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Abstract

We analyse the short- and long-term consequences for atmospheric greenhouse
gas (GHG) concentrations of forest management strategies and forest product uses
in Sweden by comparing the modelled consequences of forest resource use vs. in-
creased conservation at different levels of GHG savings from carbon sequestration
and product substitution with bioenergy and other forest products. Increased forest
set-asides for conservation resulted in larger GHG reductions only in the short term
and only when substitution effects were low. In all other cases, forest use was more
beneficial. In all scenarios, annual carbon dioxide (CO,) sequestration rates de-
clined in conservation forests as they mature, eventually approaching a steady state.
Forest set-asides are thus associated with increasing opportunity costs correspond-
ing to foregone wood production and associated mitigation losses. Substitution
and sequestration rates under all other forest management strategies rise, provid-
ing support for sustained harvest and cumulative mitigation gains. The impact of
increased fertilization was everywhere beneficial to the climate and surpassed the
mitigation potential of the other scenarios. Climate change can have large—positive
or negative—influence on outcomes. Despite uncertainties, the results indicate po-
tentially large benefits from forest use for wood production. These benefits, how-
ever, are not clearly linked with forestry in UNFCCC reporting, and the European
Union's Land Use, Land-Use Change and Forestry carbon accounting, framework
may even prevent their full realization. These reporting and accounting frameworks
may further have the consequence of encouraging land set-asides and reduced for-
est use at the expense of future biomass production. Further, carbon leakage and re-
sulting biodiversity impacts due to increased use of more GHG-intensive products,
including imported products associated with deforestation and land degradation,
are inadequately assessed. Considerable opportunity to better mobilize the climate
change mitigation potential of Swedish forests therefore remains.
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INTRODUCTION

Forests and the forest sector influence atmospheric car-
bon dioxide (CO,) concentrations through removing CO,
from the atmosphere and storing carbon in forests and
forest products (Pilli et al., 2015). Greenhouse gas (GHG)
savings arise when forest products substitute fossil fuels
and other GHG-intensive products, such as cement and
steel (Gustavsson et al., 2017, 2021; Leskinen et al., 2018;
Lundmark et al., 2014; Sathre & O'Connor, 2010). Sweden
aims to become a fossil-free society with net zero GHG
emissions by 2045 and negative emissions thereafter.
Biomass is currently the largest energy source in Sweden,
and a nation-wide initiative to develop roadmaps towards
a fossil-free future (Fossilfritt Sverige, n.d.) highlights
that biomass-based solutions are increasingly considered.
Most of this biomass is expected to come from forests,
which are expected to support mitigation also through
enhanced forest carbon storage, wood supply for indus-
tries producing construction wood and other bio-based
products. The European Union's (EU's) LULUCF (Land
Use, Land-Use Change and Forestry) policy, on the other
hand, may in effect discourage further increases in forest
biomass use (Ellison et al., 2014, 2021; Grassi et al., 2019;
Matthews, 2020; Nabuurs et al., 2017).

Potential trade-offs exist between the objectives of stor-
ing carbon in the forest, on the one hand, and harvesting
wood, on the other. How best to balance forest carbon
storage and wood production with respect to the climate
has long been a subject of debate and scientific inquiry
(Cintas, Berndes, Cowie, et al., 2017; Cintas, Berndes,
Hansson, et al., 2017; Cowie et al., 2021; Eriksson &
Klapwijk, 2019; Klapwijk et al., 2018). Forest owners
tend to favour the harvesting of wood to produce forest
products, while environmental groups tend to favour con-
servation, highlighting short-term carbon storage effects
in standing forests and improvements in biodiversity
(Eriksson & Klapwijk, 2019). Continued debate surrounds
the share of set-aside forests required to ensure the pro-
tection of wildlife habitats and associated wild species
(Dinerstein et al., 2019; Ellis, 2019; Roberts et al., 2020)
with some studies identifying important weaknesses in
arguments favouring set-asides (Schulze, 2018; Schulze
et al., 2022). Disagreements may also arise due to oppos-
ing views concerning short- vs. long-term climate objec-
tives, expectations regarding society's future dependence
on carbon-based energy and materials, and whether these
needs can be met in climate-friendly ways without using
biomass (Berndes & Cowie, 2021; Cowie et al., 2021;
Rodrigues et al., 2022).

In principle and with respect to the climate, forestry is
considered an acceptable practice because wood supply is
ideally and traditionally harvested when annual growth

rates slow and mean annual carbon accumulation rates
begin to plateau (Eriksson, 1976). When conducted under
the conditions of sustainable harvest to growth ratios, for-
estry allows for harvest without comparable C stock de-
clines. Moreover, because younger forests sequester more
carbon and net rates of carbon sequestration decline as for-
ests get older (Gao et al., 2018; Holdaway et al., 2017; Repo
et al., 2021), it is preferable from a mitigation perspective
to harvest growth and produce forest products that pro-
vide mitigation through product substitution and carbon
storage in harvested wood products (HWPs). In line with
existing regulations, forests are immediately and actively
regenerated after harvest in Sweden, and carbon seques-
tration in young forests increases rapidly turning forests
into net carbon sinks in 5-20years (Misson et al., 2005;
Rebane et al., 2019). Growth rates and timber production
can further be improved by increased regeneration efforts,
the use of improved plant material, fertilization, forest
thinning and planting density modifications (Hogberg
et al., 2017; Nilsson et al., 2011; Kauppi et al., 2022).

Forest set-asides are proposed both as a means for
providing biodiversity protection as well as for increas-
ing climate change mitigation potential through carbon
sequestration in forests. Immediate biodiversity goals
are best achieved with older forests (Gao et al., 2015;
Martikainen et al., 2000) and the common practice in
Sweden is to set aside remote, little-used forests and older
high biodiversity potential forests (much like the primary
forests highlighted in the EU Biodiversity Strategy for
2030). However, such older forests can weaken the po-
tential short- to medium-term climate change mitigation
benefits many anticipate due to the likely trade-offs with
biodiversity-driven set-aside goals.

UNFCCC reporting and EU LULUCF accounting rules
favour and even encourage net removals in standing forest
and land set-asides. By constraining harvest levels (Forest
Reference Level, FRL), disincentivizing benefits for pro-
moting additional forest growth (cap) and not linking mit-
igation benefits from wood use with the forest sector, both
UNFCCC reporting and EU-level carbon accounting cre-
ate disincentives to additional climate change mitigation
(Ellison et al., 2014, 2020; Nabuurs et al., 2017). UNFCCC
reporting outcomes, however, are reputational in charac-
ter and do not weigh heavily on individual Parties. EU
accounting outcomes, on the other hand, can result in
penalties (i.e. debits). Parties (or EU Member states) who
fall short of their commitments are expected to purchase
surplus carbon credits from other Parties/countries.

By displacing fossil fuels, the use of forest biomass
for energy helps countries meet their UNFCCC targets
and provides real, positive contributions to mitigation.
However, UNFCCC reporting focuses only on the net
change in forest carbon pools and does not assess effects
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beyond the impact on carbon pools. All biomass used for
bioenergy and HWPs which substitute other products
are considered ‘oxidized’ and fully accounted as ‘harvest’.
Since harvest is already accounted as a decline in living
biomass (i.e. an emission), to avoid double-counting emis-
sions, the combustion of tree biomass is accounted as zero
in the energy sector. Although the biomass use for energy
results in ‘avoided emissions’, these are not attributed to
the LULUCEF sector.

EU LULUCF carbon accounting similarly does not
credit the LULUCF sector for avoided emissions, via
substitution of fossil fuels, cement, etc. in other sectors.
Furthermore, the EU LULUCF regulation (2018/841)
creates a separate LULUCF pillar which limits the role
of climate-promoting incentives by making it possible to
regulate ‘flexibility’ (the trading/offsetting of credits/deb-
its) across sectors. By limiting the impact of LULUCF on
other sectors of the climate policy framework, setting lim-
its on forest resource use with the FRL, and placing a cred-
iting cap on managed forest land (MFL), the EU policy
framework represents one of the most restrictive LULUCF
frameworks in the world. For another, debits are imposed
for harvesting beyond (i.e. for failing to achieve) the FRL.
These strategies explicitly discount and set strict limits on
the offsetting potential of the forest and forest resource-
based sector. Likewise, not achieving the FRL (no-debit
rule) is perceived as a policy failure (Solberg et al., 2019).
The EU LULUCEF regulation does, on the other hand, pro-
mote long-lived HWP-based carbon sequestration. The
remaining components of the carbon accounting frame-
work, however, fail to incentivize the climate benefits of
forest growth and substitution (Ellison et al., 2013, 2014,
2020; Nabuurs et al., 2017).

In the current study, we assess how different forest
management strategies in Sweden influence the forest
carbon stock and wood harvest over time. Forest man-
agement strategies are discussed in relation to their cli-
mate change mitigation potential, while possible climate
change impacts on forests are also considered. More spe-
cifically, the study aims to analyse:

« the role of forests and forestry by comparing how atmo-
spheric CO, concentrations are affected over different
timescales by carbon storage in forests and HWPs, and
by substitution (given a fixed management system)

« forest protection, nature conservation and their long-
term impacts on forest-based climate change mitigation

« the potential for increased fertilization to sustainably
increase net CO, substitution and removals

« the potential benefits and/or increased risks associated
with a changing climate on mitigation (we simulate both
positive and negative effects on growth due to a rise in
global temperatures and potential nutrient deprivation)

« the differences between the real effect of forests and
forestry on atmospheric CO, concentrations and the
reported and accounted climate reporting estimates im-
plied by different accounting frameworks

2 | MATERIALS AND METHODS
2.1 | Scenarios at National Scale:
Modelling of biomass, carbon flows and
pools

To study the cumulative climate impacts of harvest and
stocks in standing forest over time in Sweden, national-
level scenarios were generated using the empirical
Heureka RegWise decision support system to simulate
the future given initial natural resources, biological limi-
tations on growth and assumptions about forest manage-
ment practices (Wikstrom et al., 2011). Modelled growth
is conditioned by measured site fertility and the initial
stand at the beginning of the simulation. These two fac-
tors are set by the measured data on sample plots inven-
toried by the Swedish National Forest Inventory (NFI).
The Swedish NFI compiles detailed, robust and con-
stantly updated information about the state of the forest.
Multiple types of data are recorded at tree, site and stand
level and data quality is checked in several steps after the
inventory. The models for basal area growth, mortality
and ingrowth (with varying growth equations for young
stands, productive forests, unproductive stands [growth
less than 1 m*/ha/year| and natural mortality) are em-
pirical in character and build primarily upon data from
NFI permanent plots.

For all scenarios, the initial state is set by adopting the ex-
isting measured data on the permanent sample plots of the
Swedish National Forest Inventory (NFI) in 2010 (Fridman
et al., 2014). The Swedish NFI employs area-based sam-
pling on 30,000 permanent sample plots and each sample
plot measures 10 m in radius. All plots together represent
the total land and freshwater area of Sweden. The NFI is an
annual, systematic cluster-sample inventory organized as a
systematic grid of sample clusters. The square-shaped clus-
ters are distributed in a denser pattern in the southern than
in the northern part of the country. Each cluster consists of
four to eight sampling plots. Each sample plot is occasionally
delineated into more than one land-use category. A variety
of tree, stand and site variables are registered on the plots.
On each plot, all trees with DBH >4 cm are calipered, height
is measured and sample tree damage recorded. Dead wood
with diameter>10 cm is calipered and stumps are measured
(Marklund, 1987; Nislund, 1947; Petersson & Stahl, 2006).
Land use is assessed in the field with the help of site and
stand variables and the existing vegetation cover.
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The NFI data used to simulate these scenarios consist
of many parameters. Stem volume and living tree biomass
starting in 2010 are estimated with the help of allometric
equations (Marklund, 1987; Nislund, 1947; Petersson &
Stahl, 2006; Wikstrom et al., 2011). The dead wood state is
measured on the plots (Lundblad et al., 2021; Sandstrém
et al., 2007). Changes in carbon pools (living biomass,
dead wood, stumps, litter, soil and HWP) are estimated
using the stock difference method (IPCC, 2006). Inflows to
the HWP pool are estimated based on simulated harvest.
All stem wood is harvested, and a proportion (equivalent
to approximately 10 TWh) of tops and branches are also
harvested for bioenergy. Stumps are not extracted. Since
substitution factors are uncertain, we model the scenar-
ios with three levels of substitution, where 1 m?® harvested
stem wood is assumed to result in 0.5, 1 and 1.5 tonnes of
avoided CO, emissions (Leskinen et al., 2018; Lundmark
et al., 2014). We return to the debate on substitution fac-
tors in the Discussion. Other emissions (Tables 2 and 3;
IPCC 2006) are generally minor under Swedish conditions
and were assessed as a constant emission of 0.096 MtCO,e/
year for all years and scenarios.

Heureka consists of several underlying models (e.g.
stand growth, mortality and decomposition models).
Decomposition and changes in pools for dead wood, lit-
ter and soils are modelled using the Q-model (Agren
et al., 1996). The Q-model is a process-based model that
uses empirical data. The inflow of organic material is as-
sumed to originate from dead organic matter after harvest,
natural mortality and non-tree vegetation. Model param-
eterization settings for the four main Swedish climatic
regions (see Figure S1) have been applied. For model ini-
tiation, carbon stock estimates from the Swedish Forest
Soil Inventory were used as the starting point for a 20-year
spin-up period preceding the actual simulation starting
point. Inflow/turnover rates were modelled for branches,
needles and root fractions, and constants assessed for
grasses, herbs, shrubs, mosses and lichens. Inflows from
harvest residues were estimated per fraction of needles,
branches, stems, tops, stumps, roots and excluded stem
wood. In Sweden, roundwood is harvested. But a small
share of the stems is left on harvest sites. Natural mortality
is empirically modelled. Stumps and harvest residues left
in the forest are assumed to decompose at an annual rate
of 4.6% (Melin et al., 2009) and 15% (Lundblad et al., 2021)
respectively. The Q-model is only applied to mineral soils,
and emissions from drained organic soils are estimated
using activity data (area) multiplied by emission factors.
Different emission factors are used per nutrient status and
climate region (Lundblad et al., 2021).

Fahlvik et al. (2014) demonstrate that the growth and
mortality modelling in Heureka generates reliable re-
sults. The specification of forest management between

two consecutive points in time may include, for example,
fertilization, harvest type and intensity, regeneration type
and areas set aside for nature conservation. An algorithm
(based on forest owner behaviour identified on NFI sam-
ple plots) was used to select stands for harvest. Given reg-
ular harvests and no natural disturbances, we assume that
no unknown variable would change the principal find-
ings. As with all empirical models, precision diminishes
if the aim is to simulate the development under circum-
stances that deviate from the prevailing circumstances at
data collection. The positive climate effects from assuming
the IPCC scenario RCP 4.5, for example, rely on process-
based assumptions. The future climate impact on tree vi-
tality and growth, however, is uncertain.

2.2 | Scenarios for future forest
management—Scenario model
specification

To study the cumulative climate impacts of harvest and
standing forest-based stocks over time in Sweden, future
developments are simulated using five different scenarios.
The total Managed Forest Land (MFL) area was estimated
at 27.5 Million hectares (Mha) in 2010. MFL was further
subdivided into productive (average growth >1 m*/ha/
year; around 23.4 Mha) and unproductive MFL (average
growth <1 m®/ha/year, around 4.0 M ha). Productive for-
ests consisted of approximately 19.8 Mha of forests used
for wood supply and another 3.6 Mha of formally and vol-
untarily protected forests in which harvest was and is not
permitted. Low productive forests were also considered
‘protected’. In total, 7.6 Mha have been protected and ex-
cluded from harvest, representing approximately 28% of
total MFL.

We focus on MFL defined as forest land remaining
forest land (e.g. Lundblad et al., 2021), that is, we in-
clude land-use conversions to forest land and exclude
forest land converted to other land-use categories. Land
transitions from and to MFL are simulated based on
the average conversion rate over the period 1990-2017
(Lundblad et al., 2021; afforestation rates are approxi-
mately 15kha/year and deforestation rates 11 kha/year).
Land actively converted to forested land is first classified
as Afforested Land for 20 years and thereafter included
under MFL. Land actively converted from MFL is imme-
diately considered and reported as Deforested Land for
20years and thereafter reported in the land category it
was converted to.

In all scenarios, we assume 100% of the growth on pro-
ductive MFL used for wood supply, minus self-mortality,
is harvested. We assume zero harvest in protected forests.
We further assume an equilibrium stem volume (biomass)
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TABLE 1 Scenarios and objectives

Scenarios Assumptions

Maximum Potential Harvest Base scenario

Increased Nature Conservation  Study effects of increasing
forest land set-asides

(3.7 Mha)
Increased Fertilization Fertilization (restricted by law)

Negative Climate Effects on
Growth

Double mortality

Growth based on IPCC RCP 4.5
scenario

Positive Climate Effects on
Growth

will emerge, as well as a steady state on land set-asides
after approximately 200years. Table 1 provides an over-
view of the five scenarios and their objectives.

In the maximum potential harvest scenario, areas of
different land-use classes as well as management practices
(excluding harvest intensity) are assumed to simulate the
conditions specified by the Forest Agency for the period
2000-2009 (Claesson et al., 2015; Forest Agency, 2008,
2015). This scenario is closely modelled on a previous sce-
nario analysis of Swedish Forest Reference Level (FRL)
options (Lundblad, 2018) and is described in more de-
tail in a companion document (Petersson et al., 2022). To
study the consequences of setting aside additional MFL
for nature conservation, we assume an additional 3.7 Mha
of mainly productive MFL is set aside for nature conser-
vation in the simulation. This amount is equivalent to ap-
proximately 18.5% of currently available, productive MFL,
bringing the total protected forest area to 11 Mha. In the
increased nature conservation scenario, except for the area
set aside for nature conservation, all parameters remain
the same as in the maximum potential harvest scenario. In
the increased conservation scenario, we assume compara-
tively younger forest set-asides.

To study the consequences of increased investments in
forestry on net removals in carbon pools and substitution
of fossil fuel-based alternatives, we simulate the increased
fertilization scenario. This model specification represents
a moderate fertilization scenario approximating estab-
lished fertilization practices on a larger area, but within
the legal fertilization guidelines. Established fertilization
mainly targets, older, middle-aged Scots pine stands after
thinning, around 10years before final felling (Hogberg
et al., 2014; Jacobson & Pettersson, 2010). The simulated
fertilized area is thus about 200kha per year or approxi-
mately 1% of productive MFL, roughly seven times more
fertilization than assumed in the other scenarios. The sim-
ulated fertilization thus considers the effect of a one-time
addition of 150kgN/ha (ammonium nitrate). Apart from
fertilization, all other parameter settings are identical with
the maximum potential harvest scenario.

To study the potential risks of negative climate effects
on growth, net removals in carbon pools and assumed sub-
stitution of fossil fuel-based alternatives, we modify the
maximum potential harvest scenario by assuming a dou-
bling in natural mortality. For the negative climate effects
on growth scenario, all other parameter settings remained
identical (currently mortality is estimated at around 11%
of the growth in Sweden; Forest Statistics, 2021). To es-
timate the potential consequences of positive climate
effects on tree growth, we use the corresponding IPCC
RCP 4.5 pathway (IPCC, 2013) to simulate the positive cli-
mate effects on growth scenario. Using the process-based
model BIOMASS (McMurtrie et al., 1990), the IPCC RCP
4.5 pathway has been calibrated for Swedish conditions
(Bergh et al., 1998, 2003). The principal components for
the process-based growth adjustment comprise age, basal
area, site index, vegetation index and temperature sum. In
both the negative and positive climate effects scenarios, all
other parameter settings remain identical.

3 | RESULTS

In the maximum potential harvest scenario (Figure 1),
after around 200years both stocks (storage) and growth
become linear. This equilibrium finding occurs because
we assume 100% harvest of the net growth on MFL and 0%
harvest in protected forests. After peaking, the constant
annual sustainable harvest is estimated at 99 Mm’/year.
After 200years, approximately two forest rotation periods,
the cumulative harvest is 4.3 times greater than stocks (we
assume mortality is emitted to the atmosphere through de-
composition). Total gross growth is estimated at 119 Mm?>/
year, similar to current gross growth in Sweden (Forest
Statistics, 2021). Assuming forests remain viable over the
very long term, this relationship is expected to continue in
a linear fashion over time.

In the increased nature conservation scenario (Figure 1),
on the other hand, after peaking, the constant annual sus-
tainable harvest (growth) is estimated at 85Mm?/year.
The long-term loss in forest growth from setting aside an
additional 3.7 Mha of productive forest land for nature
conservation compared to the maximum potential harvest
scenario is 14 Mm?®/year, from peak to perpetuity (a loss of
3.8 m*/ha/year of additional forest growth per year over
the entire scenario period). Since the two scenarios gener-
ate similar total amounts of forest growth, after 200years,
estimated stocks+cumulative mortality +cumulative
harvests were not significantly different. An important
share of the growth in the increased nature conservation
scenario, however, is lost to cumulative mortality and
eventually becomes an emission. In the maximum po-
tential harvest scenario, on the other hand, less growth is
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Maximum potential harvest Increased nature conservation

Increased fertilization

Negative climate effects on growth| | Positive climate effects on growth
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FIGURE 1 The simulated cumulative stem volume [Mm?] stored in MFL forests, cumulative harvest and (decomposed) cumulative

mortality over a period of 200years, assuming that 100% harvest of net growth in MFL is used for wood supply and no harvest in preserved

forests. In all scenarios, after 200years, cumulative harvest is greater than storage. From a pure climate perspective, if harvest is used for

substitution or storage (where no decomposition occurs), harvesting mature trees and using maximum potential harvest provides greater

climate benefits than storing carbon in standing forests. This is explained by the higher mortality in the increased nature conservation

scenario (compared with the maximum potential harvest scenario). The increased fertilization scenario simulates the possibility that intensive

forest management may increase the climate benefits associated with forest use. Finally, the negative and positive climate effects on growth

scenarios simulate outcomes depending on whether climate change is negative or positive for tree growth. Since 100% of the net growth is

harvested, after peaking at 200years, the yearly additional growth for harvest remains linearly constant

lost and mortality is substantially lower. In the increased
nature conservation scenario, more volume is also stored
in the forest and harvest is smaller than in the maximum
potential harvest scenario.

In the increased fertilization scenario (Figure 1),
after 200years, the long-term harvest increases to ap-
proximately 112Mm?®/year (Figure 1), or approximately
13Mm?/year more than in the maximum potential har-
vest scenario (and about 27 Mm?®/year greater than in the
increased nature conservation scenario). As noted above,
however, since significant restrictions on the use of fer-
tilization apply, fertilization is only simulated on approxi-
mately 1% of available MFL.

The negative climate effects on growth (Figure 1) and
the positive climate effects on growth (Figure 1) scenarios
both suggest powerful impacts on forest-based mitigation
potential. After 200 years, total sustainable harvest growth
was significantly lower under the negative climate effects
on growth scenario (57Mm?/year) and emissions from
mortality were higher. On the other hand, the positive
climate effects on growth scenario, primarily because this
scenario affects all MFL equally, resulted in the highest
sustainable harvest levels and the largest cumulative im-
pact (137 Mm?/year).

Table 2 provides more detailed information on the di-
rect climate impact/benefit of change across all carbon
pools in the increased nature conservation and maximum
potential harvest scenarios over the same 200-year pe-
riod, expressed in terms of their climate impact in car-
bon equivalents (MtCO,e/year). In the short term (i.e. by
2025), the climate benefits are similar in both scenarios.
However, in the long term, i.e., after the carbon pools peak
within a period of approximately 200 years, significant dif-
ferences arise between the two scenarios. In this case, the
climate benefit in the maximum potential harvest scenario
is 16% greater per year (—99.5 MtCO,e/year) than in the
increased nature conservation scenario (—85.6 MtCO,e/
year). The climate benefit from the maximum potential
harvest scenario is —99.5 MtCO,e/year from peak to per-
petuity, an amount greater than the benefit from increased
nature conservation by —14MtCO,e/year. Setting aside
an additional 3.7 Mha MFL for nature conservation thus
reduces the growth/harvest cycle in the circular bioeco-
nomy, thereby impacting future mitigation opportunities.

The results in Table 2 are further sensitive to the as-
sumed substitution effect (here 1 m’ to 1 tonne CO,e).
Depending on the assumed rate of substitution, projected
outcomes for the total annual net forest-related impact on
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TABLE 2 Total climate benefit across carbon pools for the increased nature conservation and maximum potential harvest scenarios, given a ‘1 to 1’ substitution effect (the shaded year

corresponds to the 2021-2025 reporting period under EU/2018/841)

Increased nature conservation (maximum potential harvest) [M tonne CO,/year]

‘1m> to 1tonne CO,’
substitution harvest

Short-lived
HWP

Long-lived

HWP

(stumps) (Lying/Standing)
Dead wood

Dead wood

Other

Living

Sum

emissions

Soil litter

biomass

Year

—117 (—116)
—118(-119)
—122(-119)

—77.9 (—89.0)
—75.3 (—88.1)

0.05 (—0.52)
0.27 (—0.25)
—0.43 (=0.44)
—0.54 (—0.56)

—2.79 (—4.65)

—2.97 (—=2.47)
—2.63 (—=2.07)
—2.47 (~1.52)

—1.14 (-3.23)
—0.02 (=2.25)

0.10 (0.10)
0.10 (0.10)

—5.41 (—4.47)
—5.32 (—5.44)
—3.40 (—1.87)

—26.8 (—11.6)

10
15
30
50
70
90

—1.96 (—3.88)
—2.29 (—3.30)
—0.83 (—1.45)

—33.3(—16.9)
—31.3(=17.1)

—80.3 (=92.3)
—83.5(—96.5)
—84.4(=99.7)
—84.9 (—=101)
—86.0 (—101)
—85.8 (—101)

—1.50 (—2.24)
—1.47 (=1.97)

0.10 (0.10)
0.10 (0.10)
0.10 (0.10)
0.10 (0.10)
0.10 (0.10)

—115 (~116)
110 (~113)

—2.28(=1.21)

—3.74 (—0.97)
—2.34(0.20)
—0.87 (0.86)
—0.81 (0.39)
—1.00 (0.69)
—0.38(0.35)

—22.9(~13.8)

—0.37 (—=0.17)

—1.11 (—1.29)
—0.66 (—1.26)

—2.07 (—1.06)

—1.27 (=1.33)

—18.3(—9.38)
—14.2 (—7.78)
—10.5 (—5.58)

102 (~111)

—0.04 (—0.14)

—1.36 (—=0.73)
—0.81 (—0.51)

—0.49 (—0.92)

—99.0 (—109)
—95.0 (—104)
—88.1(~103)

—86.8 (—101)

0.03 (=0.07)
—0.01 (—0.03)

—0.64 (=1.17)

—0.40 (—0.48)

110
130

—0.19 (—0.44)

—0.48 (—0.25)

—0.29 (—0.30)
0.26 (0.22)
—0.40 (—0.23)

0.10 (0.10)
0.10 (0.10)
0.10 (0.10)
0.10 (0.10)

—7.33 (=2.79)
—3.36 (—3.46)
—0.26 (—0.97)

—84.7 (—99.6)
—86.5 (—101)

0.07 (0.07)
—0.12 (—0.07)

0.02 (=0.14)
—0.20 (—0.29)

—0.10 (—0.06)

150

0.13 (0.06)
0.24(0.15)

0.36 (0.76)
—0.02 (0.86)

170

—85.6 (—99.5)

0.16 (0.10) —83.4(—99.1)

0.19 (=0.19)

0.49 (0.26)

—3.34(~1.62)
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climate change mitigation vary dramatically (see Figure 2).
In most cases, however, the short-term impact of setting
aside an additional 3.7 Mha of land for nature conserva-
tion is relatively minor compared to the long-term impact
of forest use, carbon sequestration in long-lived prod-
ucts and substitution. Only in the most conservative case
(1 to 0.5) is the additional carbon sequestration in stand-
ing forests simulated by the increased nature conservation
scenario greater in the short term than the sequestration/
substitution impact of maximum potential harvest. The
difference in impact is measured as the space between
the increased nature conservation impact (blue line) and
the maximum potential harvest impact (green line). As the
estimated sequestration/substitution impact increases in
size, however, the respective substitution benefits of max-
imum potential harvest increase relative to the increased
nature conservation scenario. In the Discussion section,
we further elaborate the logic behind different estimated
substitution impacts.

The positive climate effects on growth and increased fer-
tilization scenarios likewise have very large, continuous
impacts on the total net annual sequestration/substitution
potential. While the positive climate effects on growth are
larger, due to legal restrictions in Sweden, we assume fer-
tilization only on a total of 1% of the available MFL in the
increased fertilization scenario. The positive climate effects
on growth scenario, however, is not similarly restricted in
extent. We cannot really say, however, what might hap-
pen if fertilization were permitted on an additional 10% or
more of the Swedish MFL (see, however, the example of
Gustavsson et al., 2021).

4 | REPORTING AND
ACCOUNTING RULES IMPACT ON
MITIGATION INCENTIVES

Table 3 highlights the UNFCCC and EU level reporting and
accounting consequences of the respective LULUCF frame-
works based on each of the five simulated scenarios for the
period 2021-2025. Ideally, the optimal choice is the scenario
that both sequesters the most carbon over both the short and
the long term and has the greatest potential climate impact.
Based on the scenario results, the short-term benefits of in-
creased nature conservation are marginal, while the poten-
tial long-term gains from the maximum potential harvest
scenario are significantly greater. However, as noted in the
Introduction both the UNFCCC reporting and the EU ac-
counting frameworks ignore the LULUCF role in the climate
effects that arise from the avoided emissions associated with
HWP carbon sequestration, product substitution and bioen-
ergy use. Considering this factor, it may make more sense to
pursue long-term strategies.
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stem wood)

Both UNFCCC reporting and EU accounting, however,
encourage short-term impacts. As highlighted in Table 3,
both for the UNFCCC reporting framework and the EU
accounting framework, the scenario yielding the largest
benefits is increased nature conservation: this strategy pro-
vides —42.9 MtCO,e/year in UNFCCC reporting benefits
and —1.1 MtCO,e/year in EU accounting benefits. The
principal difference between the UNFCCC and EU out-
comes derives from the decision to harvest 100% of the
annual net increment. Since the EU accounting frame-
work penalizes harvesting above the FRL, this framework
yields an emission in all the scenarios except increased
nature conservation. Harvesting less to fulfil the FRL
would improve accounted removals in all cases but would
not alter the linear relationships between the different
scenarios and would not change the substitution-related
benefits from harvesting the full amount. Moreover, this
would only serve to further raise lost net potential harvest
to a point further below the increased nature conserva-
tion scenario over the longer term (since this amount is
greater than the set-aside amount of forest). Harvesting
less (this is the direct FRL impact) is essentially ‘equiv-
alent’ to increasing the relative share of protected forest
and would yield mitigation outcomes comparable to those
predicted by this scenario, with a comparable reduction
in the substitution effect. Apart from the negative climate
effects on growth scenario, both reporting and accounting
frameworks (UNFCCC and EU) encourage LULUCF sec-
tor strategies that will, in the long term, provide smaller
total climate benefits relative to the alternatives.

Depending on future substitution effects, the long-
term mitigation loss from adopting an increased nature
conservation scenario may become significant. Given

constant climate conditions, compared to the maximum
potential harvest scenario and based on 1 to 1 substitu-
tion, the increased nature conservation scenario provides
climate benefits of approximately —85.6 MtCO,e/year,
while the maximum potential harvest scenario provides
—99.5 MtCO,e/year from peak to perpetuity. If we con-
sider the potential climate effects across variation in the
substitution effect, the opportunity costs of failing to
choose either the maximum potential harvest or the in-
creased fertilization scenarios may be substantially greater.

5 | DISCUSSION

Forest management in Sweden involves harvesting
(final felling) about 1% of total MFL per year and legally
requires immediate, active regeneration after harvest
(Forest Agency, 2020a, 2020b). Tree species composition
has not been significantly altered over the course of the
20th century (Forest Statistics, 2021), but there is concern
about a gradual decline in old growth forests (Jonsson
et al., 2019). Furthermore, the targeting of biologically
young stands for harvest may limit the delivery of sev-
eral ecosystem services, resulting in less multifunctional
forest (Jonsson et al., 2020). In parallel with increasing
wood harvesting levels, forest management has resulted
in significant increases in forest carbon stocks. Following
a historic period of declining forest resources, forests in
Sweden have continuously accumulated carbon since
the early 1920s, resulting in more than a doubling of car-
bon stocks over the past century (Forest Statistics, 2021;
see also Kauppi et al., 2022). The focus on forest policies
and management strategies has, over time, integrated
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securing wood supply for the forest industry with other
objectives, such as climate change mitigation and adapta-
tion, biodiversity conservation, social aspects and water
resource management (Eriksson et al., 2018).

As highlighted in Figure 3, forest stands are tradition-
ally harvested when annual growth rates decline and
mean annual carbon accumulation rates begin to plateau
(Eriksson, 1976). For a given site in Sweden, the optimal
harvest should occur after the year annual growth cul-
minates. The optimal rotation period is the period which
maximizes growth (or carbon uptake) in trees. On aver-
age, this occurs after approximately 100years of growth
and carbon sequestration (Figure 3), later in the North
and earlier in the South. After this peak, each additional
year of forest growth sequesters less additional carbon.
Harvesting at later than optimal time points is thus as-
sumed to yield declining amounts of additional biomass
and slowing rates of carbon uptake. In the long term and
moving from an approximately even-aged stand distribu-
tion to the landscape scale, carbon uptake will eventually
become equal to decomposition rates, yielding a steady
state, net zero rate of carbon sequestration. Over time,

20~

15- SE ..

10-

Growth (m3 ha_1yr_1)

0 50

older forests therefore provide no significant additional
mitigation benefit via carbon sequestration.

From a climate perspective, the impact of forestry is
typically considered acceptable because, given an even-
aged stand distribution, constant fertility over the forest
landscape and maximum harvest at the optimal rotation
period for all stands, net marginal tree growth will even-
tually stop increasing (saturation point). This point de-
fines a steady-state equilibrium where tree growth and
harvest removals are essentially balanced and equal at
the landscape scale. The maximum potential harvest sce-
nario (Figure 1) illustrates that after around 200 years both
stocks (storage) and growth become linear, reflecting this
equilibrium prediction. Harvesting after the saturation
point ultimately means the loss of additional net growth
potential in replanted forest. Although equilibria can be
affected by ‘natural disturbances’ such as insect attacks,
wildfires and storms (Forzieri et al., 2021; Senf et al., 2020;
Senf & Seidl, 2021a, 2021b), the concept of a more or less
stable, long-term equilibrium potentially remains relevant
(Eliasson et al., 2013). However, as discussed below, there
are many uncertainties.

= CA

= 8I, 20m
= SI, 28m
=8I, 32m

100 150

Stand age (years)

FIGURE 3 Measured development of mean annual and current annual increment in three common Norway spruce stands. SI = “site
index” and refers to tree height at 100 years (considering total tree biomass, 1 m® stem wood roughly corresponds to 1.4 tonnes CO,e).
Notes: After stand establishment, a tree stand first grows slowly, then more rapidly, then peaks, and after this point the growth rate begins to
decline. The optimal rotation period which maximizes growth occurs when the MAI line crosses the CAI line. Growth will be lost if harvest
occurs before or after this optimization point. Current annual increment (CAI) is the total annual growth in any given year. Mean annual
increment (MAI) is the average annual growth a stand exhibits at a given age and is calculated as the cumulative growth divided by the
stand age. The figure is based on measured data and supports the theory of growth in tree stands (Eriksson, 1976)
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5.1 | Growth in older forests

One possible objection to this analysis arises from the
literature on old growth forests. Suggestions that old-
growth forests arrive at a steady state with stable C stocks
have been challenged with evidence that old-growth for-
ests continue to act as C sinks (Hadden & Grelle, 2016;
Luyssaert et al., 2008; Seedre et al., 2015). Measurements
over entire landscapes or long-term stand measurements
may, however, provide more robust determinations about
old growth forests (Gundersen et al., 2021; Luyssaert
etal., 2021). Based on data from 874 forest plots, Holdaway
et al. (2017) estimated biomass growth and identified driv-
ers for biomass change in old-growth forests and second-
ary managed forests in New Zealand. Over the period
2002-2014, a significant biomass increase was detected in
the secondary forest, whereas no significant change was
detected in the old-growth forest. The drivers for biomass
growth in the secondary forest were growing stock (bio-
mass) and past disturbance, while growth in old-growth
forests was determined by recent disturbance (mortality
among large trees). This pattern is confirmed by Derderian
et al. (2016) who resampled a 700-year chronosequence in
Colorado (US) and discovered that C stocks, due to high
spruce tree mortality caused by a bark beetle attack, had
declined compared to 30years earlier, despite the fact that
net C uptake was recorded at both sampling occasions.

A recent study conducted by a team of 25 scientists
appointed by the International Boreal Forest Research
Association (IBFRA) (Hogberg et al., 2021) found substan-
tially increased C stocks in living tree biomass from 1990
onwards in the more intensively managed, higher harvest
Nordic countries, as compared to the boreal forests in
Canada, Russia and Alaska, where C stocks have remained
stable or even declined (Alaska). A partial explanation
was C losses due to forest fires in the less intensively man-
aged boreal forests, together with fire protection measures
in the Nordic countries, which maintained annual burned
area well below natural conditions. Sharma et al. (2013)
demonstrate that national parks in Canada with large
shares of old-growth forests have large C stocks and low
annual CO, uptake, whereas parks with large shares of
younger forests, due to natural disturbances, have reduced
but still large C stocks and comparatively high annual CO,
uptake. Thus, while C stocks can be preserved in national
parks, large C stocks have limited mitigation potential.

In another recent study, based on data from the
Norwegian NFI, the rapid drop in current annual incre-
ment (CAI) at a certain age (cf. Figure 3) was challenged
(Stokland, 2021a). The methodology behind that study has
been questioned (Brunner, 2021), but Stokland defends his
findings and suggests more studies looking into the fate of
CALI after the point where CAI crosses MAI are needed

(Stokland, 2021b). A more stable CAI over several decades
would, from a climate mitigation perspective, speak for
extended rotation periods in managed forests. However,
with the exception of very poor sites that illustrate flatter
CAI development with age, another recent study based on
the Finnish NFI confirms the rapid drop in CAI and hence
in MAI (Repo et al., 2021).

One might consider the old forest sink issue a ‘red
herring’ in the sense that the question whether forests
eventually reach a steady state or continue to sequester
more carbon each year distracts from the more relevant
questions: (1) How much mitigation per hectare can old
forest landscapes generate?; and (2) is the mitigation per
hectare large or small compared to the mitigation from an
average hectare of forest managed to maintain net forest
growth at high levels under sustained harvest practices?

5.2 | Canincreased fertilization provide
additional climate benefits?

Although the increased fertilization scenario increased
growth from about 99 (maximum potential harvest sce-
nario) to about 112MtCO,e/year, fertilization was only
applied on 1% of the forest area per year. This raises in-
teresting questions about the possible outcome of greatly
increasing MFL fertilization rates. Due to legal restric-
tions in Sweden, we have only simulated small changes
in older forests fertilized about 10years before final fell-
ing. Gustavsson et al. (2021), however, have investigated
a more intensive fertilization scenario in which growth
increased by 40% after 100years. Presumably there is
great potential to increase growth with the help of ferti-
lization. In the same study, Gustavsson et al. (2021) ran
a scenario where as much as 50% of the forest land area
was protected. Fertilization may thus provide an opportu-
nity to preserve larger areas for biodiversity while simul-
taneously managing other forest areas more intensively,
thereby maintaining total growth.

5.3 | Consequences of a changing climate
Despite the perceived benefits of climate change for forest
growth, considerable uncertainty surrounds the possible
positive and negative climate effects on future growth.
For the Nordic boreal forests, the prevailing assumption
is that gradual climate change will be positive for growth
due to higher temperature, precipitation, atmospheric ni-
trogen deposition and extended growing seasons (Appiah
Mensah et al.,, 2021; Etzold et al.,, 2020; Henttonen
et al., 2017; Kauppi et al., 2014; Keenan, 2015; Kellomiki
et al., 2008; Koca et al., 2006; Tamm, 1991). Compared to
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current levels in Sweden, climate effects suggest positive
future productivity increases of about +300% and +100%
in the northern and southern regions, respectively, re-
sulting in shorter rotation periods (Bergh et al., 2005).
Forested northern regions are expected to expand fur-
ther northward and into higher elevations, yielding
larger areas of forest cover and increasing forest density
(Claesson et al., 2015). However, we have not modelled
these expanding growth patterns with the Heureka model.

Climate-related factors can, however, challenge the
positive effects of CO, fertilization and longer growing
seasons (Hanewinkel et al., 2013; Reyer et al., 2017). Both
negative and positive growth responses have been mea-
sured across the Canadian forest landscape (Girardin
et al., 2014; Taylor et al., 2017). Changes in water avail-
ability provided one possible explanation for these diver-
gent responses. Water availability could further level out
or reverse positive effects on growth in boreal tree species
(Reich et al., 2018). Likewise, nutrient availability has also
been singled out as a potential explanation for not ben-
efitting from these increased concentrations (Hyvonen
et al., 2007; Norby et al., 2010; Sigurdsson et al., 2013).

Extreme and frequent changes in abiotic conditions
could have damaging effects on trees, thereby affecting
growth capacity in succeeding years (Keenan, 2015). Tree
growth rates in Sweden, for example, were found to be
about 20% lower than expected in 2018 due to summer-
time hot and dry conditions (personal communication,
Swedish NFI). While temperature effects on tree growth
can be severe, precipitation effects may be minimal during
the growing season due to the recharge of the ground
water table from melted winter snow (Bergh et al., 2005).
Increases in evapotranspiration may result in more per-
sistent drought during the growing season, potentially
counteracting growth (Koca et al., 2006). Higher ground-
water levels and shorter winter soil frost seasons may in-
crease the risk of storm damages and soil damages from
off-road timber transport (Oni et al., 2017). On the other
hand, events such as storms, frosts and droughts can trig-
ger wildfires, pest and disease outbreaks (e.g. root rot and
bark beetles) that may reduce forest growth and produc-
tivity (Bjorkman et al., 2011; Blennow & Olofsson, 2008;
Subramanian et al., 2015). For example, Pinto et al. (2020)
found that both climate and vegetation correlate with fire
size, whereas human-related landscape features shape ig-
nition patterns.

Increasing disturbances from wind, bark beetle and
wildfires at European level (Seidl et al., 2014), may become
greater concerns in Sweden. From a Swedish perspective
bark beetle attacks by the spruce bark beetle (Ips typogra-
phus [L]) are an identified threat—not least in the climate
change context (Eidmann, 1992; Jonsson et al., 2009;
Kérvemo et al., 2016). Incident rates and magnitude of

forest damage by spruce bark beetle are higher in older
stands (Martikainen et al., 1999). Under specific climatic
conditions, forest growth could exhibit varied risks de-
pending on stand age, development stage and manage-
ment practice (Blennow, 2012).

Hence, both the boreal forest growth response and
carbon cycle feedback to climate change remain uncer-
tain. Adaptive forest management practices could be
essential for mitigating negative effects, while maximiz-
ing forest growth and production (e.g. Bolte et al., 2009;
Keenan, 2015). For instance, reducing the intensity of for-
est thinnings and rotation lengths has been suggested as
the best practice to enhance stem volume production and
the profitability of Norway spruce in southern Sweden
due to reduced storm risk, root and butt rot (Subramanian
et al., 2015).

5.4 | Substitution effects

The relative magnitude of substitution effects is key to the
understanding of the mitigation effects of forest use and
different forest products. At ‘low’ levels of substitution
(1 m® to 0.5 tonne CO,e), the increased nature conserva-
tion scenario performs better than the maximum potential
harvest scenario up until approximately 2085. However, in
later years and especially with larger substitution effects,
the maximum potential harvest scenario quickly becomes
the better short- and long-term scenario. Moreover, even
under the more conservative low substitution estimate,
the long-term differences are substantial. Vis-a-vis the
climate, only the positive climate effects and the increased
fertilization scenarios perform better than the maximum
forest use scenario. The magnitude of the substitution ef-
fect thus strongly impacts outcomes.

Hudiburg et al. (2019) suggests that, at least in places
like the United States, large shares of HWP simply end
up in landfills and are never used for substitution. While
such outcomes indicate important ‘missed opportunities’,
the substitution that occurs earlier in the HWP life cycle
still remains. HWPs can substitute for a range of carbon-
intensive products (cement, steel, plastics, glass). And
long-lived HWPs sequester carbon over extended periods,
while newly planted forests simultaneously sequester ad-
ditional carbon. The circular bioeconomy clearly falters
when end-of-life-cycle wood resources are squandered.
Prior substitution effects, however, are not thereby elim-
inated: only opportunities for additional substitution lost.
Moreover, even if HWP resources end up in landfills, this
is by no means a justification for reducing forest use. Such
shortcomings instead signal failed policy intervention and
inefficient resource use, requiring corrections of a differ-
ent kind.
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Several factors related to circular economy principles
can influence the magnitude of substitution effects. The
quality of the circular bioeconomy can be measured in
the relative efficiency of wood resource use, the number
of times forest products are used and reused for different
purposes, and the way recycling multiplies the substitu-
tion effect (Lundmark et al., 2014; Stegmann et al., 2020;
Ubando et al., 2020). The relative share of wood ending
up in long-lived vs. short-lived HWPs further influences
the mitigation effect. The carbon in short-lived HWPs can,
however, remain in the HWP pool via material recycling.
When substitution arises several times, this increases GHG
savings per unit of wood harvested. When wood waste is
used as a bioenergy feedstock, high conversion efficiency
is also an important objective. Deployment of carbon cap-
ture, utilization and storage (CCUS) can further enhance
the circular bioeconomy by recycling biogenic carbon into
new products or by storing carbon in geological reservoirs
(Shahbaz et al., 2021; Tcvetkov et al., 2019).

The substitution effect is thus a compound compo-
nent of the following elements: the HWP energy con-
tent, the HWP carbon pool content and the substitution
content, which in turn is a compound effect made up of
multiple substitutions along the entire product pathway.
Improving the efficiency and effectiveness of the circular
bioeconomy presumably requires public policy interven-
tion, i.e., policy frameworks that promote or require circu-
lar behaviours and material flows (e.g. fines on disposing
wood resources in landfills, legal requirements on paper
and used wood resource recycling, value added and other
related tax reductions/benefits to encourage HWP use in-
stead of GHG-intensive products). Policy interventions
can further support research on the quality of the circular
bioeconomy.

The calculation of multiple substitution rates begs the
question of which substitution rates are most appropriate?
There is, however, no easy answer to this question. In an
analysis of the Swedish marketplace, others estimated a
substitution potential of 0.47-0.75tonnes CO,e/m’ stem
volume (Lundmark et al., 2014), in line with our lower
conservative estimate. Since Lundmark et al’s study was
conducted, the resource and energy efficiency of the for-
est industry has improved, and the product portfolio ex-
panded, suggesting the substitution factor is now likely
higher. Leskinen et al. (2018) provide a review of some 51
studies which provide estimates of different substitution
factors ranging from —0.7 to 5.1 kg C/kg C (approximately
—0.53 to 3.83tonnesCO,e/1 m®), with an average of
0.9 tonnes CO,e/1 m® and 90% of estimates on the positive
side of this range. To the extent substitution effects can be
compounded by shifting to longer lived HWPs, increasing
the efficiency of wood resource use and reuse via material
recycling and ensuring that incineration plants effectively

use the energy content of wood waste, the relative substi-
tution effect will be larger.

Additional concerns regard declining substitution po-
tential due to the decreasing GHG intensity of economies
(Brunet-Navarro et al., 2021; Harmon, 2019). However,
carbon-based fuels and materials are expected to remain
important because they are essential in energy, trans-
port and industrial infrastructures which change slowly.
In a scenario where variable electricity generation based
on solar and wind increases, biomass will remain an im-
portant alternative to fossil fuels providing the balancing
power needed to maintain power stability and quality
(Tafarte et al., 2020). Similarly, electrification of the trans-
port sector is a relatively slow process due to long turn-
over times of the vehicle stock. Biofuels will therefore
remain an alternative to petrol and diesel in the coming
decades (Bacovsky, 2020). Moreover, biofuels will remain
an alternative to fossil fuels for longer times in sectors
where the substitution of carbon-based fuels is difficult,
such as long-distance aviation and marine transportation
(Skea et al., 2022).

Carbon dioxide removal (CDR) from the atmosphere
will likely be required to meet the Paris Agreement goal
of keeping the increase in the global average tempera-
ture well below +2°C above pre-industrial levels (Rogelj
et al., 2019). Carbon sequestration and storage via forests
and forest product-based net removals, including con-
struction wood in buildings and CCUS, are among the
options for providing CDR (Burns & Nicholson, 2017;
Churkina et al., 2020). Thus, while both future substitu-
tion effects of forest products and the relative importance
of forest/biomass-based CDR are difficult to project, the
scientific literature suggests they will be important in the
longer term for reaching climate goals (IPCC, 2019).

For another, as long as forests are sustainably man-
aged and the net annual exchange of biomass use and
net annual biomass growth is zero (i.e. harvest does not
exceed gross growth), HWPs should remain a core com-
ponent of a carbon neutral circular bioeconomy, even as
GHG savings from substitution become less relevant. By
the same token, squandering biomass resources and forest
residues by failing to use them represents an absolute loss
to the system. A key circular economy issue is how best to
source ‘renewable’ resources and avoid, or reduce, the use
of scarce, non-renewable resources. The availability of re-
newable, replenishable resources is of great significance,
especially under the more general conditions of limited
resources, peak resource production and declining re-
source availability. Precisely because wood resources can
continue to meet demand due to their circular benefits,
more emphasis should ideally be placed on better under-
standing the limits of sustainable forest resource use, in
conjunction with the relevant biodiversity requirements.
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5.5 | LULUCF in the EU climate
policy framework

The FRL strategy potentially discourages some Member
states from fully using available forest resources for wood
production (Ellison et al., 2014, 2020, 2021; Nabuurs
et al., 2017). Although the FRL is theoretically set to pro-
tect annual net removals (sinks) and limit the increasing
intensity of forest use (Grassi et al., 2021; Matthews, 2020),
itignores the substitution-related benefits of the HWP and
bioenergy-based avoided emissions accounted outside the
LULUCEF sector. Since gains (avoided emissions) are not
weighed directly against harvest-related emissions, the
FRL approach may conflict with the bioeconomy inter-
ests of many Member states. Thus, to the extent that sub-
stitution represents an efficient and effective mitigation
strategy, existing policy frameworks fail to represent this
appropriately and can thus discourage effective forest use.

Clearly, part of the answer to this question lies both
in the magnitude of the real substitution effect, as well as
in the shape of public policy intervention. Although the
FRL strategy may limit forest use intensity, there is little
evidence this will either promote additional forest pro-
tections and conservation, or that it will promote climate
change mitigation at comparable rates. In fact, our results
suggest the opposite. To the extent the FRL has the po-
tential effect of reducing forest use, it is likely to increase
mortality and thus reduce the production of usable forest
biomass and its related substitution effects. We have high-
lighted the significant losses in terms of the future bio-
mass resource.

The FRL strategy further sets limits on countries
that have regularly been harvesting comparatively low
shares of the available net increment across the 2000-
2009 period. The EU LULUCEF ruling essentially locks
in behaviour and suggests countries should continue
to harvest at the same rate: that is, ‘harvest intensity
should not increase’. The Netherlands, for example, har-
vested approximately 55% of the annual net increment
over the period 2003-2013 (Arets & Schelhaas, 2019),
while Sweden has historically harvested a significantly
large share of its overall net increment (on average,
approximately 82% over the period 2000-2009, exclud-
ing commercial thinnings) (Swedish Ministry of the
Environment, 2019). This approach thus discourages
countries that use smaller shares of their forest resource
from increasing production and promoting increased
substitution.

Equally important but frequently neglected (see e.g.,
Gustavsson et al., 2022; Skytt et al., 2021) are the leakage
effects potentially driven by the FRL and/or increasing for-
est set-asides, thereby reducing the amount of European
forest available for harvest. Leakage can take on at least

two different forms. On the one hand, it can result in the
increased use of carbon-intensive materials like cement
and steel (Churkina et al., 2020; Elhacham et al., 2020;
Holmgren, 2021). On the other, leakage can lead to in-
creased forest use in other locations around the world
(Grassi et al., 2018; Kallio et al., 2018; Solberg et al., 2019).
Increased consumer demand pressures on international
trade may drive carbon and biodiversity loss in parts of the
world that still host the principal share of global primary
forests and some of the richest carbon stores (Santoro
et al., 2021).

By excluding a share of the forest resource from harvest,
the FRL further has the effect of increasing uncertainty
regarding future forest resource use, thereby weakening
investment incentives. While the potential to gain carbon
credits from afforesting unmanaged forest lands may make
up for this in some cases, the EU LULUCF regulation re-
quires afforested lands outside forest management be inte-
grated into MFL after a period of 20years (EU, 2018/841).
Because new forest growth can only be accounted for the
first 20years but then presumably becomes subject to
the MFL-based FRL and cap strategies, both public and
private sector investment incentives may be diminished.
Investors interested only in the long-term set-aside effects
on biodiversity, for example, may lose interest due to the
threat of eventual privatization, while profit-seeking in-
vestment is weakened through the FRL and the cap.

On the other hand, to the extent land set-asides and
increased forest protections do not affect the practice of
forestry, they will likely influence overall mitigation po-
tential only to the extent they involve the regeneration of
degraded forest lands. In Sweden, for example, newly pro-
posed land set-asides do not include intensively managed
lands. Similarly, the plan to set aside some of the remain-
ing primary forests in Europe does not address degraded
lands and is not likely to significantly affect mitigation po-
tential. This could, however, have important impacts on
European biodiversity (Sabatini et al., 2018, 2020).

To optimize the mitigation effects of forestry, it is
preferable to consider substitution effects and remove
inflexibilities in trade across sectors (Ellison et al., 2021).
Understanding what is best for the climate requires study-
ing all land and atmosphere fluxes over extended periods
of time. Current consideration of the next version of the
EU LULUCF policy framework (COM(2021) 554 final)
provides opportunities to address these concerns.

6 | CONCLUSIONS

Although storing carbon in standing forests can clearly
contribute to climate change mitigation, this strat-
egy has definable limits and potentially unrecognized
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opportunity costs. To achieve long-term reductions of
atmospheric CO,, it may be better to view the forestry
enterprise—the circular forest-based bioeconomy—as
the principal mechanism by which climate change miti-
gation can be progressively maximized, that is, by si-
multaneously increasing the magnitude of total annual
forest growth alongside carbon sequestration and sub-
stitution effects. As our scenarios suggest, the reduction
in atmospheric GHG concentration is maximized when
forest growth and the potential annual substitution ef-
fect are maximized.

Given constant climate conditions and compared
to the maximum potential harvest scenario, the net ef-
fect of increasing forest set-asides on a relatively modest
share of productive forest land (18.5%) is estimated at
—13.9 MtCO,e/year from peak to perpetuity. The total
net carbon sequestration impact of Swedish LULUCF
during the second commitment period is approximately
—49MtCO,e/year. Based on this total, future mitigation
losses from increased forest set-asides amount to approx-
imately 28% per year from peak to perpetuity. If we con-
sider the potential magnitude of substitution effects, as
well as the benefits of improved policy intervention, this
amount could be greater.

Pursuing forest management as a strategy for main-
taining and strengthening the forest role as a ‘regulator’
of atmospheric GHG concentrations thus makes good
sense. Policy interventions that could meaningfully mo-
bilize the climate benefits of forest use are, however,
currently hamstrung by a preference for carbon seques-
tration and storage in forests and a perceived need to har-
ness forest use intensity. As the above scenarios suggest,
more refined policy interventions could go a long way to-
ward better mobilizing forest use in favour of the climate.
The key policy and research innovations that could fur-
ther help mobilize forests in favour of the climate are as
follows: support for technology and market development
in circular bioeconomy solutions; achieving greater flexi-
bility in the trading of carbon credits across the multiple
sectors (pillars) of the climate policy framework; elimi-
nating the ‘no-debit rule’, the FRL and the cap; and im-
proving the accounting of, knowledge about, and policies
surrounding substitution effects.

ACKNOWLEDGEMENTS

This research was a part of the FORCLIMIT project
funded in the framework of ERA-NET FACCE ERA-GAS
from the Research Council of Norway (grant no. 276388),
and from parallel Swedish FORMAS grant (2017-01751).
Local Swedish support for the ERA-NET FACCE ERA-
GAS grant is provided by FORMAS (grant no. 2017-
01751). FACCE ERA-GAS has received funding from the
European Union's Horizon 2020 research and innovation

program under grant agreement no. 696356. The authors
thank reviewers for helpful comments.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

HP conceptualized and designed the study; DE designed
the study within the FORCLIMIT project. DE, HP, GB,
GE, JS, ML, TL and AAM drafted and revised the manu-
script. PW, JS, AL and AAM were involved in data acqui-
sition, analysis and interpretation.

DATA AVAILABILITY STATEMENT
The article data has been made available at: https://zenodo.
org/record/6390892.

ORCID
Hans Petersson & https://orcid.org/0000-0003-3755-0041
David Ellison © https://orcid.org/0000-0002-3755-6024

Alex Appiah Mensah (2 https://orcid.org/0000-0001-5073-422X
Goran Berndes ‘© https://orcid.org/0000-0003-1126-6835
Gustaf Egnell © https://orcid.org/0000-0001-8744-4613
Mattias Lundblad © https://orcid.org/0000-0001-9339-1124
Tomas Lundmark © https://orcid.org/0000-0003-2271-3469
Johan Stendahl © https://orcid.org/0000-0002-9944-0297

REFERENCES

Agren, G. 1., Bosatta, E., & Agren, G. I. (1996). Quality: A bridge
between theory and experiment in soil organic matter studies.
Oikos, 76(3), 522. https://doi.org/10.2307/3546345

Appiah Mensah, A., Holmstrom, E., Petersson, H., Nystrom, K.,
Mason, E. G., & Nilsson, U. (2021). The millennium shift:
Investigating the relationship between environment and
growth trends of Norway spruce and Scots pine in northern
Europe. Forest Ecology and Management, 481, 118727. https://
doi.org/10.1016/j.foreco.2020.118727

Arets, E., & Schelhaas, M.-J. (2019). National Forestry Accounting
Plan: Submission of the Forest reference level 2021-2025 for The
Netherlands [NFAP-NL]. Ministry of Agriculture, Nature and
Food Quality of the Netherlands.

Bacovsky, D. (2020). The role of renewable transport fuels in de-
carbonizing road transport. Summary report. IEA Technology
Collaboration Programmes Advanced Motor Fuels (AMF) and
IEA Bioenergy. November 2020.

Bergh, J., Freeman, M., Sigurdsson, B., Kellomiki, S., Laitinen, K.,
Niinistd, S., Peltola, H., & Linder, S. (2003). Modelling the
short-term effects of climate change on the productivity of
selected tree species in Nordic countries. Forest Ecology and
Management, 183(1-3), 327-340. https://doi.org/10.1016/S0378
-1127(03)00117-8

Bergh, J., Linder, S., & Bergstrom, J. (2005). Potential production of
Norway spruce in Sweden. Forest Ecology and Management,
204(1), 1-10. https://doi.org/10.1016/j.foreco.2004.07.075

Bergh, J., McMurtrie, R. E., & Linder, S. (1998). Climatic factors
controlling the productivity of Norway spruce: A model-based


https://zenodo.org/record/6390892
https://zenodo.org/record/6390892
https://orcid.org/0000-0003-3755-0041
https://orcid.org/0000-0003-3755-0041
https://orcid.org/0000-0002-3755-6024
https://orcid.org/0000-0002-3755-6024
https://orcid.org/0000-0001-5073-422X
https://orcid.org/0000-0001-5073-422X
https://orcid.org/0000-0003-1126-6835
https://orcid.org/0000-0003-1126-6835
https://orcid.org/0000-0001-8744-4613
https://orcid.org/0000-0001-8744-4613
https://orcid.org/0000-0001-9339-1124
https://orcid.org/0000-0001-9339-1124
https://orcid.org/0000-0003-2271-3469
https://orcid.org/0000-0003-2271-3469
https://orcid.org/0000-0002-9944-0297
https://orcid.org/0000-0002-9944-0297
https://doi.org/10.2307/3546345
https://doi.org/10.1016/j.foreco.2020.118727
https://doi.org/10.1016/j.foreco.2020.118727
https://doi.org/10.1016/S0378-1127(03)00117-8
https://doi.org/10.1016/S0378-1127(03)00117-8
https://doi.org/10.1016/j.foreco.2004.07.075

IOENERGY _

PETERSSON ET AL.

BI R A SUSTAINABLE BIOECONOMY =3 - 18\ )

analysis. Forest Ecology and Management, 110(1-3), 127-139.
https://doi.org/10.1016/S0378-1127(98)00280-1

Berndes, G., & Cowie, A. (2021). Land sector impacts of early cli-
mate action. Nature Sustainability., 4, 1021-1022. https://doi.
0rg/10.1038/s41893-021-00777-5

Bjorkman, C., Bylund, H., Klapwijk, M. J., Kollberg, I., & Schroeder,
M. (2011). Insect pests in future forests: More severe prob-
lems? Forests, 2(2), 474-485. https://doi.org/10.3390/£2020474

Blennow, K. (2012). Adaptation of forest management to climate
change among private individual forest owners in Sweden.
Forest Policy and Economics, 24, 41-47. https://doi.org/10.1016/
j-forpol.2011.04.005

Blennow, K., & Olofsson, E. (2008). The probability of wind damage
in forestry under a changed wind climate. Climatic Change,
87(3-4), 347-360. https://doi.org/10.1007/s10584-007-9290-z

Bolte, A., Ammer, C., Lof, M., Madsen, P., Nabuurs, G.-J., Schall, P.,
Spathelf, P., & Rock, J. (2009). Adaptive forest management in
Central Europe: Climate change impacts, strategies and inte-
grative concept. Scandinavian Journal of Forest Research, 24(6),
473-482. https://doi.org/10.1080/02827580903418224

Brunet-Navarro, P., Jochheim, H., Cardellini, G., Richter, K., & Muys, B.
(2021). Climate mitigation by energy and material substitution of
wood products has an expiry date. Journal of Cleaner Production,
303, 127026. https://doi.org/10.1016/j.jclepro.2021.127026

Brunner, A. (2021). Stand volume growth varies with age, site
index, and stand density—Comments on Stokland (2021).
Forest Ecology and Management, 495, 119329. https://doi.
org/10.1016/j.foreco.2021.119329

Burns, W., & Nicholson, S. (2017). Bioenergy and carbon capture
with storage (BECCS): The prospects and challenges of an
emerging climate policy response. Journal of Environmental
Studies and Sciences, 7(4), 527-534. https://doi.org/10.1007/
$13412-017-0445-6

Churkina, G., Organschi, A., Reyer, C. P. O., Ruff, A., Vinke, K., Liu,
Z., Reck, B. K., Graedel, T. E., & Schellnhuber, H. J. (2020).
Buildings as a global carbon sink. Nature Sustainability, 3(4),
269-276. https://doi.org/10.1038/s41893-019-0462-4

Cintas, O., Berndes, G., Cowie, A. L., Egnell, G., Holmstrém, H.,
Marland, G., & Agren, G. 1. (2017). Carbon balances of bioenergy
systems using biomass from forests managed with long rotations:
Bridging the gap between stand and landscape assessments. GCB
Bioenergy, 9(7), 1238-1251. https://doi.org/10.1111/gcbb.12425

Cintas, O., Berndes, G., Hansson, J., Poudel, B. C., Bergh, J., Borjesson,
P, Egnell, G., Lundmark, T., & Nordin, A. (2017). The potential
role of forest management in Swedish scenarios towards climate
neutrality by mid century. Forest Ecology and Management, 383,
73-84. https://doi.org/10.1016/j.foreco.2016.07.015

Claesson, S., Duvemo, K., Lundstrom, A., and Wikberg, P.E., 2015.
Skogliga konsekvensanalyser 2015 - SKA 15. Skogsstyrelsen.
Rapport 10/2015. ISSN 1100-0295.

Cowie, A. L., Berndes, G., Bentsen, N. S., Brandao, M., Cherubini, F.,
Egnell, G., George, B., Gustavsson, L., Hanewinkel, M., Harris,
Z. M., Johnsson, F., Junginger, M., Kline, K. L., Koponen, K.,
Koppejan, J., Kraxner, F., Lamers, P., Majer, S., Marland, E., ...
Ximenes, F. A. (2021). Applying a science-based systems per-
spective to dispel misconceptions about climate effects of for-
est bioenergy. GCB Bioenergy, 13(8), 1210-1231. https://doi.
org/10.1111/gcbb.12844

Derderian, D. P., Dang, H., Aplet, G. H., & Binkley, D. (2016). Bark
beetle effects on a seven-century chronosequence of Engelmann

spruce and subalpine fir in Colorado, USA. Forest Ecology and
Management, 361, 154-162. https://doi.org/10.1016/j.foreco.
2015.11.024

Dinerstein, E., Vynne, C., Sala, E., Joshi, A. R., Fernando, S., Lovejoy,
T. E., Mayorga, J., Olson, D., Asner, G. P., Baillie, J. E. M.,
Burgess, N. D., Burkart, K., Noss, R. F.,, Zhang, Y. P., Baccini,
A., Birch, T., Hahn, N,, Joppa, L. N., & Wikramanayake, E.
(2019). A global Deal for nature: Guiding principles, mile-
stones, and targets. Science Advances, 5(4), eaaw2869. https://
doi.org/10.1126/sciadv.aaw2869

Eidmann, H. H. (1992). Impact of bark beetles on forests and for-
estry in Sweden. Journal of Applied Entomology, 114(1-5), 193
200. https://doi.org/10.1111/j.1439-0418.1992.tb01114.x

Elhacham, E., Ben-Uri, L., Grozovski, J., Bar-On, Y. M., & Milo, R.
(2020). Global human-made mass exceeds all living biomass.
Nature, 588, 442-444. https://doi.org/10.1038/s41586-020-3010-5

Eliasson, P., Svensson, M., Olsson, M., & Agren, G. I. (2013). Forest
carbon balances at the landscape scale investigated with the
Q model and the CoupModel—Responses to intensified har-
vests. Forest Ecology and Management, 290, 67-78. https://doi.
org/10.1016/j.foreco.2012.09.007

Ellis, E. C. (2019). To conserve nature in the Anthropocene, half
earth is not nearly enough. One Earth, 1(2), 163-167. https://
doi.org/10.1016/j.oneear.2019.10.009

Ellison, D., Breidenbach, J., Petersson, H., Korhonen, K. T,
Henttonen, H. M., Wallerman, J.,, Appiah Mensah, A.,
Gobakken, T., Naesset, E., & Astrup, R. (2021). Europe's growing
forest sink obsession.

Ellison, D., Lundblad, M., & Petersson, H. (2014). Reforming
the EU approach to LULUCF and the climate policy frame-
work. Environmental Science & Policy, 40, 1-15. https://doi.
org/10.1016/j.envsci.2014.03.004

Ellison, D., Petersson, H., Blujdea, V., & Sikkema, R. (2020).
Motivating climate-friendly, forest and forest resource-based
action in the EU—Forest owners, consumers and other actors,
manuscript.

Ellison, D., Petersson, H., Lundblad, M., & Wikberg, P.-E. (2013).
The incentive gap: LULUCF and the Kyoto mechanism before
and after Durban. GCB Bioenergy, 5(6), 599-622. https://doi.
org/10.1111/gcbb.12034

Eriksson, H. (1976). Yield of Norway spruce [Picea abies] in Sweden.
Rapporter och Uppsatser—Skogshoegskolan, Institutionen foer
Skogsproduktion (Sweden). https://agris.fao.org/agris-search/
search.do?recordID=SE7601011

Eriksson, L., & Klapwijk, M. J. (2019). Attitudes towards biodiver-
sity conservation and carbon substitution in forestry: A study
of stakeholders in Sweden. Forestry: An International Journal
of Forest Research, 92(2), 219-229. https://doi.org/10.1093/
forestry/cpz003

Eriksson, M., Samuelson, L., Jagrud, L., Mattsson, E., Celander,
T., Malmer, A., Bengtsson, K., Johansson, O., Schaaf, N.,
Svending, O., & Tengberg, A. (2018). Water, forests, people:
The Swedish experience in building resilient landscapes.
Environmental Management, 62, 45-57. https://doi.org/10.1007/
$00267-018-1066-x

Etzold, S., Ferretti, M., Reinds, G. J., Solberg, S., Gessler, A., Waldner,
P., Schaub, M., Simpson, D., Benham, S., Hansen, K., Ingerslev,
M., Jonard, M., Karlsson, P. E., Lindroos, A.-J., Marchetto,
A., Manninger, M., Meesenburg, H., Merild, P., Nojd, P, ... de
Vries, W. (2020). Nitrogen deposition is the most important


https://doi.org/10.1016/S0378-1127(98)00280-1
https://doi.org/10.1038/s41893-021-00777-5
https://doi.org/10.1038/s41893-021-00777-5
https://doi.org/10.3390/f2020474
https://doi.org/10.1016/j.forpol.2011.04.005
https://doi.org/10.1016/j.forpol.2011.04.005
https://doi.org/10.1007/s10584-007-9290-z
https://doi.org/10.1080/02827580903418224
https://doi.org/10.1016/j.jclepro.2021.127026
https://doi.org/10.1016/j.foreco.2021.119329
https://doi.org/10.1016/j.foreco.2021.119329
https://doi.org/10.1007/s13412-017-0445-6
https://doi.org/10.1007/s13412-017-0445-6
https://doi.org/10.1038/s41893-019-0462-4
https://doi.org/10.1111/gcbb.12425
https://doi.org/10.1016/j.foreco.2016.07.015
https://doi.org/10.1111/gcbb.12844
https://doi.org/10.1111/gcbb.12844
https://doi.org/10.1016/j.foreco.2015.11.024
https://doi.org/10.1016/j.foreco.2015.11.024
https://doi.org/10.1126/sciadv.aaw2869
https://doi.org/10.1126/sciadv.aaw2869
https://doi.org/10.1111/j.1439-0418.1992.tb01114.x
https://doi.org/10.1038/s41586-020-3010-5
https://doi.org/10.1016/j.foreco.2012.09.007
https://doi.org/10.1016/j.foreco.2012.09.007
https://doi.org/10.1016/j.oneear.2019.10.009
https://doi.org/10.1016/j.oneear.2019.10.009
https://doi.org/10.1016/j.envsci.2014.03.004
https://doi.org/10.1016/j.envsci.2014.03.004
https://doi.org/10.1111/gcbb.12034
https://doi.org/10.1111/gcbb.12034
https://agris.fao.org/agris-search/search.do?recordID=SE7601011
https://agris.fao.org/agris-search/search.do?recordID=SE7601011
https://doi.org/10.1093/forestry/cpz003
https://doi.org/10.1093/forestry/cpz003
https://doi.org/10.1007/s00267-018-1066-x
https://doi.org/10.1007/s00267-018-1066-x

PETERSSON ET AL.

environmental driver of growth of pure, even-aged and man-
aged European forests. Forest Ecology and Management, 458,
117762. https://doi.org/10.1016/j.foreco.2019.117762

EU. (2018). REGULATION (EU) 2018/841 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of May 2018 on the
inclusion of greenhouse gas emissions and removals from land
use, land use change and forestry in the 2030 climate and energy
framework and amending Regulation (EU) No 525/2013 and de-
cision No 529/2013/EU. Official Journal of the European Union.

Fahlvik, N., Elfving, B., & Wikstrom, P. (2014). Evaluation of growth
functions used in the Swedish Forest planning system Heureka.
Silva Fennica, 48(2), 1013. https://doi.org/10.14214/s£.1013

Forest Agency. (2008). Skogliga konsekvensanalyser 2008 -
SKA-VBO08. Skogsstyrelsen. Rapport 25/2008.

Forest Agency. (2015). Skogliga konsekvensanalyser 2015 - SKA 15.
Skogsstyrelsen. Rapport 10/2015.

Forest Agency. (2020a). https://www.skogsstyrelsen.se/en/statistics/

Forest Agency. (2020b). Skogsvardslagstiftningen. Géllande regler
1 april 2020. 90p.

Forest Statistics. (2021). Official statistics of Sweden. Swedish
University of Agricultural Sciences. ISSN: 0280-0543.

Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L.,
Hartmann, H., Beck, P. S. A., Camps-Valls, G., Chirici, G.,
Mauri, A., & Cescatti, A. (2021). Emergent vulnerability to
climate-driven disturbances in European forests. Nature
Communications, 12(1), 1081. https://doi.org/10.1038/s41467-
021-21399-7

Fossilfritt Sverige. (n.d.). Roadmaps for fossil free competitiveness:
Fossil-free development of Swedish Industry. Fossilfritt Sverige.
https://fossilfrittsverige.se/en/roadmaps/

Fridman, J., Holm, S., Nilsson, M., Nilsson, P., Ringvall, A., & Stahl,
G. (2014). Adapting National Forest Inventories to chang-
ing requirements — The case of the Swedish National Forest
Inventory at the turn of the 20th century. Silva Fennica, 48(3),
1095. https://doi.org/10.14214/s£.1095

Gao, B, Taylor, A. R., Searle, E. B., Kumar, P., Ma, Z., Hume, A. M.,
& Chen, H. Y. H. (2018). Carbon storage declines in old boreal
forests irrespective of succession pathway. Ecosystems, 21(6),
1168-1182. https://doi.org/10.1007/s10021-017-0210-4

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

Girardin, M. P., Guo, X. J., De Jong, R., Kinnard, C., Bernier, P., &
Raulier, F. (2014). Unusual forest growth decline in boreal
North America covaries with the retreat of Arctic Sea ice.
Global Change Biology, 20(3), 851-866. https://doi.org/10.1111/
gcb.12400

Grassi, G., Camia, A., Fiorese, G., House, J., Jonsson, R., Kurz, W. A.,
Matthews, R., Pilli, R., Robert, N., Vizzarri, M., & Vizzarri, M.
(2018). Wrong premises mislead the conclusions by Kallio et al.
On forest reference levels in the EU. Forest Policy and Economics,
95, 10-12. https://doi.org/10.1016/j.forpol.2018.07.002

Grassi, G., Cescatti, A., Matthews, R., Duveiller, G., Camia, A., Federici,
S., House, J., de Noblet-Ducoudré, N., Pilli, R., & Vizzarri, M.
(2019). On the realistic contribution of European forests to reach
climate objectives. Carbon Balance and Management, 14(1), 8.
https://doi.org/10.1186/s13021-019-0123-y

Grassi, G., Fiorese, G., Pilli, R., Jonsson, K., Blujdea, V., Korosuo,
A., & Vizzarri, M. (2021). Brief on the role of the forest-based

Open Accss/
BIOPRODUGISOR A SUSTAINABLE BIOECONOMY

bioeconomy in mitigating climate change through carbon stor-

age and material substitution (No. JRC124374). European

Commission. https://publications.jrc.ec.europa.eu/repository/

handle/JRC124374?mode=full

Gundersen, P., Thybring, E. E., Nord-Larsen, T., Vesterdal, L.,
Nadelhoffer, K. J., & Johannsen, V. K. (2021). Old-growth for-
est carbon sinks overestimated. Nature, 591(7851), E21-E23.
https://doi.org/10.1038/s41586-021-03266-z

Gustavsson, L., Haus, S., Lundblad, M., Lundstrém, A., Ortiz, C. A.,
Sathre, R., Truong, N. L., & Wikberg, P.-E. (2017). Climate
change effects of forestry and substitution of carbon-intensive
materials and fossil fuels. Renewable and Sustainable Energy
Reviews, 67, 612-624. https://doi.org/10.1016/j.rser.2016.09.056

Gustavsson, L., Nguyen, T., Sathre, R., & Tettey, U. Y. A. (2021).
Climate effects of forestry and substitution of concrete buildings
and fossil energy. Renewable and Sustainable Energy Reviews,
136, 110435. https://doi.org/10.1016/j.rser.2020.110435

Gustavsson, L., Sathre, R., Leskinen, P., Nabuurs, G.-J., & Kraxner,
F. (2022). Comment on ‘Climate mitigation forestry-Temporal
trade-offs” Environmental Research Letters, 17(4), 048001.
https://doi.org/10.1088/1748-9326/ac57e3

Hadden, D., & Grelle, A. (2016). Changing temperature response of
respiration turns boreal forest from carbon sink into carbon
source. Agricultural and Forest Meteorology, 223, 30-38. https://
doi.org/10.1016/j.agrformet.2016.03.020

Hanewinkel, M., Cullmann, D. A,, Schelhaas, M.-J., Nabuurs, G.-J,,
& Zimmermann, N. E. (2013). Climate change may cause se-
vere loss in the economic value of European forest land. Nature
Climate Change, 3(3), 203-207. https://doi.org/10.1038/nclim
atel687

Harmon, M. E. (2019). Have product substitution carbon benefits
been overestimated? A sensitivity analysis of key assumptions.
Environmental Research Letters, 14(6), 065008. https://doi.
org/10.1088/1748-9326/ab1e95

Henttonen, H. M., N6jd, P., & Mikinen, H. (2017). Environment-
induced growth changes in the Finnish forests during
1971-2010—An analysis based on National Forest Inventory.
Forest Ecology and Management, 386, 22-36. https://doi.
0rg/10.1016/j.foreco.2016.11.044

Hogberg, P., Arnesson Ceder, L., Astrup, R., Binkley, D., Bright, R.,
Dalsgaard, L., Egnell, G., Filipchuk, A., Genet, H., Ilintsev,
A., Kurz, W.A., Laganiére, J., Lempriére, T., Lundblad, M.,
Lundmark, T., Mékipid, R., Malysheva, N., Mohr, C.W., Nordin,
A., Petersson, H., Repo, A., Schepaschenko, D., Shvidenko, A.,
Soegaard, G., and Kraxner, F. 2021. Sustainable boreal forest
management—Challenges and opportunities for climate change
mitigation. Report from an Insight Process conducted by a team
appointed by the International Boreal Forest Research Association
(IBFRA). Swedish Forest Agency Report No. 11 (2021). ISBN
978-91-986297-3-6.  https://www.skogsstyrelsen.se/globalasse
ts/om-oss/rapporter/rapporter-2021202020192018/rapport-
2021-11-sustainable-boreal-forest-management-challenges
-and-opportunities-for-climate-change-mitigation-002.pdf

Hogberg, P., Larsson, S., Lundmark, T., Moen, J., Nilsson, U., &
Nordin, A. (2014). Effekter av kvivegddsling pa skogsmark
Kunskapssammanstillning utford av SLU pd begiran av
Skogsstyrelsen. Rapport 1, pp 44s, Jonkoping. https://shopc
dn2.textalk.se/shop/9098/art21/21622621-7293fb-1857.pdf

Hogberg, P., Nasholm, T., Franklin, O., & Hogberg, M. N. (2017). Tamm
review: On the nature of the nitrogen limitation to plant growth


https://doi.org/10.1016/j.foreco.2019.117762
https://doi.org/10.14214/sf.1013
https://www.skogsstyrelsen.se/en/statistics/
https://doi.org/10.1038/s41467-021-21399-7
https://doi.org/10.1038/s41467-021-21399-7
https://fossilfrittsverige.se/en/roadmaps/
https://doi.org/10.1007/s10021-017-0210-4
https://doi.org/10.1016/j.ecolind.2015.05.028
https://doi.org/10.1016/j.ecolind.2015.05.028
https://doi.org/10.1111/gcb.12400
https://doi.org/10.1111/gcb.12400
https://doi.org/10.1016/j.forpol.2018.07.002
https://doi.org/10.1186/s13021-019-0123-y
https://publications.jrc.ec.europa.eu/repository/handle/JRC124374?mode=full
https://publications.jrc.ec.europa.eu/repository/handle/JRC124374?mode=full
https://doi.org/10.1038/s41586-021-03266-z
https://doi.org/10.1016/j.rser.2016.09.056
https://doi.org/10.1016/j.rser.2020.110435
https://doi.org/10.1088/1748-9326/ac57e3
https://doi.org/10.1016/j.agrformet.2016.03.020
https://doi.org/10.1016/j.agrformet.2016.03.020
https://doi.org/10.1038/nclimate1687
https://doi.org/10.1038/nclimate1687
https://doi.org/10.1088/1748-9326/ab1e95
https://doi.org/10.1088/1748-9326/ab1e95
https://doi.org/10.1016/j.foreco.2016.11.044
https://doi.org/10.1016/j.foreco.2016.11.044
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-2021202020192018/rapport-2021-11-sustainable-boreal-forest-management-challenges-and-opportunities-for-climate-change-mitigation-002.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-2021202020192018/rapport-2021-11-sustainable-boreal-forest-management-challenges-and-opportunities-for-climate-change-mitigation-002.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-2021202020192018/rapport-2021-11-sustainable-boreal-forest-management-challenges-and-opportunities-for-climate-change-mitigation-002.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-2021202020192018/rapport-2021-11-sustainable-boreal-forest-management-challenges-and-opportunities-for-climate-change-mitigation-002.pdf
https://shopcdn2.textalk.se/shop/9098/art21/21622621-7293fb-1857.pdf
https://shopcdn2.textalk.se/shop/9098/art21/21622621-7293fb-1857.pdf

IOENERGY _

PETERSSON ET AL.

R A SUSTAINABLE BIOECONOMY =3 - 18\ )
in Fennoscandian boreal forests. Forest Ecology and Management,
403, 161-185. https://doi.org/10.1016/j.foreco.2017.04.045

Holdaway, R. J., Easdale, T. A., Carswell, F. E., Richardson, S. J.,
Peltzer, D. A., Mason, N. W. H., Brandon, A. M., & Coomes,
D. A. (2017). Nationally representative plot network reveals
contrasting drivers of net biomass change in secondary and
old-growth forests. Ecosystems, 20(5), 944-959. https://doi.
0rg/10.1007/s10021-016-0084-x

Holmgren, P. (2021). Time to dispel The forest carbon debt illusion.
https://www.forestindustries.se/siteassets/dokument/rappo
rter/report-the-forest-carbon-debt-illusion2.pdf

Hudiburg, T. W., Law, B. E., Moomaw, W. R., Harmon, M. E., &
Stenzel, J. E. (2019). Meeting GHG reduction targets requires ac-
counting for all forest sector emissions. Environmental Research
Letters, 14(9), 095005. https://doi.org/10.1088/1748-9326/ab28bb

Hyvonen, R., Agren, G. I, Linder, S., Persson, T., Cotrufo, M. E.,
Ekblad, A., Freeman, M., Grelle, A., Janssens, I. A., Jarvis, P. G.,
Kellomaiki, S., Lindroth, A., Loustau, D., Lundmark, T., Norby,
R. I, Oren, R., Pilegaard, K., Ryan, M. G., Sigurdsson, B. D., ...
Wallin, G. (2007). The likely impact of elevated CO,, nitrogen
deposition, increased temperature and management on carbon
sequestration in temperate and boreal forest ecosystems: A lit-
erature review. New Phytologist, 173(3), 463-480. https://doi.
org/10.1111/j.1469-8137.2007.01967.x

IPCC 2006, 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, Prepared by the National Greenhouse Gas Inventories
Programme, Eggleston H.S., Buendia L., Miwa K., Ngara T. and
Tanabe K. (eds). Published: IGES, Japan. http://www.ipcc-
nggip.iges.or.jp/public/2006gl/index.htm

IPCC. (2013). Climate change 2013: The physical science basis.
Contribution of working group I to the fifth assessment report
of the intergovernmental panel on climate change [T. F. Stocker,
D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex, & P. M. Midgley (Eds.)]. Cambridge
University Press.

IPCC. (2019). Global warming of 1.5°C. An IPCC special report on
the impacts of global warming 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 erad-
icate poverty [V. Masson-Delmotte, P. Zhai, H.-O. Portner,
D. Roberts, J. Skea, P. R. Shukla, A. Pirani, W. Moufouma-
Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews,
Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M.
Tignor, & T. Waterfield (Eds.)]. Intergovernmental Panel on
Climate Change. In Press.

Jacobson, S., & Pettersson, F. (2010). An assessment of different
fertilization regimes in three boreal coniferous stands. Silva
Fennica, 44(5), 815-827. https://doi.org/10.14214/sf.123

Jonsson, A. M., Appelberg, G., Harding, S., & Birring, L. (2009).
Spatio-temporal impact of climate change on the activity and
voltinism of the spruce bark beetle. Ips typographus. Global
Change Biology, 15(2), 486-499. https://doi.org/10.1111/
j-1365-2486.2008.01742.x

Jonsson, B. G., Svensson, J., Mikusinski, G., Manton, M., &
Angelstam, P. (2019). European Union’s last intact Forest land-
scapes are at a value chain crossroad between multiple use and
intensified wood production. Forests, 10(7), 564. https://doi.
org/10.3390/f10070564

Jonsson, M., Bengtsson, J., Moen, J., Gamfeldt, L., & Snill, T. (2020).
Stand age and climate influence forest ecosystem service deliv-
ery and multifunctionality. Environmental Research Letters, 15(9),
0940a8. https://doi.org/10.1088/1748-9326/abaflc

Kallio, A. M. I, Solberg, B., Kiddr, L., & Pdivinen, R. (2018).
Economic impacts of setting reference levels for the forest
carbon sinks in the EU on the European forest sector. Forest
Policy and Economics, 92, 193-201. https://doi.org/10.1016/
j-forpol.2018.04.010

Kirvemo, S., Johansson, V., Schroeder, M., & Ranius, T. (2016). Local
colonization-extinction dynamics of a tree-killing bark beetle
during a large-scale outbreak. Ecosphere, 7(3), €01257. https://
doi.org/10.1002/ecs2.1257

Kauppi, P. E., Posch, M., & Pirinen, P. (2014). Large impacts of climatic
warming on growth of boreal forests since 1960. PLoS ONE,
9(11), €111340. https://doi.org/10.1371/journal.pone.0111340

Kauppi, P. E., Stél, G., Arnesson-Ceder, L., Hallberg Sramek, I., Hoen,
H. F., Svensson, A., Wernick, I. K., Hogberg, P., Lundmark, T.,
& Nordin, A. (2022). Managing existing forests can mitigate
climate change. Forest Ecology and Management, 513, 120186.
https://doi.org/10.1016/j.foreco.2022.120186

Keenan, R. J. (2015). Climate change impacts and adaptation in for-
est management: A review. Annals of Forest Science, 72(2), 145-
167. https://doi.org/10.1007/s13595-014-0446-5

Kelloméki, S., Peltola, H., Nuutinen, T., Korhonen, K. T., &
Strandman, H. (2008). Sensitivity of managed boreal forests
in Finland to climate change, with implications for adaptive
management. Philosophical Transactions of the Royal Society
of London B: Biological Sciences, 363(1501), 2339-2349. https://
doi.org/10.1098/rstb.2007.2204

Klapwijk, M. J., Boberg, J., Bergh, J., Bishop, K., Bjorkman, C.,,
Ellison, D., Felton, A., Lidskog, R., Lundmark, T., Keskitalo,
E. C. H,, Sonesson, J., Nordin, A., Nordstrom, E.-M., Stenlid,
J., & Marald, E. (2018). Capturing complexity: Forests,
decision-making and climate change mitigation action. Global
Environmental Change, 52, 238-247. https://doi.org/10.1016/
j-gloenvcha.2018.07.012

Koca, D., Smith, B., & Sykes, M. T. (2006). Modelling regional climate
change effects On potential natural ecosystems in Sweden.
Climatic Change, 78(2), 381-406. https://doi.org/10.1007/
$10584-005-9030-1

Leskinen, P., Cardellini, G., Gonzalez-Garcia, S., Hurmekoski, E.,
Sathre, R., Seppdld, J., Smyth, C., Stern, T., Verkerk, P. ., &
European Forest Institute. (2018). Substitution effects of wood-
based products in climate change mitigation. European Forest
Institute (EFI).

Lundblad, M. (2018). Underlag for en svensk bokforingsrapport for
brukad skogsmark inklusive skoglig referensnivd. SLU, Report,
SLU ID: SLU.ua.2018.2.6-3343. https://unfccc.int/docum
ents/271847

Lundblad, M., Petersson, H., Karltun, E., Wikberg, P.-E., & Bolinder,
M. (2021). KP-LULUCEF. In National Inventory Report Sweden
2021. Greenhouse Gas Emission Inventories 1990-2019 sub-
mitted under the United Nations Framework Convention
on Climate Change and the Kyoto Protocol (pp. 353-388).
Swedish Environmental Protection Agency. https://unfccc.int/
documents/271847

Lundmark, T., Bergh, J., Hofer, P., Lundstrom, A., Nordin, A., Poudel,
C. B, Sathre, R., Taverna, R., & Werner, F. (2014). Potential roles


https://doi.org/10.1016/j.foreco.2017.04.045
https://doi.org/10.1007/s10021-016-0084-x
https://doi.org/10.1007/s10021-016-0084-x
https://www.forestindustries.se/siteassets/dokument/rapporter/report-the-forest-carbon-debt-illusion2.pdf
https://www.forestindustries.se/siteassets/dokument/rapporter/report-the-forest-carbon-debt-illusion2.pdf
https://doi.org/10.1088/1748-9326/ab28bb
https://doi.org/10.1111/j.1469-8137.2007.01967.x
https://doi.org/10.1111/j.1469-8137.2007.01967.x
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.htm
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.htm
https://doi.org/10.14214/sf.123
https://doi.org/10.1111/j.1365-2486.2008.01742.x
https://doi.org/10.1111/j.1365-2486.2008.01742.x
https://doi.org/10.3390/f10070564
https://doi.org/10.3390/f10070564
https://doi.org/10.1088/1748-9326/abaf1c
https://doi.org/10.1016/j.forpol.2018.04.010
https://doi.org/10.1016/j.forpol.2018.04.010
https://doi.org/10.1002/ecs2.1257
https://doi.org/10.1002/ecs2.1257
https://doi.org/10.1371/journal.pone.0111340
https://doi.org/10.1016/j.foreco.2022.120186
https://doi.org/10.1007/s13595-014-0446-5
https://doi.org/10.1098/rstb.2007.2204
https://doi.org/10.1098/rstb.2007.2204
https://doi.org/10.1016/j.gloenvcha.2018.07.012
https://doi.org/10.1016/j.gloenvcha.2018.07.012
https://doi.org/10.1007/s10584-005-9030-1
https://doi.org/10.1007/s10584-005-9030-1
https://unfccc.int/documents/271847
https://unfccc.int/documents/271847
https://unfccc.int/documents/271847
https://unfccc.int/documents/271847

PETERSSON ET AL.

of Swedish forestry in the context of climate change mitigation.
Forests, 5(4), 557-578. https://doi.org/10.3390/£5040557

Luyssaert, S., Schulze, E.-D., Borner, A., Knohl, A., Hessenmdller,
D., Law, B. E,, Ciais, P., & Grace, J. (2008). Old-growth forests
as global carbon sinks. Nature, 455(7210), 213-215. https://doi.
org/10.1038/nature07276

Luyssaert, S., Schulze, E.-D., Knohl, A., Law, B. E., Ciais, P., & Grace,
J. (2021). Reply to: Old-growth forest carbon sinks overesti-
mated. Nature, 591(7851), E24-E25. https://doi.org/10.1038/
$41586-021-03267-y

Marklund, L. G. (1987). Biomass functions for Norway spruce
(Picea abies [L.] Karst.) in Sweden [biomass determination, dry
weight]. Rapport - Sveriges Lantbruksuniversitet, Institutionen
Foer Skogstaxering (Sweden). https://agris.fao.org/agris-search/
search.do?recordID=SE871150588

Martikainen, P., Siitonen, J., Kaila, L., Punttila, P., & Rauh, J. (1999).
Bark beetles (Coleoptera, Scolytidae) and associated beetle spe-
cies in mature managed and old-growth boreal forests in south-
ern Finland. Forest Ecology and Management, 116(1-3), 233—
245. https://doi.org/10.1016/S0378-1127(98)00462-9

Martikainen, P., Siitonen, J., Punttila, P., Kaila, L., & Rauh, J.
(2000). Species richness of Coleoptera in mature managed
and old-growth boreal forests in southern Finland. Biological
Conservation, 94(2), 199-209. https://doi.org/10.1016/S0006-
3207(99)00175-5

Matthews, R. (2020). Briefing Paper: The EU LULUCF Regulation:
Help or Hindrance to sustainable forest biomass use? (LULUCF
Regulation and Forest Biomass Use).

McMurtrie, R. E., Rook, D. A., & Kelliher, F. M. (1990). Modelling
the yield of Pinus radiata on a site limited by water and nitro-
gen. Forest Ecology and Management, 30(1-4), 381-413. https://
doi.org/10.1016/0378-1127(90)90150-A

Melin, Y., Petersson, H., & Nordfjell, T. (2009). Decomposition of
stump and root systems of Norway spruce in Sweden—A mod-
elling approach. Forest Ecology and Management, 257(5), 1445—
1451. https://doi.org/10.1016/j.foreco.2008.12.020

Misson, L., Tang, J., Xu, M., McKay, M., & Goldstein, A. (2005).
Influences of recovery from clear-cut, climate variability, and
thinning on the carbon balance of a young ponderosa pine
plantation. Agricultural and Forest Meteorology, 130(3-4), 207-
222. https://doi.org/10.1016/j.agrformet.2005.04.001

Nabuurs, G.-J., Delacote, P., Ellison, D., Hanewinkel, M., Hetemaki,
L., & Lindner, M. (2017). By 2050 the mitigation effects of EU
forests could nearly double through climate smart forestry.
Forests, 8(12), 484. https://doi.org/10.3390/{8120484

Nislund, M. (1947). Funktioner och tabeller for kubering av stdende
trdd (Report 36:3; Issue 36:3). https://pub.epsilon.slu.se/9900/

Nilsson, U., Fahlvik, N., Johansson, U., Lundstrom, A., & Rosvall,
0. (2011). Simulation of the effect of intensive Forest manage-
ment on Forest production in Sweden. Forests, 2(1), 373-393.
https://doi.org/10.3390/f2010373

Norby, R. J, Warren, J. M., Iversen, C. M., Medlyn, B. E., &
McMurtrie, R. E. (2010). CO, enhancement of forest productiv-
ity constrained by limited nitrogen availability. Proceedings of
the National Academy of Sciences of the United States of America,
107(45), 19368-19373. https://doi.org/10.1073/pnas.1006463107

Oni, S. K., Mieres, F., Futter, M. N., & Laudon, H. (2017). Soil
temperature responses to climate change along a gradient of
upland-riparian transect in boreal forest. Climatic Change,
143(1-2), 27-41. https://doi.org/10.1007/s10584-017-1977-1

BIOPRODUGISOR A SUSTAINABLE BIOECONOMY 21 ‘,‘ )

Petersson, H., Ellison, D., Appiah Mensah, A., Berndes, G., Egnell,
G., Lundblad, M., Lundmark, T., Lundstrém, A., Stendahl, J., &
Wikberg, P.-E. (2022). Description of data resources used to an-
alyze benefits of forest and forest resource-based substitution
and carbon storage in Sweden [Data set]. Zenodo. https://doi.
0rg/10.5281/ZENODO0.6390892

Petersson, H., & Stahl, G. (2006). Functions for below-ground bio-
mass of Pinus sylvestris, Picea abies, Betula pendula and Betula
pubescens in Sweden. Scandinavian Journal of Forest Research,
21 (S7), 84-93.https://doi.org/10.1080/14004080500486864

Pilli, R., Fiorese, G., & Grassi, G. (2015). EU mitigation potential of
harvested wood products. Carbon Balance and Management,
10(1), 6. https://doi.org/10.1186/s13021-015-0016-7

Pinto, G. A. S. J., Rousseu, F., Niklasson, M., & Drobyshey, 1. (2020).
Effects of human-related and biotic landscape features on
the occurrence and size of modern forest fires in Sweden.
Agricultural and Forest Meteorology, 291, 108084. https://doi.
org/10.1016/j.agrformet.2020.108084

Rebane, S., Jogiste, K., Poldveer, E., Stanturf, J. A., & Metslaid, M.
(2019). Direct measurements of carbon exchange at forest dis-
turbance sites: A review of results with the eddy covariance
method. Scandinavian Journal of Forest Research, 34(7), 585-
597. https://doi.org/10.1080/02827581.2019.1659849

Reich, P. B, Sendall, K. M., Stefanski, A., Rich, R. L., Hobbie, S. E., &
Montgomery, R. A. (2018). Effects of climate warming on photo-
synthesis in boreal tree species depend on soil moisture. Nature,
562(7726), 263-267. https://doi.org/10.1038/s41586-018-0582-4

Repo, A., Rajala, T., Henttonen, H. M., Lehtonen, A., Peltoniemi, M.,
& Heikkinen, J. (2021). Age-dependence of stand biomass in
managed boreal forests based on the Finnish National Forest
Inventory data. Forest Ecology and Management, 498, 119507.
https://doi.org/10.1016/j.foreco.2021.119507

Reyer, C. P. O., Bathgate, S., Blennow, K., Borges, J. G., Bugmann,
H., Delzon, S., Faias, S. P.,, Garcia-Gonzalo, J., Gardiner,
B., Gonzalez-Olabarria, J. R., Gracia, C., Hernandez, J. G.,
Kellomiki, S., Kramer, K., Lexer, M. J., Lindner, M., van der
Maaten, E., Maroschek, M., Muys, B., .. Hanewinkel, M.
(2017). Are forest disturbances amplifying or canceling out
climate change-induced productivity changes in European for-
ests? Environmental Research Letters, 12(3), 034027. https://doi.
0rg/10.1088/1748-9326/aa5efl

Roberts, C. M., O'Leary, B. C., & Hawkins, J. P. (2020). Climate
change mitigation and nature conservation both require higher
protected area targets. Philosophical Transactions of the Royal
Society B: Biological Sciences, 375(1794), 20190121. https://doi.
org/10.1098/rstb.2019.0121

Rodrigues, R., Pietzcker, R., Fragkos, P., Price, J., McDowall, W,
Siskos, P., Fotiou, T., Luderer, G., & Capros, P. (2022). Narrative-
driven alternative roads to achieve mid-century CO, net neu-
trality in Europe. Energy, 239, 121908. https://doi.org/10.1016/
j-energy.2021.121908

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V.,
Handa, C., Kheshgi, H., Kobayashi, S., Kriegler, E., Mundaca,
L., Séférian, R., & Vilarifio, M. V. (2019). Mitigation pathways
compatible with 1.5°C in the context of sustainable develop-
ment. Global warming of 1.5°C. An IPCC special report on the
impacts of global warming 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 cli-
mate change, sustainable development, and efforts to eradicate


https://doi.org/10.3390/f5040557
https://doi.org/10.1038/nature07276
https://doi.org/10.1038/nature07276
https://doi.org/10.1038/s41586-021-03267-y
https://doi.org/10.1038/s41586-021-03267-y
https://agris.fao.org/agris-search/search.do?recordID=SE871150588
https://agris.fao.org/agris-search/search.do?recordID=SE871150588
https://doi.org/10.1016/S0378-1127(98)00462-9
https://doi.org/10.1016/S0006-3207(99)00175-5
https://doi.org/10.1016/S0006-3207(99)00175-5
https://doi.org/10.1016/0378-1127(90)90150-A
https://doi.org/10.1016/0378-1127(90)90150-A
https://doi.org/10.1016/j.foreco.2008.12.020
https://doi.org/10.1016/j.agrformet.2005.04.001
https://doi.org/10.3390/f8120484
https://pub.epsilon.slu.se/9900/
https://doi.org/10.3390/f2010373
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1007/s10584-017-1977-1
https://doi.org/10.5281/ZENODO.6390892
https://doi.org/10.5281/ZENODO.6390892
https://doi.org/10.1080/14004080500486864
https://doi.org/10.1186/s13021-015-0016-7
https://doi.org/10.1016/j.agrformet.2020.108084
https://doi.org/10.1016/j.agrformet.2020.108084
https://doi.org/10.1080/02827581.2019.1659849
https://doi.org/10.1038/s41586-018-0582-4
https://doi.org/10.1016/j.foreco.2021.119507
https://doi.org/10.1088/1748-9326/aa5ef1
https://doi.org/10.1088/1748-9326/aa5ef1
https://doi.org/10.1098/rstb.2019.0121
https://doi.org/10.1098/rstb.2019.0121
https://doi.org/10.1016/j.energy.2021.121908
https://doi.org/10.1016/j.energy.2021.121908

IOENERGY _

PETERSSON ET AL.

BI R A SUSTAINABLE BIOECONOMY =3 - 18\ )

poverty [V. Masson-Delmotte, P. Zhai, H.-O. Pértner, D. Roberts,
J. Skea, P. R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan,
R. Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. Zhou,
M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, & T. Waterfield
(Eds.)]. Intergovernmental Panel on Climate Change. In Press.

Sabatini, F. M., Burrascano, S., Keeton, W. S., Levers, C., Lindner,
M., Potzschner, F., Verkerk, P. J., Bauhus, J., Buchwald, E.,
Chaskovsky, O., Debaive, N., Horvath, F., Garbarino, M.,
Grigoriadis, N., Lombardi, F., Marques Duarte, 1., Meyer, P.,
Midteng, R., Mikac, S., ... Kuemmerle, T. (2018). Where are
Europe's last primary forests? Diversity and Distributions., 24,
1426-1439. https://doi.org/10.1111/ddi.12778

Sabatini, F. M., Keeton, W. S., Lindner, M., Svoboda, M., Verkerk, P. J.,
Bauhus, J., Bruelheide, H., Burrascano, S., Debaive, N., Duarte,
I., Garbarino, M., Grigoriadis, N., Lombardi, F., Mikol4s,
M., Meyer, P., Motta, R., Mozgeris, G., Nunes, L., Odor, P, ...
Kuemmerle, T. (2020). Protection gaps and restoration opportu-
nities for primary forests in Europe. Diversity and Distributions,
26, 1646-1662. https://doi.org/10.1111/ddi.13158

Sandstrom, F., Petersson, H., Kruys, N., & Stdhl, G. (2007). Biomass
conversion factors (density and carbon concentration) by decay
classes for dead wood of Pinus sylvestris, Picea abies and Betula
spp. in boreal forests of Sweden. Forest Ecology and Management,
243(1), 19-27. https://doi.org/10.1016/j.foreco.2007.01.081

Santoro, M., Cartus, O., Carvalhais, N., Rozendaal, D. M. A,
Avitabile, V., Araza, A., de Bruin, S., Herold, M., Quegan, S.,
Rodriguez-Veiga, P., Balzter, H., Carreiras, J., Schepaschenko,
D., Korets, M., Shimada, M., Itoh, T., Moreno Martinez, A.,
Cavlovic, J., Cazzolla Gatti, R., ... Willcock, S. (2021). The global
forest above-ground biomass pool for 2010 estimated from high-
resolution satellite observations. Earth System Science Data,
13(8), 3927-3950. https://doi.org/10.5194/essd-13-3927-2021

Sathre, R., & O'Connor, J. (2010). Meta-analysis of greenhouse gas dis-
placement factors of wood product substitution. Environmental
Science & Policy, 13(2), 104-114. https://doi.org/10.1016/
j-envsci.2009.12.005

Schulze, E. D. (2018). Effects of forest management on biodiversity
in temperate deciduous forests: An overview based on central
European beech forests. Journal for Nature Conservation, 43,
213-226. https://doi.org/10.1016/j.jnc.2017.08.001

Schulze, E. D., Bouriaud, O., Irslinger, R., & Valentini, R. (2022). The
role of wood harvest from sustainably managed forests in the
carbon cycle. Annals of Forest Science, 79(1), 17. https://doi.
0rg/10.1186/s13595-022-01127-x

Seedre, M., Kopacek, J., Janda, P., Bace, R., & Svoboda, M. (2015).
Carbon pools in a montane old-growth Norway spruce ecosys-
tem in Bohemian Forest: Effects of stand age and elevation.
Forest Ecology and Management, 346, 106-113. https://doi.
org/10.1016/j.foreco.2015.02.034

Seidl, R., Schelhaas, M.-J., Rammer, W., & Verkerk, P. J. (2014).
Increasing forest disturbances in Europe and their impact on
carbon storage. Nature Climate Change, 4(9), 806-810. https://
doi.org/10.1038/nclimate2318

Senf, C., Buras, A., Zang, C. S., Rammig, A., & Seidl, R. (2020). Excess
forest mortality is consistently linked to drought across Europe.
Nature Communications, 11(1), 6200. https://doi.org/10.1038/
$41467-020-19924-1

Senf, C., & Seidl, R. (2021a). Mapping the forest disturbance re-
gimes of Europe. Nature Sustainability, 4(1), 63-70. https://doi.
0rg/10.1038/s41893-020-00609-y

Senf, C., & Seidl, R. (2021b). Storm and fire disturbances in Europe:
Distribution and trends. Global Change Biology, 27(15), 3605—
3619. https://doi.org/10.1111/gcb.15679

Shahbaz, M., AlNouss, A., Ghiat, I., Mckay, G., Mackey, H., Elkhalifa,
S., & Al-Ansari, T. (2021). A comprehensive review of biomass
based thermochemical conversion technologies integrated
with CO, capture and utilisation within BECCS networks.
Resources, Conservation and Recycling, 173, 105734. https://doi.
org/10.1016/j.resconrec.2021.105734

Sharma, T., Kurz, W. A., Stinson, G., Pellatt, M. G., & Li, Q. (2013).
A 100-year conservation experiment: Impacts on forest carbon
stocks and fluxes. Forest Ecology and Management, 310, 242—
255. https://doi.org/10.1016/j.foreco.2013.06.048

Sigurdsson, B. D., Medhurst, J. L., Wallin, G., Eggertsson, O., &
Linder, S. (2013). Growth of mature boreal Norway spruce was
not affected by elevated [CO,] and/or air temperature unless
nutrient availability was improved. Tree Physiology, 33(11),
1192-1205. https://doi.org/10.1093/treephys/tpt043

Skea, J., Shukla, P. R., Reisinger, A., Slade, R., Pathak, M., Khourdajie,
A. A., van Diemen, R., Abdulla, A., Akimoto, K., Babiker, M.,
Bai, Q., Bashmakov, 1., Bataille, C., Berndes, G., Blanco, G., Blok,
K., Bustamante, M., Byers, E., Cabeza, L. F.,, ... Winkler, H. (2022).
Climate change 2022: Mitigation of climate change. Summary for
policymakers. Working group iii contribution to the sixth assess-
ment report of the intergovernmental panel on climate change.
Intergovernmental Panel on Climate Change. https://report.ipcc.
ch/ar6wg3/pdf/TPCC_AR6_WGIII_SummaryForPolicymakers.pdf

Skytt, T., Englund, G., & Jonsson, B.-G. (2021). Climate mitigation
forestry-Temporal trade-offs. Environmental Research Letters,
16(11, 114037. https://doi.org/10.1088/1748-9326/ac30fa

Solberg, B., Kallio, M. I., Kdir, L., Pdivinen, R., & Pdivinen, R. (2019).
Grassi et al. miss their target. Forest Policy and Economics, 104,
157-159. https://doi.org/10.1016/j.forpol.2019.04.009

Stegmann, P., Londo, M., & Junginger, M. (2020). The circular bio-
economy: Its elements and role in European bioeconomy clus-
ters. Resources, Conservation & Recycling: X, 6, 100029. https://
doi.org/10.1016/j.rcrx.2019.100029

Stokland, J. N. (2021a). Volume increment and carbon dynamics
in boreal forest when extending the rotation length towards
biologically old stands. Forest Ecology and Management, 488,
119017. https://doi.org/10.1016/j.foreco.2021.119017

Stokland, J. N. (2021b). Reply: Volume increment and carbon dy-
namics in old boreal forests. Forest Ecology and Management,
495, 119326. https://doi.org/10.1016/j.foreco.2021.119326

Subramanian, N., Bergh, J., Johansson, U., Nilsson, U., & Sallnis,
0. (2015). Adaptation of Forest management regimes in south-
ern Sweden to increased risks associated with climate change.
Forests, 7(12), 8. https://doi.org/10.3390/£7010008

Swedish Ministry of the Environment. (2019). Revised National for-
estry accounting plan for Sweden [NFAP-SE]. Ministry for the
Environment. https://www.government.se/4a9f07/contentass
ets/730d6345a5d745b1bc5f084e2f00£ft7/revised-national-fores
try-accounting-plan-for-sweden

Tafarte, P., Kanngiefler, A., Dotzauer, M., Meyer, B., Grevé, A., &
Millinger, M. (2020). Interaction of electrical energy storage,
flexible bioenergy plants and system-friendly renewables in
wind- or solar PV-dominated regions. Energies, 13(5), 1133.
https://doi.org/10.3390/en13051133

Tamm, C. O. (1991). Nitrogen in terrestrial ecosystems (Vol. 81).
Springer. https://doi.org/10.1007/978-3-642-75168-4


https://doi.org/10.1111/ddi.12778
https://doi.org/10.1111/ddi.13158
https://doi.org/10.1016/j.foreco.2007.01.081
https://doi.org/10.5194/essd-13-3927-2021
https://doi.org/10.1016/j.envsci.2009.12.005
https://doi.org/10.1016/j.envsci.2009.12.005
https://doi.org/10.1016/j.jnc.2017.08.001
https://doi.org/10.1186/s13595-022-01127-x
https://doi.org/10.1186/s13595-022-01127-x
https://doi.org/10.1016/j.foreco.2015.02.034
https://doi.org/10.1016/j.foreco.2015.02.034
https://doi.org/10.1038/nclimate2318
https://doi.org/10.1038/nclimate2318
https://doi.org/10.1038/s41467-020-19924-1
https://doi.org/10.1038/s41467-020-19924-1
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1111/gcb.15679
https://doi.org/10.1016/j.resconrec.2021.105734
https://doi.org/10.1016/j.resconrec.2021.105734
https://doi.org/10.1016/j.foreco.2013.06.048
https://doi.org/10.1093/treephys/tpt043
https://report.ipcc.ch/ar6wg3/pdf/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf
https://report.ipcc.ch/ar6wg3/pdf/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf
https://doi.org/10.1088/1748-9326/ac30fa
https://doi.org/10.1016/j.forpol.2019.04.009
https://doi.org/10.1016/j.rcrx.2019.100029
https://doi.org/10.1016/j.rcrx.2019.100029
https://doi.org/10.1016/j.foreco.2021.119017
https://doi.org/10.1016/j.foreco.2021.119326
https://doi.org/10.3390/f7010008
https://www.government.se/4a9f07/contentassets/730d6345a5d745b1bc5f084e2f00fff7/revised-national-forestry-accounting-plan-for-sweden
https://www.government.se/4a9f07/contentassets/730d6345a5d745b1bc5f084e2f00fff7/revised-national-forestry-accounting-plan-for-sweden
https://www.government.se/4a9f07/contentassets/730d6345a5d745b1bc5f084e2f00fff7/revised-national-forestry-accounting-plan-for-sweden
https://doi.org/10.3390/en13051133
https://doi.org/10.1007/978-3-642-75168-4

PETERSSON ET AL.

Taylor, A. R., Boulanger, Y., Price, D. T., Cyr, D., McGarrigle, E.,
Rammer, W., & Kershaw, J. A. (2017). Rapid 21st century climate
change projected to shift composition and growth of Canada’s
Acadian Forest region. Forest Ecology and Management, 405,
284-294. https://doi.org/10.1016/j.foreco.2017.07.033

Tcvetkov, P., Cherepovitsyn, A., & Fedoseev, S. (2019). The chang-
ing role of CO, in the transition to a circular economy: Review
of carbon sequestration projects. Sustainability, 11(20), 5834.
https://doi.org/10.3390/su11205834

Ubando, A. T., Felix, C. B., & Chen, W.-H. (2020). Biorefineries in circu-
lar bioeconomy: A comprehensive review. Bioresource Technology,
299, 122585. https://doi.org/10.1016/j.biortech.2019.122585

Wikstrom, P., Edenius, L., Elfving, B., Eriksson, L. O., Limaés,
T., Sonesson, J., Ohman, K., Wallerman, J., Waller, C., &
Klintebidck, F. (2011). The Heureka Forestry Decision Support
System: An Overview. Mathematical and Computational
Forestry & Natural-Resource Sciences (MCFNS); Vol 3, No 2:
MCFNS August 28, 2011. http://mcfns.net/index.php/Journal/
article/view/MCFNS.3-87

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Petersson, H., Ellison, D.,
Appiah Mensah, A., Berndes, G., Egnell, G.,
Lundblad, M., Lundmark, T., Lundstrom, A.,
Stendahl, J., Wikberg, P-E (2022). On the role of
forests and the forest sector for climate change
mitigation in Sweden. GCB Bioenergy, 00, 1-21.
https://doi.org/10.1111/gcbb.12943



https://doi.org/10.1016/j.foreco.2017.07.033
https://doi.org/10.3390/su11205834
https://doi.org/10.1016/j.biortech.2019.122585
http://mcfns.net/index.php/Journal/article/view/MCFNS.3-87
http://mcfns.net/index.php/Journal/article/view/MCFNS.3-87
https://doi.org/10.1111/gcbb.12943

	On the role of forests and the forest sector for climate change mitigation in Sweden
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Scenarios at National Scale: Modelling of biomass, carbon flows and pools
	2.2|Scenarios for future forest management—­Scenario model specification

	3|RESULTS
	4|REPORTING AND ACCOUNTING RULES IMPACT ON MITIGATION INCENTIVES
	5|DISCUSSION
	5.1|Growth in older forests
	5.2|Can increased fertilization provide additional climate benefits?
	5.3|Consequences of a changing climate
	5.4|Substitution effects
	5.5|LULUCF in the EU climate policy framework

	6|CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


