU scenario. The Carb scenario showed the highest annual average with
15.7 M Mg CO,eq yr!, which was 2.0 M Mg CO»eq yr ! above BAU.

GHG fluxes were categorized into ‘Forest land’ and ‘Wood products’ for two periods:
20252075 (referred to as ‘<2075”) and 2080-2140 (‘> 2075”) (Fig. 6B). Up to 2075, Forest land,
which includes fluxes from dead wood, soil, and living biomass, had the highest average annual net
GHG flux with 23.2 M Mg CO2eq yr ' in Carb, or 2.0 M Mg CO,eq yr ' more than in BAU. The
Wood products category accounted for fluxes from machinery, transportation, processing, storage,
substitution, and waste; average figures were very similar between scenarios, ranging from 2.5 in
the BAU and Bio scenarios to 2.7 M Mg CO,eq yr* in the Carb and BioCarb scenarios.

During the period after 2075, the Carb scenario reported the highest annual average net GHG
flux in Forest land with 2.9 M Mg COjeq yr!, 1.6 M Mg CO,eq yr ! above the BAU scenario.
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Fig. 5. Biodiversity attributes in 2020 and in 2140. A: Total old forest area (stand age equal to or greater than 160
years) in square kilometer (km?) for three land productivity levels (sites index levels). B: Growing stock volume
in m? of forage (ungulate forage) tree species. C: Growing stock volume in m? of warm tree species (temperate
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combination (BioCarb).
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Fig. 6. A: Overall net greenhouse gas (GHG) fluxes of the Norwegian forest sector in the 2025-2140 period, expressed
in million megagram of COyequivalents per year (M Mg COyeq yr!). B: Overall net GHG fluxes divided into Forest
land (living and dead wood and soil) and Wood products (harvesting, processing, and use of wood products) summed
for two periods: up to 2075 and beyond 2075. Positive numbers are net sequestration. Scenarios are business-as-usual
(BAU), carbon policy (Carb), biodiversity policy (Bio), and their combination (BioCarb).

The Carb scenario also showed the highest annual average net Wood products GHG flux with
2.7M Mg COseq yr', exceeding the BAU scenario by only 0.3 M Mg CO,eq yr'.

3.4 Forest management

Forest management in the BAU scenario was shaped by productivity. The High-intensity MIC was
implemented in 57% of the high productivity land, 47% in medium productivity land, and 35 % of
the low productivity land. However, in low-productive land, High-intensity, No Management and
No Investment were similar (Fig. 7). Seeing all land together, we observed that the implementation
of the carbon policy led to a reduction in High-intensity management by about 10% compared to
BAU. Areas under No Management increased by about 16% in both BioCarb and Carb scenario
from base levels.
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In the presence of the carbon policy, No Management, i.e. set-asides, became the predominant
alternative on low-productive land, being implemented on 54% of the land in the BioCarb scenario
and on 60% of the area in the Carb scenario. However, on high productivity land, the implementa-
tion of biodiversity policy as in Bio and BioCarb resulted in the No Management MIC increasing
to 13% of the land area from 3% in BAU and Carb. The No Investment MIC decreased from 33%
in BAU to 24% in Carb of the low-productive land. The Low and Medium Intensity MICs were
implemented on larger areas with higher productivity but remained stable across scenarios.

Fig. 8 shows a spatial distribution map of forest management intensity; definitions are given
in Table 1. High Intensity management was prevalent in the southern regions for all scenarios.
When contrasting the policy scenarios with BAU, a shift towards No Management (set-aside) in
the southern and western coast in the Bio policy was observed alongside more set-aside in higher-
altitude, continental areas in the Carb and BioCarb scenarios.

BAU Bio

Tromso,

Tromso,

Dominant forest management intensity
@ High intensity

@ Moderate intensity

@ No management

Trondheim

Stavanger 3 Stavanger .

0 100 200 km
|

BioCarb Carb

Tromso, Tromso

Bergen

Stavanger .} Oslo

Fig. 8. Spatial distribution of predominant forest management intensities in productive forest in Norway. Scenarios are
business-as-usual (BAU), carbon policy (Carb), biodiversity policy (Bio), and their combination (BioCarb).
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4 Discussion
4.1 Impacts of policies

This study quantifies impacts of a carbon policy, a biodiversity policy and a combined policy on
the management on Norwegian forests and its potential to deliver multiple ecosystem services.
While all policy scenarios yielded lower timber harvest than BAU, carbon sequestration was high-
est under the carbon policy. However, the impacts of a carbon price of 100 € Mg CO,eq ! were
considerably smaller than what Pohjola et al. (2018) found in a comparable study in Finland at a
carbon price of 30 € Mg CO,eq! where the harvest level was reduced by 50% in the short term
and 20% in the long term. Also, Sjelie et al. (2013a) applied the same forest sector model as us
but another forest growth simulator for Norway to study impacts of carbon pricing and found
harvest levels to be reduced by up to 40% for a carbon price of 100 € Mg CO,eq!. Our approach
shares multiple similarities to Sjelie et al. (2013a), but also to Pohjola et al. (2018) in terms of
forest growth simulation and forest-sector optimization, and carbon pricing. Pohjola et al. (2018)
was based on a carbon rent scheme while ours related to the flux which Lintunen et al. (2016)
proved yield the same economic incentives. Thus, other factors could explain the discrepancy
between our results and the two comparable studies. Trade is known to steer consequences of
carbon and biodiversity policies (Sun and Sohngen 2009; Schier et al. 2022), and where Sjolie
et al. (2013a) and Pohjola et al. (2018) allowed for increased imports, trade was fixed to BAU
levels in our study. To study the effects of trade on our results, we carried out additional runs
were import and export were not constrained to base level (results not shown) and found that
harvest levels were reduced by 46% and 47% in the Carb and BioCarb scenarios, respectively.
Thus, how trade is allowed to change or treated in the model set-up in small, open economies
clearly has huge effects on domestic harvest levels and thus carbon fluxes. Allowing for changes
in trade levels, the harvest level reduction was 5% in the Bio scenario (results not shown). We
thus conclude that it is the carbon pricing that steers the harvest reduction in the BioCarb policy.
Another factor that also could contribute to the gaps between model outputs include different
forest conditions in Finland and Norway. While 43.5% of Norway’s forest lands are older than
80 years (Svensson et al. 2021), the same number for Finland is 27.5% (LUKE 2022). Older for-
ests have fewer options of shifting forest management towards activities that yield higher carbon
sequestration. The Norwegian forests have grown older the last decade. Finally, differences in
simulators, forest dynamics functions and forest management alternatives may have impacted
the potential for carbon sequestration. According to Lintunen et al. (2015), thinning intensity and
harvest timing varies in the model used by Pohjola et al. (2018) but the total set of management
options is hard to compare.

Carbon sequestration decreased substantially over time, reaching below zero at the end of
the modeling horizon for all scenarios. By implementing the carbon policy, the carbon net balance
remained positive for all years except for the last period, yet the numeric differences compared
to BAU were minor. Pohjola et al. (2018) observed that while forest carbon policy could lead to
significant and immediate increases in carbon sinks, even at low carbon prices, the carbon sink
diminishes over time despite high carbon payment. Guo and Gong (2017) also found that while a
higher carbon price led to an increase in forest carbon stocks, the rate of net carbon sequestration
decreased over time. Similar pattern of forests turning into net source was found for a study area
in southern Finland (Akujarvi et al. 2021), while another study based on the same Norwegian
NFI data as we employed (Vergarechea et al. 2023), found substantial variation in forest carbon
fluxes over time and between scenarios. As Norwegian forests are becoming older (Svensson and
Dalen 2021), its future sink capacity may be considerably reduced. The findings align with the
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conclusions of Korosuo et al. (2023) that highlight the observed increased mortality and reduced
increment of European forests and project continued reduction in the carbon sink capacity over
the next decades.

Timber prices surged in the Carb scenario. Extended rotations, permanent set-asides on
low-productive land and decreased timber supply caused by carbon pricing are findings sup-
ported by previous studies (Niiniméki et al. 2013; Tahvonen et al. 2013; Pukkala 2020) which in
the presence of downward-sloping demand curves, cause prices to rise. Carbon pricing leads to
higher opportunity costs of harvesting, sparked by the foregone carbon sequestration payment upon
harvest and in addition taxes caused by the immediate emissions. The economic value of future
carbon sequestration in the next rotation is discounted with the interest rate. Thus, harvest only
gets profitable at very high timber prices. The Bio scenario had minor impact on timber prices,
probably due to the possibilities of substituting the restricted hardwood species with other species
and hardwood’s minor role in the timber markets. In contrast, the BioCarb scenario suggests that
the synergistic effects of both biodiversity and carbon policies amplify the scarcity and cost of
timber. As Sjelie et al. (2013a) and Pohjola et al. (2018) observed, exclusion of market responses
to consequential policies in large-scale studies lead to incorrect estimates of adaptation to policies,
resource scarcity, societal costs and consequences.

While the Carb policy gives economic incentives to sequester more carbon and emit less
GHG, the Bio policy was instrumentalized as a set of hard constraints where forests with certain
characteristics were not allowed to be harvested. The designs were chosen due to the availability
of carbon tax levels and the absence of reasonable or realistic tax levels for biodiversity. The Carb
policy enhanced the old forest areas more than the Bio policy (Fig. SA), which might be explained
by the policy design. To maximize the objective function under Bio, stands may be harvested to
avoid the 160-years ban. Under Carb, the pricing scheme is put in effect from the first period thus
avoiding such adaptations to future restrictions. While the perfect-foresight assumption of the
agents is extreme, yet moderated by discounting, some forest owners would presumably adapt to an
anticipated ban of harvesting certain forest types. Intertemporal optimization models can be modi-
fied to reflect various degrees of foresight of future policy and market changes (Sjolie et al. 2011a).

4.2 Implications for policy

The dominant forest management strategy in both the BAU and Bio scenario was High Intensity.
However, implementing the Bio policy led to more set-asides in high productivity land with
consequently more old forest and larger volumes of the targeted broadleaves species. The carbon
policy, on the other hand, led to more set-asides with a significant expansion of old-forest area on
low-productive land, but not on high-productive land. Furthermore, a combined carbon and biodi-
versity policy led to the largest decrease in total timber harvest volume and the largest expansion
of old forest areas. The volumes of the targeted broadleaves species increased in all scenarios, but
no synergistic effect was observed for the two policies, as levels were similar for Bio and BioCarb.

Using the attributes defined in the Bio policy as indicators of biodiversity, we observed an
increase in biodiversity across all scenarios yet most in BioCarb. Old forests were projected to
expand from their reported level in 2020 of 3.3% of the national productive forest area (Stokland et
al. 2020) to 21% of forest land area in year 2140 in BAU, together with a slight increase in harvest
level. Thus, current trends, where distribution is observed to be more skewed as old-forest areas are
expanding (Svensson and Dalen 2021) are expected to continue. However, even if also forage and
warm broadleaves volumes grow in all scenarios, there is a trade-off between timber harvest and
biodiversity, as the levels of all biodiversity indicators exceed BAU levels while timber harvest is
lower, supported by previous findings (Ceccherini et al. 2020; Blattert et al. 2023). The trade-off
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between timber harvest and carbon sequestration can be observed from the lower harvest levels
and higher carbon uptake in the Carb scenario than in the BAU scenario. However, the additional
carbon uptake in Carb was limited, yielding another 1.18 M Mg CO,eq by the year 2140 compared
to BAU, in opposition to a 2.2 M m? (15 %) decrease in timber harvest.

Our simulation-optimization results showed that in the absence of new policies, timber har-
vest will increase over the next century, driven by forests that are growing older and thus mature
for harvest and the growing demand for wood, in line with Nepal et al. (2021) of global coniferous
timber demand increase. In all scenarios, initial timber harvest dropped before gradually increasing.
This dynamics might be due to initial suboptimal stocking in older stands which makes it profitable
to increase harvest to replace the stands in the simulation-optimization approach.

On high-productive lands, base scenario management intensity was maintained under the
Carb policy, while Bio pushed towards more set-asides. In the combined BioCarb policy, Bio man-
agement intensity levels were maintained, indicating that the biodiversity regulations dominated
the combined policy on high-productive land. Opposite effects were found on low-productive
lands, with management intensity being similar in Bio as in BAU, but BioCarb and Carb scenarios
providing similar outcomes with substantially more set-asides. Thus, the carbon policy was for
these sites the dominant policy shaping management. Consequently, the two policies differed in
geographical impacts. While the Bio policy gave more set-asides along the southern and western
coasts of Norway rich in endemic warm tree species, the Carb policy reduced management intensity
and harvests on continental, higher-altitude areas with lower productivity and fewer tree species.
Medium-productive land was hardly impacted by either policy, in terms of management intensity,
harvest level and old forest area. Medium-productive land does not have the same species composi-
tion as high-productive lands, thus partly fell outside the target in Bio. Since the age threshold for
old forests was set independently of site productivity, it was most profitable to take low-productive
lands out of production. The continuation of BAU management on medium-productive land under
the Carb policy are presumably due to a combination of factors like faster regrowth after harvest
on medium-productive than on low-productive land (Pukkala 2020) and increasing opportunity
costs of setting aside land as timber prices rise (Busby et al. 2007).

Low-productive forest areas that constitute almost half (44.7%) of the productive forest
landbase experience the largest relative reduction in harvest volume in the presence of the Carb
policy and ends up with the lion’s share of old forest, even more so in the long term. This indicates
that setting aside low-productive forests is a cost-effective measure to enhance forest biodiversity,
in line with previous studies (Ekvall et al. 2013; Pukkala 2020). However, high-productive forests
have richer biodiversity (Gjerde et al. 2005; Hémaél&inen et al. 2018), more multifunctional eco-
system services (Jonsson and Snéll 2020) and accommodate to a higher extent important habitats
by management (Felton et al. 2017); therefore, a cost-minimizing strategy may not be optimal in
terms of conservation outcomes.

4.3 Limitations and future research

Even if our SOM is tested and calibrated on the Norwegian forest sector, certain limitations should
be kept in mind. The simulator mirrors current forestry practice but should preferably be expanded
with a broader range of management alternatives and potential species composition under climate
change (Lof et al. 2012). Empirically tested models for forest dynamics is a strength, but when
forests grow old, solid data backing the mortality functions are lacking. Climate change is expected
to exacerbate disturbance like windstorms, droughts, and disease outbreaks (VKM 2022) while
sparking higher growth (Cermak et al. 2017). Process-based growth models can integrate these
drivers and have been combined with economic optimization in stand-level analyses (Hyytidinen
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et al. 2004; Niinimaiki et al. 2012). However, they represent another branch of research than large-
scale simulation and market optimization. Collaborative software frameworks of forest growth
simulation through integration of multiple models are an alternative path to explore impacts of
forest management across different landscape levels and forest ecosystems (Dufour-Kowalski et
al. 2012). The extensive set-asides observed under the carbon policy indicated that with a carbon
price of 100 € Mg CO,eq!, it was optimal to never harvest low-productive stands. However,
if the risk of mortality or calamities increases, the set-aside may no longer be optimal. Another
simplification is the underlying assumption of agent behavior in the model, where the three agent
groups each have separate objectives. However, there is considerable diversity within the groups,
most pivotal within the forest owner population (Majumdar et al. 2008; Favada et al. 2009; Bashir
2021). Incorporating more specific behavior of the forest owner types linked to the forest landbase
(Pohjola et al. 2018) might improve projections.

While the biodiversity targets were chosen because of their known importance for biodi-
versity, policy relevance and availability, multiple alternative indicators exist (Oettel and Lapin
2021). Dead wood would also be a relevant attribute (Stokland et al. 2004). Contrasting manage-
ment, harvest and ecological outcomes between different indicators is a relevant research theme for
better understanding the costs and effectiveness of policies. An alternative method is backcasting,
where a future objective is set and the policies that would lead to the societal or policy goals are
identified with the associated costs (Gordon 2015; Sjelie et al. 2016).

Previous studies of distributional impacts of forest policies include Riera et al. (2007) and
Zhang et al. (2023); however, few studies have compared impacts of policies across site productivity
gradients in a regional setting. Our findings add to the literature of ex-ante forest policy analyses
that elucidate outcomes from policies that go beyond the stated policy aims. By paying attention to
wide economic, social, and environmental impacts, policymakers have a better basis for designing
effective policies with high legitimacy and low costs. With the uncertainty of future forest policies,
like the EU policies which may constrain harvest and management (EU 2021), testing impacts
of candidate policy measures on the forest sector should be a prioritized area of research where a
broad set of social, economic, and environmental consequences ought to be evaluated.

5 Conclusion

Our study aimed to unveil impact of carbon and biodiversity policies on timber harvest, ecological
outcomes, GHG fluxes, and forest management across site productivity gradients in Norwegian
forests. Our approach is based on economic theory and empirical forest dynamics models. We
found that carbon and biodiversity policies vary in impacts across site productivity classes. While
the biodiversity policy led to lower management intensity and more set-asides on high-productive
land, its impacts on low-productive land were minor. In contrast, the carbon policy gave lower
management intensity and more set-aside on low-productive lands while base scenario manage-
ment on high-productive forest was largely maintained. Geographical impacts were given by site
productivity with set-aside being accentuated in coastal areas in the biodiversity scenario and in
higher-altitude continental areas in the carbon scenario. We found that old forest areas will increase
substantially in the absence of policies but slightly more with the biodiversity policy while under
the carbon policy, the expansion would be considerable. However, this comes at the expense of
lower harvest volumes. Carbon sequestration was projected to decline considerably over time but
may be enhanced to some extent by the carbon policy. Our study offers insight into effectiveness,
synergies, trade-offs, and geographical distributional impacts of policies and offers support to
policymakers in designing effective policies.
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