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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 (CO2) 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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1  |  INTRODUCTION

Forests and the forest sector influence atmospheric car-
bon dioxide (CO2) concentrations through removing CO2 
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– 20 years (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 (Högberg 
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 LULUCF 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 LULUCF 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 CO2 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 CO2 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 CO2 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 (Wikström 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 m3/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; Näslund, 1947; Petersson & Ståhl, 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; Näslund,  1947; Petersson & 
Ståhl, 2006; Wikström et al., 2011). The dead wood state is 
measured on the plots (Lundblad et al., 2021; Sandström 
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 m3 harvested 
stem wood is assumed to result in 0.5, 1 and 1.5 tonnes of 
avoided CO2 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 MtCO2e/
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 (Ågren 
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  m3/ha/
year; around 23.4 Mha) and unproductive MFL (average 
growth <1 m3/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 15 kha/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 
20 years 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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will emerge, as well as a steady state on land set- asides 
after approximately 200 years. 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 10 years before final felling (Högberg 
et al., 2014; Jacobson & Pettersson, 2010). The simulated 
fertilized area is thus about 200 kha 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 150 kg N/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 200 years 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 Mm3/year. 
After 200 years, 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 Mm3/
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 85 Mm3/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 Mm3/year, from peak to perpetuity (a loss of 
3.8 m3/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 200 years, 
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 

T A B L E  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

Positive Climate Effects on 
Growth

Growth based on IPCC RCP 4.5 
scenario
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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 200 years, the long- term harvest increases to ap-
proximately 112 Mm3/year (Figure  1), or approximately 
13 Mm3/year more than in the maximum potential har-
vest scenario (and about 27 Mm3/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 (57 Mm3/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 Mm3/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 (MtCO2e/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 MtCO2e/year) than in the 
increased nature conservation scenario (−85.6  MtCO2e/
year). The climate benefit from the maximum potential 
harvest scenario is −99.5 MtCO2e/year from peak to per-
petuity, an amount greater than the benefit from increased 
nature conservation by −14 MtCO2e/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  m3 to 1 tonne CO2e). 
Depending on the assumed rate of substitution, projected 
outcomes for the total annual net forest- related impact on 

F I G U R E  1  The simulated cumulative stem volume [Mm3] stored in MFL forests, cumulative harvest and (decomposed) cumulative 
mortality over a period of 200 years, assuming that 100% harvest of net growth in MFL is used for wood supply and no harvest in preserved 
forests. In all scenarios, after 200 years, 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 200 years, the yearly additional growth for harvest remains linearly constant
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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.T
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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 MtCO2e/year in UNFCCC reporting benefits 
and −1.1  MtCO2e/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  MtCO2e/year, 
while the maximum potential harvest scenario provides 
−99.5  MtCO2e/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 

F I G U R E  2  Total annual estimated net carbon sequestration and substitution, selected scenarios (2015– 2195). The scenarios include 
changes in all carbon pools (see Table 2) and substitution for three different assumed substitution effects (0.5, 1 and 1.5 tonne CO2e per m3 
stem wood)
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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 100 years 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, 

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.

F I G U R E  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 m3 stem wood roughly corresponds to 1.4 tonnes CO2e). 
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 
et al., 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 30 years 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) (Högberg 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 CO2 uptake, whereas parks with large shares of 
younger forests, due to natural disturbances, have reduced 
but still large C stocks and comparatively high annual CO2 
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 
CAI 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 | Can increased fertilization provide 
additional climate benefits?

Although the increased fertilization scenario increased 
growth from about 99 (maximum potential harvest sce-
nario) to about 112 Mt CO2e/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 10 years before final fell-
ing. Gustavsson et al. (2021), however, have investigated 
a more intensive fertilization scenario in which growth 
increased by 40% after 100 years. 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; Kellomäki 
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 CO2 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 (Hyvönen 
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 (Björkman 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; Jönsson et al.,  2009; 
Kärvemo 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 m3 to 0.5 tonne CO2e), 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- à- 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– 0.75 tonnes CO2e/m3 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 3.83 tonnes CO2e/1  m3), with an average of 
0.9 tonnes CO2e/1 m3 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), 
it ignores the substitution- related benefits of the HWP and 
bioenergy- based avoided emissions accounted outside the 
LULUCF 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 LULUCF 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 20 years (EU, 2018/841). 
Because new forest growth can only be accounted for the 
first 20 years 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 CO2, 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  MtCO2e/year from peak to perpetuity. The total 
net carbon sequestration impact of Swedish LULUCF 
during the second commitment period is approximately 
−49 MtCO2e/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.
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