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Abstract 15 

Long-standing debate over the benefits of forest conservation vs. those of forest resource use and 16 
substitution continue to occupy attention in Europe and beyond. To study this question, we 17 
simulate the short- and long-term consequences for atmospheric greenhouse gas (GHG) 18 
concentrations of different forest management strategies and forest product uses in Sweden. We 19 
compare the projected short- and long-term consequences of increasing forest use vs. increasing 20 
land set-asides. In all scenarios but one, forest management for wood production results in higher 21 
net GHG reduction than the alternative to set-aside forests for conservation. In all scenarios, 22 
annual carbon dioxide (CO2) sequestration rates in conservation forests decline as maturing 23 
forests eventually reach a steady state, while they rise in all other forest management strategies. 24 
Thus, there is an apparent tradeoff between wood production and nature conservation. Forest set-25 
asides are associated with sizable long-term opportunity costs corresponding to the foregone 26 
wood production capacity. Retained in the circular bioeconomy system over the long-term, forest 27 
management for wood production eventually stabilizes at significantly higher amounts than a 28 
management system which promotes greater shares of forest protection and conservation. In all 29 
cases, the long-term mitigation gains from wood production are cumulative and significant. 30 
Likewise, the indicative level of wood supply for biobased production that can be maintained 31 
without causing systematic loss in land carbon stocks is large. Such long-term consequences, 32 
however, are not properly accounted for in the European Union’s (EU’s) legislative LULUCF 33 
(Land Use, Land-Use Change and Forestry) carbon accounting framework, which effectively 34 
encourages land set-asides at the expense of forest wood production capacity.  35 

Keywords:	Substitution, Conservation, Mitigation, Adaptation, Forest, LULUCF, Land Set-36 
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Introduction	40 
Sweden aims to become a fossil-free welfare society with net zero GHG emissions by 2045 and 41 
negative emissions thereafter. Biomass is already the largest energy source in Sweden and a 42 
nation-wide initiative to develop business sector roadmaps towards a fossil-free future1 indicates 43 
that biomass-based solutions are increasingly being considered. Most of this biomass is expected 44 
to come from forests. The European Union (EU), on the other hand, seems intent on restricting 45 
forest use and on reducing, or at the very least restricting, further increases in forest use intensity 46 
(Grassi et al., 2019; Matthews, 2020).  47 
 48 
Forests and forestry influence atmospheric carbon dioxide (CO2) concentrations through 49 
removing CO2 from the atmosphere and storing carbon in forest biomass and forest products 50 
(Pilli et al., 2015). Forestry also affects atmospheric CO2 concentrations through forest processes 51 
that return carbon to the atmosphere, i.e., respiration and combustion. Further, greenhouse gas 52 
(GHG) savings arise when forest products substitute other products which cause GHG emissions, 53 
such as cement, steel and fossil fuels (Gustavsson et al., 2017; Lundmark et al., 2014; Sathre & 54 
O’Connor, 2010). There is an apparent tradeoff between the objectives of storing carbon in the 55 
forest, on the one hand, and harvesting wood to produce forest products, on the other. These two 56 
objectives, however, are not mutually exclusive and forest management decisions reflect the 57 
balancing of these and other objectives.  58 
 59 
How best to balance forest carbon storage and wood production with respect to the climate has 60 
long been a subject of debate and scientific discussion (Cowie et al., 2021a; Eriksson & 61 
Klapwijk, 2019; Klapwijk et al., 2018). Forest owners tend to favor the harvesting of wood to 62 
produce forest products, while more nature-oriented groups tend to favor conservation, 63 
facilitating forest carbon storage and improving biodiversity (Eriksson & Klapwijk, 2019). 64 
Disagreements may also arise due to opposing views concerning short- term vs. long-term 65 
climate objectives, expectations concerning society’s future dependence on carbon-based energy 66 
and materials, and whether these needs can be met in climate friendly ways without using 67 
biomass (Cowie et al., 2021b; Gustavsson et al., 2017, 2021).   68 
 69 
A range of additional concerns compound the relative emphasis on natural and production 70 
forests, including; employment and income generation (Nambiar 2019; Li, Mei, and Linhares-71 
Juvenal 2019), bioeconomy development (Toivonen et al., 2021), leakage effects (Kallio & 72 
Solberg, 2018; Solberg et al., 2019; Grassi et al., 2018), biodiversity (Parrotta et al., 2012), forest 73 
resilience (Liang et al., 2016; Oliver et al., 2015), the role of services for conducting business 74 
(Näyhä Annukka et al., 2015; Pelli et al., 2017) and the preservation and protection of natural 75 
habitat and wildlife corridors to assist species survival and migration (Dinerstein et al., 2019; 76 
Jonsson et al., 2019). Continued debate surrounds the amounts of set-aside forests required to 77 
ensure the protection of wildlife habitats and wild species (Dinerstein et al., 2019; Ellis, 2019; 78 
Roberts et al., 2020) with some studies identifying important, frequently neglected weaknesses to 79 
arguments in favor of set-asides (Schulze, 2018).  80 
 81 
In the current study, we assess how different forest management strategies in Sweden influence 82 
the forest carbon stock and wood harvest over time. Forest management strategies are discussed 83 

 
1 22 roadmaps produced so far, see https://fossilfrittsverige.se/en/roadmaps/.  
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in relation to their climate change mitigation potential, while possible climate change impacts on 84 
forests are also considered. More specifically, the study aims to analyze: 85 
 86 

• the role of forests and forestry by comparing how atmospheric change in CO2 87 
concentrations are affected both by storage in forests, in forest products (HWP) and 88 
substitution over different time scales (given a fixed management system) 89 

• forest protection, nature conservation and their long-term impacts on forest-based climate 90 
change mitigation 91 

• the potential for improved forest management to sustainably increase net CO2 92 
substitution and removals 93 

• the potential benefits and/or increased risks associated with a changing climate (we 94 
simulate both positive and negative climate effects on growth based on the rise in global 95 
temperatures and potential nutrient deprivation)  96 

• the difference between the real effect of forests and forestry on atmospheric CO2 97 
concentrations and the reported and accounted climate reporting estimates implied by 98 
different accounting frameworks 99 

 100 
 101 
Materials	and	Methods	102 
 103 
Forest management in Sweden 104 
Forest management in Sweden involves harvesting (final felling) about 1% or less of total 105 
Managed Forest Land (MFL) per year and legally requires immediate, active regeneration after 106 
harvest (Forest agency 2020a; Forest agency 2020b). Tree species composition has not been 107 
significantly altered over the course of the 20th century (Forest statistics 2021), but there is 108 
concern about a gradual decline in the area of virgin old growth forests (B. G. Jonsson et al., 109 
2019) and that the targeting of biologically young stands for harvest will limit delivery of several 110 
ecosystem services, resulting in less multifunctional forest (M. Jonsson et al., 2020). In parallel 111 
with increasing wood harvesting levels, forest management has resulted in significant increases 112 
in forest carbon stocks. Following a historic period of declining forest resources, forests in 113 
Sweden have continuously accumulated carbon since the early 1920s, resulting in more than a 114 
doubling of carbon stocks over the past century (Forest statistics 2021). The focus on forest 115 
policies and management strategies has over time integrated securing wood supply for the forest 116 
industry with other objectives, such as climate change mitigation and adaptation, biodiversity 117 
conservation, social aspects and water resource management (Eriksson et al., 2018).   118 
 119 
As highlighted in Figure 1, forest stands are traditionally harvested when annual growth rates 120 
decline and mean annual carbon accumulation rates begin to plateau (Eriksson, 1976).  121 
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 122 
 123 
Figure 1: Measured Development of Mean Annual and Current Annual Increment in three common Norway spruce stands (1 m3 stem 124 
wood roughly corresponds to 1.4 tonnes CO2e, SI = Site Index and refers to tree height at 100 years).  125 
Note: After stand establishment, a tree stand first grows slowly, then more rapidly, then peaks, and after this point the growth rate begins to 126 
decline (see e.g., Eriksson 1976; Figure 1). The optimal rotation period which maximizes growth occurs when the MAI line crosses the CAI line. 127 
Growth will be lost if harvest occurs before or after this optimization point. Current annual increment (CAI) is the total annual growth in any 128 
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 129 
divided by the stand age. 130 
 131 
For a given site (site index) in Sweden, the optimal harvest should occur after the year in which 132 
growth culminates. The optimal rotation period is the period which maximizes growth (or carbon 133 
uptake) in trees. On average, this occurs after approximately 100 years of growth and carbon 134 
sequestration (later in the North and earlier in the South). After this peak, each additional year of 135 
forest growth sequesters less additional carbon. Over time, failure to harvest is therefore assumed 136 
to yield declining amounts of additional biomass and slowing rates of carbon uptake. In the long 137 
term, and given an approximately even-aged stand distribution, carbon uptake will eventually 138 
become equal to decomposition rates, yielding a steady state, net zero rate of carbon 139 
sequestration. Over time, older standing forests therefore provide no significant climate benefit. 140 
 141 
In principle, forestry is considered an atmospherically acceptable practice because wood supply 142 
is ideally and traditionally harvested when annual growth rates slow and mean annual carbon 143 
accumulation rates begin to plateau (H. Eriksson, 1976). In place of the harvested wood supply, 144 
forests are immediately and actively regenerated and begin accumulating and sequestering 145 
additional carbon from the atmosphere. Young forests rapidly increase overall rates of carbon 146 
sequestration. Growth rates can further be improved by introducing new, fast-growing species, 147 
with genetic improvements in native species, fertilization, intensive forest management and 148 
planting density modifications. Given an even-aged stand distribution, constant fertility over the 149 
forest landscape and harvest at the optimal rotation period for all stands, net tree growth will 150 
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eventually stop increasing (saturation point). This point defines a steady state equilibrium where 151 
tree growth and harvest removals are balanced and equal. Though both equilibria described 152 
above can be affected by “natural disturbances” (ND) such as insect attacks, wildfires and storms 153 
(Forzieri et al., 2021; Senf et al., 2020; Senf & Seidl, 2021a, 2021b), the concept of a more or 154 
less stable, long-term equilibrium remains relevant.  155 
 156 
Because net rates of carbon sequestration decline over time, it is preferable to harvest growth, 157 
store it in long-lived HWPs and use forest residues for bioenergy production. Following a 158 
cascading model, both long and short-lived HWP’s should be recycled as many times as possible 159 
and should also be used at the end of their life cycle for bioenergy production. Directly after 160 
felling, there is a net loss of carbon as harvest residues left on site decay. But regrowing forest 161 
turns into an increasingly strong net sink after a couple of decades. Growth rates can further be 162 
improved by introducing new, fast-growing species, via genetic improvements in native species, 163 
fertilization, forest thinning and planting density modifications.  164 
 165 
Scenarios for future forest management 166 
To study the cumulative climate impacts of harvest and standing forest-based stocks over time in 167 
Sweden, future developments are simulated using five different scenarios. The total Managed 168 
Forest Land (MFL) area is estimated at 27 Million hectares (Mha) in 2010. MFL is subdivided 169 
into productive MFL (average growth>1 m3/ha/yr; around 23 Mha) and unproductive MFL 170 
(average growth <1 m3/ha/yr, around 4.0 M ha). Productive forests are separated into 20 Mha of 171 
forests used for wood supply and another 3.6 Mha of formally and voluntarily protected forests 172 
in which harvest is not permitted. Low productive forests covering another 4 Mha are also 173 
considered “protected”. Thus, a total of 7.6 Mha of forest are currently protected and excluded 174 
from harvest.  175 
 176 
We focus on MFL defined as forest land remaining forest land (e.g., Lundblad et al. 2019), i.e., 177 
we include land use conversions to forest land and exclude forest land converted to other land 178 
use categories. Land transitions from and to MFL are simulated based on the average conversion 179 
rate over the period 1990-2017 (Lundblad et al. 2019; afforestation rates are approximately 15 180 
kha/yr and deforestation rates 11 kha/yr). Land actively converted to forested land is first 181 
classified as Afforested Land for 20 years and thereafter included under MFL. Land actively 182 
converted from MFL is immediately considered and reported as Deforested Land for 20 years 183 
and thereafter reported in the land category it was converted to.  184 
 185 
In all scenarios, we assume 100 % of the growth on productive MFL used for wood supply, 186 
minus self-mortality, is harvested. We assume zero harvest in protected forests. We further 187 
assume an equilibrium stem volume (biomass) will emerge, as well as a steady state on land set-188 
asides after approximately 200 years.  189 
 190 
Table 1: Scenarios and Assumptions 191 

 192 
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 193 
In the maximum potential harvest scenario, areas of different land-use classes as well as 194 
management practices (excluding harvest intensity) are assumed to simulate the conditions 195 
specified by the Forest Agency for the period 2000-2009 (Forest Agency 2008; Claesson et al. 196 
2015; Forest Agency 2015). To study the consequences of setting aside additional MFL for 197 
nature conservation, we assume an additional 3.7 Mha of mainly productive MFL is set aside for 198 
nature conservation in the simulation. This amount is equivalent to approximately 18.5% of 199 
currently available, productive MFL, bringing the total protected forest area to 11.3 Mha. In the 200 
increased nature conservation scenario, except for the area set aside for nature conservation, all 201 
parameters remain the same as in the maximum potential harvest scenario. (Under regulation 202 
(EU) 2018/841, set aside forests will still be reported and accounted under MFL). 203 
 204 
To study the consequences of increased investments in forestry on net removals in carbon pools 205 
and substitution of fossil fuel-based alternatives, we simulate the improved forest management 206 
scenario. Since the lack of nitrogen limits growth in Boreal forests, this scenario primarily 207 
involves fertilization. This model specification presents a moderate fertilization scenario 208 
approximating traditional fertilization practices on a larger area, but within the legal fertilization 209 
guidelines (intended to promote biodiversity). The simulated fertilized area is thus about 200 kha 210 
per year or approximately 1% of productive MFL, roughly 7 times more fertilization than 211 
assumed in the other scenarios. This strategy primarily targets middle aged/older coniferous 212 
forests. The simulated fertilization thus considers the effect of adding 150 kg N/ha (ammonium 213 
nitrate) per occasion, in a five-year cycle. Apart from fertilization, all other parameter settings 214 
are identical with the maximum potential harvest scenario. 215 
 216 
To study the potential risks of negative climate effects on growth, net removals in carbon pools 217 
and assumed substitution of fossil fuel-based alternatives, we modify the maximum potential 218 
harvest scenario by assuming a doubling in natural mortality. For the negative climate effects on 219 
growth scenario, all other parameter settings remained identical (currently mortality is estimated 220 
at around 11% of the growth in Sweden; Forest statistics 2021). To estimate the potential 221 
consequences of positive climate effects on tree growth, we use the corresponding IPCC RCP 4.5 222 
pathway (IPCC, 2013) to simulate the positive climate effects on growth scenario. In both the 223 
negative and positive climate effects scenarios, all other parameter settings remain identical. 224 
 225 
For all scenarios, the initial state is set by adopting the existing measured data on the permanent 226 
sample plots of the Swedish National Forest Inventory (NFI) in 2010 (Fridman et al., 2014). The 227 
Swedish NFI employs area-based sampling on 30,000 permanent sample plots and each sample 228 
plot measures 10 m in radius. All plots together represent the total land and freshwater area of 229 
Sweden. The NFI is an annual, systematic cluster-sample inventory organized as a systematic 230 
grid of sample clusters. The square-shaped clusters are distributed in a denser pattern in the 231 
southern than in the northern part of the country. Each cluster consists of four to eight sampling 232 
plots. Each sample plot is occasionally delineated into more than one land use category. A 233 
variety of tree, stand and site variables are registered on the plots. On each plot, all trees with 234 
DBH >= 4 cm are calipered, height is measured and damages recorded on sample trees. Dead 235 
wood with diameter >= 10 cm is calipered and stumps are measured (Marklund, 1987; Näslund, 236 
1947; Petersson & Ståhl, 2006)). Land use is assessed in the field with the help of site and stand 237 
variables and the existing vegetation cover.  238 
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 239 
Modelling of biomass, carbon flows and pools 240 
The NFI data used to simulate these scenarios consists of the following parameters. Stem volume 241 
and living tree biomass in 2010 is estimated with the help of allometric models (Marklund, 1987; 242 
Näslund, 1947; Petersson & Ståhl, 2006; Wikström et al., 2011). The dead wood state is 243 
measured on the plots (Sandström et al., 2007; (Lundblad et al., 2019). Changes in carbon pools 244 
(living biomass, dead wood, stumps, litter, soil and HWP) are estimated using the stock 245 
difference method (Eggleston et al., 2006). Inflows to the HWP-pool are estimated based on 246 
simulated harvest. For the substitution effect, harvested roundwood is assumed to yield logging 247 
residues for direct bioenergy use. All forest industry processing residues, including a 248 
representative share of tops and branches, are assumed used for bioenergy. Since there is 249 
considerable debate regarding appropriate substitution factors, we estimate a range, where one 250 
m3 harvested stem wood is assumed to result in 0.5, 1 and 1.5 tonnes of avoided CO2-emissions 251 
per cubic meter of harvested roundwood (Leskinen et al., 2018; Lundmark et al., 2014). We 252 
return to the debate on substitution factors in the Discussion. Other emissions (Tables 4(I) to 253 
4(V); (Eggleston et al., 2006)) are generally minor (under Swedish conditions) and were assessed 254 
as a constant emission of 0.096 MtCO2e/yr for all years and scenarios. 255 
 256 
The Heureka decision support system simulates the future given initial natural resources, 257 
biological limitations on growth (measured on the plots) and assumptions about forest 258 
management practices (Wikström et al., 2011). The specification of forest management between 259 
two consecutive points in time may include: e.g., fertilization, harvest type and intensity, 260 
regeneration type and areas set aside for nature conservation. We model ingrowth, growth (with 261 
varying growth equations for young stands, productive forests, unproductive stands (growth less 262 
than 1 m3/ha/yr) and natural mortality. The models are empirical in character and build primarily 263 
upon data from the NFI. An algorithm (based on forest owner behavior identified on NFI sample 264 
plots) was used to select stands for harvest. 265 
 266 
Changes in pools for dead wood, litter and soils were modeled using the Q-model (Ågren et al., 267 
1996). The Q-model is a process-based model built on empirical data. The inflow of organic 268 
material is assumed to originate from dead organic matter after harvest, natural mortality and 269 
from non-tree vegetation. Model parametrisation settings for 4 Swedish climatic regions were 270 
applied. For the initiation of the model, carbon stock level estimates from the Swedish Forest 271 
Soil Inventory were assumed to be close to steady state with organic matter input at the first 272 
period. A 20-year spin-up period was also used. Inflow/turnover rates were modelled for 273 
branches, needles and root fractions and constants assessed for grasses, herbs, shrubs, mosses 274 
and lichens. Inflows from harvest residues were estimated per fraction of needles, branches, 275 
stems, tops, stumps and roots, and excluded stemwood. In Sweden, roundwood is harvested. But 276 
a minor share of the stems is left on harvest sites. A proportion (equivalent to approximately 10 277 
TWh) of tops and branches are also harvested for bioenergy. Stumps are not extracted. Natural 278 
mortality is empirically modeled. Stumps and harvest residues are assumed to decompose at an 279 
annual rate of 4.6% (Melin et al., 2009) and 15% (Lundblad et al. 2019), respectively. The Q-280 
model is only applied to mineral soils and emissions from drained organic soils are estimated 281 
using activity data (area multiplied by emission factors, Lundblad et al. 2019). Different 282 
emission factors are used per nutrient status and climate region (Lundblad et al. 2019). 283 
 284 

285 
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Results	286 
 287 

 288 
Figure 2) The simulated cumulative stem volume [Mm3] stored in MFL forests, cumulative harvest and (decomposed) cumulative 289 
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 290 
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preserved forests. Note that stand age on the x-axis is represented in mirrored directions in the left- and right-hand figures. In all scenarios, after 291 
200 years, cumulative harvest is greater than storage. From a pure climate perspective, if harvest is used for substitution or stored (where no 292 
decomposition occurs), harvesting mature trees and using maximum potential harvest provides greater climate benefits than storing carbon in 293 
standing forests. This is explained by the higher mortality in protected forests (as represented by the increased nature conservation and maximum 294 
potential harvest scenarios). The improved forest management scenario simulates the possibility that intensive forest management may increase 295 
the climate benefits associated with forest use. Finally, the negative and positive climate effects on growth scenarios simulate outcomes 296 
depending on whether climate change is negative or positive for tree growth. Since 100% of the net growth is harvested, after peaking at 200 297 
years, the yearly additional growth for harvest remains linearly constant. The differences in the magnitude of the positive volumes are primarily 298 
explained by variation in mortality rates. 299 
 300 
The maximum potential harvest scenario (Figure 2; upper right-hand panel) finds that after 301 
around 200 years both stocks (storage) and growth become linear, reflecting our equilibrium 302 
predictions. This occurs because we assume 100 % harvest of the net growth on MFL and 0 % 303 
harvest in protected forests. After peaking, the constant annual sustainable harvest is estimated at 304 
99 Mm3/yr. After 200 years, approximately two forest rotation periods, the cumulative harvest is 305 
4.3 times greater than stocks (we assume mortality, due to decomposition, is emitted to the 306 
atmosphere). Total gross growth is estimated at 119 Mm3 per year, similar to current gross 307 
growth in Sweden (Forest statistics 2021). Assuming forests remain viable over the very long-308 
term, this relationship will continue in a linear fashion over time. 309 
 310 
The increased nature conservation scenario (Figure 2 upper left-hand panel), on the other hand, 311 
finds that, after peaking, the constant annual sustainable harvest (growth) is estimated at 85 312 
Mm3/yr. The long-term loss from setting aside an additional 3.7 Mha of productive forest land 313 
for nature conservation compared to the maximum potential harvest scenario is 14 Mm3/yr, from 314 
peak to perpetuity (a loss of 3.8 m3/ha/yr of additional forest growth per year over the entire 315 
scenario period). Since the two scenarios generate similar total amounts of forest growth, after 316 
200 years estimated stocks + cumulative mortality + cumulative harvests were not significantly 317 
different. An important share of the growth in the increased nature conservation scenario, 318 
however, is lost to cumulative mortality and eventually becomes an emission. In the maximum 319 
potential harvest scenario, on the other hand, it is never really lost. In the increased nature 320 
conservation scenario, more volume is also stored in the forest and harvest is smaller than in the 321 
maximum potential harvest scenario. 322 
 323 
The improved forest management scenario (Figure 2, second left-hand panel) finds that, after 200 324 
years, the long-term harvest increases to approximately 112 Mm3/yr (Figure 2, second left-hand 325 
panel), or approximately 13 Mm3/yr more than in the maximum potential harvest scenario (and 326 
about 27 Mm3/yr greater than in the increased nature conservation scenario). As noted above, 327 
however, since significant restrictions on the use of fertilization apply, fertilization is only 328 
simulated on about 1% of available MFL. This point raises interesting questions about the 329 
possible outcome of greatly increasing MFL fertilization rates.   330 
 331 
The negative climate effects on growth (Figure 2, third left-hand panel) and the positive climate 332 
effects on growth (Figure 2, fourth left-hand panel) scenarios both suggest powerful impacts on 333 
forest-based mitigation potential. After 200 years, total sustainable harvest growth was 334 
significantly lower under the negative climate effects on growth scenario (57 Mm3/yr) and 335 
emissions from mortality were higher. On the other hand, the positive climate effects on growth 336 
scenario, primarily because this scenario affects all MFL equally, resulted in the highest 337 
sustainable harvest levels and the largest cumulative impact (137 Mm3/yr).  338 
 339 
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Table 2: Total climate benefit across carbon pools for two scenarios given “1 to 1” substitution. (The shaded year refers to reporting 340 
under EU/2018/841 for the period 2021-2025). 341 

 342 
 343 
Table 2 provides more detailed information on the direct climate impact/benefit of change across 344 
all carbon pools in the increased nature conservation and maximum potential harvest scenarios 345 
over the same 200-year period, but expressed in terms of their climate impact in carbon 346 
equivalents (MtCO2e/yr). In the short-term (i.e., by 2025) the climate benefits are similar in both 347 
scenarios. However, in the long-term, i.e., after the carbon pools peak within a period of 348 
approximately 200 years, significant differences arise between the two scenarios. In this case, the 349 
climate benefit in the maximum potential harvest scenario is 16% greater per year (-99.5 350 
MtCO2e/yr) than in the increased nature conservation scenario (-85.6 MtCO2e/yr). The climate 351 
benefit from the maximum potential harvest scenario is represented by net removals of -99.5 352 
MtCO2e/yr from peak to perpetuity, an amount greater than carbon removals in the increased 353 
nature conservation scenario by -14 MtCO2e/yr. Setting aside an additional 3.7 Mha MFL for 354 
nature conservation thus reduces the growth/harvest cycle in the circular bioeconomy, thereby 355 
impacting future mitigation opportunities. 356 
	357 
The results in Table 2 are further sensitive to the assumed substitution effect (here 1 m3 to 1 358 
tonne CO2e). Depending on the assumed rate of substitution, projected outcomes for the total 359 
annual net forest-related impact on climate change mitigation vary dramatically (see Figure 3). In 360 
most cases, however, the short-term impact of setting aside an additional 3.7 Mha of land for 361 
nature conservation is relatively minor compared to the long-term impact of forest use, carbon 362 
sequestration in long-lived products and substitution. Only in the most conservative case (1 to 363 
0.5), is the additional carbon sequestration in standing forests simulated by the increased nature 364 
conservation scenario greater in the short-term than the sequestration/substitution impact of 365 
maximum potential harvest. The difference in impact is measured as the space between the 366 
increased nature conservation impact (blue line) and the maximum potential harvest impact 367 
(green line). As the estimated sequestration/substitution impact increases in size, however, the 368 
respective substitution benefits of maximum potential harvest increase relative to increased 369 
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nature conservation. (In the discussion section we further elaborate the logic behind different 370 
estimated substitution impacts). 371 
 372 

 373 
Figure 3) Total Annual Estimated Net Carbon Sequestration and Substitution, Selected Scenarios (2015-2195). The scenarios include 374 
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 375 
m3 wood). (Observe that, generally, annual removals decline over time for all scenarios.  376 
The positive climate effects on growth and improved forest management scenarios likewise have 377 
very large, continuous impacts on the total net annual sequestration/ substitution potential. While 378 
the positive climate effects on growth are larger, due to legal restrictions in Sweden, we assume 379 
fertilization only on a total of 1% of the available MFL in the improved forest management 380 
scenario. The positive climate effects on growth scenario, however, is not similarly restricted in 381 
extent. We cannot really say, however, what might happen if fertilization were permitted on an 382 
additional 10% or more of the Swedish MFL. 383 
	384 
The	Impact	of	Accounting	Rules	on	Mitigation	Incentives	385 
The above results suggest a strategy that maximizes forest use potential tends to yield better 386 
climate results. Surprisingly, both UNFCCC reporting and EU-level carbon accounting rules 387 
create important disincentives vis-à-vis Land Use, Land-Use Change and Forestry (LULUCF) 388 
and favor net removals in standing forest and land set-asides by constraining harvest levels 389 
(FRL) and by disincentivizing benefits for promoting additional forest growth (cap). As political 390 
compromises between competing interests and visions of how terrestrial resources should ideally 391 
be used, the UNFCCC reporting and EU LULUCF accounting agreements are imperfect. Though 392 
they may be required to address multiple societal goals and interests (i.e., climate benefits, food 393 
security, wood supply, biodiversity, erosion, water regulation and recreation), their climate 394 
impacts are not neutral. 395 
 396 
UNFCCC reporting on LULUCF focuses only on the net change in carbon pools and does not 397 
assess effects beyond the impact on carbon pools (e.g., substitution, https://unfccc.int/land-use-398 
land-use-change-and-forestry-lulucf). Thus, UNFCCC accounting does not tell the whole story 399 
behind the climate impact of forestry. All biomass used for bioenergy production is assumed 400 
“oxidized” and fully accounted as harvest. Avoided emissions from reduced fossil fuel 401 
dependence, however, are not attributed to the LULUCF sector. Since harvest is already 402 
accounted as a decline in living biomass (i.e., as an emission), to avoid double counting and 403 
despite measurable emissions, the combustion of tree biomass is accounted as zero in the energy 404 
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sector. In this sense, though these avoided emissions are not strictly counted, by 405 
replacing/substituting other fossil fuel emissions, bioenergy use does help countries meet their 406 
UNFCCC targets and thus provide real, positive contributions to the global carbon budget.  407 
 408 
The same is true for all HWP-based substitution of fossil fuel-intensive products such as steel 409 
and cement and for carbon sequestration in the HWP carbon pool. When avoided emissions 410 
occur, they are indirectly accounted only as reduced emissions in the energy sector. Harvest, on 411 
the other hand, always has a negative impact on total reported LULUCF emissions/removals. 412 
Thus, UNFCCC reporting on the LULUCF sector fails to reflect what an ideal forest and forest 413 
resource-based climate accounting model might look like and thus fails to encourage mitigation 414 
actions based on forest use. 415 
 416 
Like UNFCCC reporting, EU LULUCF carbon accounting likewise ignores all LULUCF 417 
impacts on avoided emissions resulting from substitution. The EU LULUCF regulation 418 
(2018/841), however, further creates a separate LULUCF pillar. The creation of pillars limits the 419 
role of climate-promoting incentives by making it possible to strictly limit “flexibility” across 420 
sectors (the trading/offsetting of credits/debits across sectors). By limiting impacts on other 421 
sectors of the climate policy framework, setting limits on forest resource use with the Forest 422 
Reference Level (FRL), and by placing a crediting cap on MFL, the EU policy framework 423 
represents one of the most restrictive forest frameworks in the world. For another, debits are 424 
imposed for harvesting beyond (failing to achieve) the FRL. This strategy explicitly discounts 425 
and sets strict limits on the offsetting potential of the forest and forest resource-based sector. 426 
Likewise, not achieving the FRL (no-debit rule) is perceived as a failure. The EU LULUCF 427 
regulation does, on the other hand, promote long-lived HWP-based carbon sequestration. The 428 
remaining components of the carbon accounting framework, however, fail to incentivize the 429 
climate benefits of forest growth and substitution (Ellison et al., 2013, 2014, 2020; Nabuurs et 430 
al., 2017). 431 
 432 
By excluding a share of the forest resource from harvest, the FRL has the effect of increasing 433 
uncertainty regarding future forest resource use, thereby weakening future forest investment 434 
incentives. While the potential to gain carbon credits from afforesting unmanaged forest lands 435 
may make up for this in some cases, the new regulation requires afforested lands outside forest 436 
management be integrated into MFL after a period of 20 years (EU 2018/841). Because new 437 
forest growth can only be accounted for the first 20 years but then presumably becomes subject 438 
to the MFL-based FRL and cap strategies, both public and private sector investment incentives 439 
are likely reduced: Since the forest resource can eventually be used for other “purposes”, 440 
investors interested only in the long-term set aside effects on biodiversity, for example, may lose 441 
interest, while profit-seeking initiatives are weakened through the FRL and the cap. 442 
 443 
UNFCCC reporting and Paris Agreement-based EU accounting practices have different impacts 444 
with respect to reputation and the potential impact of sanctions. UNFCCC reporting outcomes 445 
are reputational in character and do not weigh heavily on individual Parties. EU accounting 446 
outcomes, on the other hand, can result in penalties (i.e., debits). Parties (or EU Member states) 447 
who fall short of their commitments are expected to purchase surplus carbon credits from other 448 
countries/Parties. 449 
 450 
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Table 3 highlights the UNFCCC and EU level reporting and accounting consequences of the 451 
respective LULUCF frameworks based on each of the five simulated scenarios for the period 452 
2021-2025. Ideally, the optimal choice is the scenario that both sequesters the most carbon over 453 
both the short- and the long-term and has the greatest potential climate impact. Based on our 454 
scenario results, the short-term benefits are marginal, while the potential long-term gains are 455 
significantly greater. However, both the UNFCCC reporting and the EU accounting frameworks 456 
entirely ignore any of the climate effect that arises from the avoided emissions associated with 457 
HWP carbon sequestration and bioenergy use. In this regard, however, it may make more sense 458 
to pursue long-term strategies. 459 
 460 
Table 3: UNFCCC Reported and EU Accounted LULUCF Impacts Relative to their Pure Climate Change Mitigation Effects, 2021-2025 461 
Changes in carbon pools are reported to the UNFCCC. For MFL, changes in carbon pools, living biomass, soil + litter, other emissions and short 462 
lived HWP are accounted with a cap compared to the FRL, while dead wood and long-lived HWP are accounted without a cap compared to the 463 
FMRL (under CP2). For Sweden, the cap, which limits credits from MFL, is –2.5 M tonnes CO2e/yr. The total climate effect is calculated as the 464 
reported net change in carbon pools, plus the substitution effect. Three alternative substitution effects have been used.  465 
 466 

 467 
 468 
Both UNFCCC reporting and EU accounting encourage short-term impacts. Both for the 469 
UNFCCC reporting framework and the EU accounting frameworks, the scenario yielding the 470 
largest benefits is increased nature conservation: this strategy provides -42.9 MtCO2e/yr in 471 
UNFCCC reporting benefits and -1.1 MtCO2e/yr in EU accounting benefits. The principal 472 
difference between the UNFCCC and EU outcomes derives from the decision to harvest 100% of 473 
the annual net increment. Since the EU accounting framework penalizes harvesting below the 474 
FRL, this framework yields an emission in all the scenarios except increased nature 475 
conservation. Harvesting even less to fulfill the FRL would improve accounted removals in all 476 
cases but would not alter the linear relationships between the different scenarios. Moreover, this 477 
would only serve to further raise lost net potential harvest to a point even further below the 478 
increased nature conservation scenario over the longer term. Harvesting less (FRL) is essentially 479 
equivalent to increasing the relative share of protected forest and would yield outcomes 480 
comparable to those predicted by this scenario, with a comparable reduction in the substitution 481 
effect. Apart from the negative climate effects on growth scenario, both frameworks (UNFCCC 482 
and EU) encourage strategies that provide smaller total climate benefits relative to the 483 
alternatives. 484 
 485 
The long-term future loss from adopting an increased nature conservation scenario is significant. 486 
Given constant climate conditions, compared to the maximum potential harvest scenario and 487 
based on the 1-to-1 scenario, the future lost opportunity is estimated at -13.9 MtCO2e/yr, from 488 

UNFCC Reporting NET change in pools [M tonne CO2/yr]
Sweden: MFL 2021-2025 long short REPORTED Total Total Total

living soil other dead lived lived Climate Climate Climate
Scenario biomass litter emissions wood HWP HWP Total Harvest Effect Harvest Effect Harvest Effect
Maximum Potential Harvest -16.9 -5.4 0.1 -4.3 -3.9 -0.2 -30.7 -44.0 -74.7 -88.1 -118.7 -132.1 -162.8
Increased Nature Conservation -33.3 -5.3 0.1 -2.7 -2.0 0.3 -42.9 -37.6 -80.5 -75.3 -118.2 -112.9 -155.8
Improved forest management -9.3 -4.7 0.1 -7.7 -6.1 -1.2 -28.9 -50.8 -79.7 -101.7 -130.6 -152.5 -181.4
Negative Climate Effects on Growth -10.6 -5.7 0.1 -5.6 -3.3 -0.1 -25.2 -42.1 -67.3 -84.2 -109.5 -126.4 -151.6
Positive Climate Effects on Growth -19.1 -5.8 0.1 -5.6 -4.4 -0.5 -35.3 -46.8 -82.1 -93.6 -128.9 -140.4 -175.7

EU Accounting NET change in pools relative to the required Reference Level
Sweden: MFL 2021-2025  [M tonne CO2/yr] long short ACCOUNTED

living soil other dead lived lived
Scenario biomass litter emissions wood HWP HWP Total
Maximum Potential Harvest 13.4 -4.0 0.0 -1.6 -0.6 0.8 8.1
Increased Nature Conservation -3.1 -3.8 0.0 0.1 1.3 1.4 -1.1
Improved forest management 20.9 -3.2 0.0 -5.0 -2.8 -0.1 9.9
Negative Climate Effects on Growth 19.6 -4.2 0.0 -2.8 0.0 1.0 13.5
Positive Climate Effects on Growth 11.1 -4.3 0.0 -2.9 -1.1 0.6 3.4
Reference Levels (effective caps) -30.2 -1.5 0.1 -2.7 -3.3 -1.1 -38.7

(cap) (cap) (cap) (no cap) (no cap) (cap) (Total FRL)

1 m3 to 1.0 tonne CO21 m3 to 0.5 tonne CO2 1 m3 to 1.5 tonne CO2
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peak to perpetuity. The increased nature conservation scenario is only capable of producing net 489 
removals of approximately -85.6 MtCO2e/yr from peak to perpetuity, while the maximum 490 
potential harvest scenario can produce as much as -99.5 MtCO2e/yr from peak to perpetuity. 491 
Finally, if we consider the potential climate effects across the different substitution effects, the 492 
opportunity costs of failing to choose either the maximum potential harvest or the improved 493 
forest management scenarios may be substantially greater. 494 
	495 
	496 
Discussion 497 
	498 
Substitution Effects 499 
Considering short- and long-term alternatives, the potential substitution impact rapidly becomes 500 
important. At very low levels of substitution, (1 m3 to 0.5 tonne CO2e), the increased nature 501 
conservation scenario may perform better than the maximum potential harvest scenario in the 502 
early years of the simulation. However, as soon as we increase the magnitude of the substitution 503 
effect, the maximum potential harvest scenario quickly becomes the better short- and long-term 504 
scenario. The only scenarios that perform better vis-à-vis the climate are the positive climate 505 
effects and the improved forest management scenarios, the performance of which are likewise 506 
strongly affected by the magnitude of the substitution effect. 507 
 508 
Hudiburg et al. (2019) recently suggested that, at least in places like the US, large shares of HWP 509 
simply end up in landfills and are never used for substitution. While such outcomes clearly 510 
represent missed opportunities, the study likewise misses the substitution that occurs at previous 511 
points in the HWP life cycle. HWPs can substitute for a range of more fossil fuel intensive 512 
products (cement, steel, plastics, glass). And long-lived HWPs simultaneously sequester carbon 513 
over extended periods of time, while newly planted forests simultaneously sequester large 514 
amounts of new carbon. Where end-of-life-cycle wood resources are squandered, the circular 515 
bioeconomy clearly falters. Prior substitution effects, however, are not thereby eliminated: only 516 
the opportunity for additional substitution is lost. Moreover, the fact that HWP resources end up 517 
in landfills is by no means a justification for increasing rates of forest protection and 518 
conservation. It is instead a signal of failed policy intervention and inefficient resource use. This 519 
requires a different kind of correction. 520 
 521 
Several factors can clearly influence the magnitude of substitution effects. The first is the quality 522 
of the circular bioeconomy measured in terms of the number of times wood (and other) resources 523 
can be used and reused for different purposes, the relative efficiency of wood resource use, as 524 
well as the longevity of storage in long-lived wood-based products. Improving the quality of the 525 
circular bioeconomy presumably requires public policy intervention. The presence/absence of 526 
adequate policy frameworks which encourage or require specific circular behaviors (e.g., fines 527 
on wood resources in landfills or legal requirements on paper and used wood resource recycling) 528 
matters. Where policy inadequately incentivizes recycling, long-lived HWPs and end-of-life-529 
cycle use and re-use, much can still be done to close the loop and improve the efficiency and 530 
effectiveness in the circular bioeconomy and thus its substitution potential. Policy interventions 531 
can of course both impose legal requirements on the use and reuse of construction materials, as 532 
well as provide public goods to support research on improving the quality of the circular 533 
bioeconomy (e.g., improving its efficiency and effectiveness). 534 
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 535 
The second factor concerns what is meant by the carbon sequestration and substitution impacts 536 
of HWP resources. Much substitution, for example, does not require the combustion of the 537 
available biomass material. Where HWP products substitute for fossil fuel intensive materials 538 
such as cement, steel, plastics or even glass (e.g., as construction materials, furniture or kitchen 539 
utensil substitutes), the HWP carbon content remains unaffected (apart from wood processing 540 
losses). Thus, the extent to which HWP products can be used and reused, the extent to which 541 
HWPs can be improved and used more efficiently (Lundmark et al., 2014), and the extent to 542 
which short-lived HWPs can be traded for long-lived HWPs, the greater are the related 543 
substitution effects. These substitution effects are additive and independent of the amount of 544 
carbon stored in the individual HWP resource. 545 
 546 
The calculation of different substitution rates begs the question of which substitution rates are 547 
most appropriate? There is, however, no easy answer to this question. In a recent analysis of the 548 
Swedish marketplace, others estimated a substitution potential of 0.47-0.75 tonnes CO2e/ 1 m3 549 
stem volume (Lundmark et al., 2014). This represents a relatively modest substitution impact 550 
from forest resource use.  Since the Swedish study was conducted, the forest industry has 551 
become more resource and energy efficient and also developed the portfolio of products, which 552 
is why the substitution factor is probably higher today. Leskinen et al. (2018) provide a review of 553 
some 51 studies which provide estimates of different substitution factors ranging from -0.7 to as 554 
much as 5.1 kg C / kg C, or approximately -0.53 to 3.83 tonnes CO2e/ 1 m3, with an average of 555 
0.9 tonnes CO2e/ 1 m3 and 90% of estimates on the positive side of this range (Leskinen et al., 556 
2018). To the extent substitution effects can be compounded and added together by shifting to 557 
longer-lived HWPs, increasing the efficiency of wood resource use, reuse, and ensuring that end-558 
of-life-cycle wood products are used for bioenergy, the related substitution effect will be larger.  559 
 560 
Others question substitution effects for various reasons (Harmon, 2019). One of the most 561 
appropriate concerns addresses what happens to substitution once countries manage to achieve 562 
net-zero targets, whether by 2045, 2050 or later (see also (Brunet-Navarro et al., 2021)). For 563 
climate-based reasons, the role of forestry will likely continue to provide biomass-based HWP 564 
and bioenergy resources (substitution). Moreover, even after net-zero has been achieved, both 565 
negative emissions (either carbon sequestration via forest and forest product-based net removals) 566 
and substitution will be required elements of any climate strategy for many years. And strategies 567 
such as BECCS could further help accelerate the impacts of substitution and negative emissions, 568 
even long after societies have managed to achieve real zero (Burns & Nicholson, 2017). 569 
 570 
Even if fossil fuel-based anthropogenic emissions approach zero sometime in the future, 571 
hydropower, solar energy, bioenergy and other resources will be needed to provide humankind’s 572 
energy needs. Where only forest residues and end-of-life cycle HWPs are used to produce 573 
bioenergy, this clearly represents a more meaningful use of forest resources than simple decay in 574 
forests and landfills. Thus, as long as the net annual exchange of biomass use and net annual 575 
biomass growth is zero (i.e., harvest does not exceed gross growth), HWP and forest residues 576 
will continue to provide carbon neutral energy resources as a part of the foundation of the 577 
circular bioeconomy. 578 
 579 
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There is, moreover, a certain danger in suggesting that circular bioeconomy concepts rise and fall 580 
with concepts of substitution potential. Of course, a key circular economy issue is how best to 581 
take advantage of renewable resources and avoid, or drastically reduce, the use of scarce, non-582 
renewable resources. Since forest products are replenishable over time, the key is to recognize 583 
the limits of sustainable forest production and use, not to eliminate their use. Though substitution 584 
may no longer be meaningful in the future, the availability of renewable resources is of great 585 
significance, especially under the more general conditions of limited resources, peak resource 586 
production and declining resource availability. Precisely because wood resources will likely 587 
continue to meet with rising demand, in particular due to their circular bioeconomy benefits, 588 
more emphasis should ideally be placed on better understanding the real limits of sustainable 589 
forest resource use, as well as biodiversity needs. 590 
 591 
Finally, the problem of leakage must also be considered. Reducing forestry in some parts of the 592 
world where it is already heavily practiced may negatively impact the deforestation of primary 593 
forests and significantly increase the intensity of forestry in other parts of the world. The releases 594 
of carbon that would result from shifting wood resource production to the tropics should not be 595 
ignored. 596 
 597 
Can climate benefits be increased through improved forest management (fertilization)? 598 
Although the improved forest management scenario increased growth from about 99 (maximum 599 
potential harvest scenario) to about 112 Mt CO2e/ year, fertilization was only applied on 1% of 600 
the forest area per year. Due to legal restrictions in Sweden, only older forests were assumed 601 
fertilized about 10 years before final felling (a common practice in Sweden for fertilized Scots 602 
pine stands). Gustavsson et al. (2019) investigated a more intensive management scenario, where 603 
growth increased by 40% after one hundred years. Presumably there is great potential to increase 604 
growth with the help of fertilization. In the same study Gustavsson et al. (2019), ran a scenario 605 
where as much as 50% of the forest land area was protected. Fertilization may thus provide an 606 
opportunity to preserve larger areas for biodiversity, while simultaneously managing forests 607 
more intensively in other areas, thereby maintaining total growth. Though most fertilizers are 608 
fossil-based, from a climate perspective fertilization will become more attractive if organic 609 
fertilizers or non-fossil-based processes are used. 610 
	611 
Consequences of a changing climate 612 
Discussions about the possible positive and negative climate effects on tree growth trigger 613 
divergent responses. For the Nordic boreal forests, the prevailing assumption is that gradual 614 
climate change will be positive for growth due to higher CO2 concentrations and extended 615 
growing seasons. This assumption is, for example, supported by analyses of growth trends based 616 
on NFI data from Finnish forests (Henttonen et al., 2017; Kauppi et al., 2014). Changes in 617 
climatic conditions and resource availability have direct and indirect substantial impacts on the 618 
growth and productivity of forests over time through abiotic and biotic factors and mechanisms 619 
(Keenan, 2015). Changes in abiotic conditions in the boreal regions, such as increasing 620 
temperature, precipitation and atmospheric nitrogen deposition may likewise improve 621 
opportunities for growth (Appiah Mensah et al., 2021; Keenan, 2015; Kellomäki et al., 2008; 622 
Koca et al., 2006).  623 
 624 
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From a Nordic boreal perspective, the single most growth-limiting factor in upland soils is 625 
nitrogen (N) availability (Tamm, 1991). How N availability develops in a changing climate will 626 
likely be critical for the future forest response (Etzold et al., 2020; Kauppi et al., 2014; Tamm, 627 
1991). Compared to current levels in Sweden, climate effects suggest positive future productivity 628 
increases of about +300% and +100% in the northern and southern regions respectively, 629 
resulting in shorter rotation periods (Bergh et al., 2005). Finally, though we have not estimated 630 
this using the HEUREKA framework, forested northern regions are expected to expand further 631 
northward, yielding larger areas of forest cover and increasing forest density (Claesson et al., 632 
2015). 633 
 634 
On the other hand, other climate-related factors may challenge the positive effects of CO2 635 
fertilization and longer growing seasons (Hanewinkel et al., 2013; Reyer et al., 2017). A 636 
Canadian study based on tree ring analyses showed both negative and positive growth responses 637 
depending on tree species, with no strong, overall average effect across the Canadian forest 638 
landscape (Girardin et al., 2014). Changes in water availability provided one possible 639 
explanation for the divergent responses. Water availability was also highlighted as a factor that 640 
could level out or even reverse positive effects on growth in boreal tree species (Reich et al., 641 
2018). Single-factor studies, e.g., the impact of increased CO2 concentrations, have highlighted 642 
the importance of nutrient availability for benefitting from these increased concentrations (Norby 643 
et al., 2010; Sigurdsson et al., 2013). In their review of likely impacts from elevated CO2, N 644 
deposition, increased temperature and forest management-based carbon sequestration, some 645 
conclude that single-factor responses can be misleading due to intervening interactions between 646 
factors (Hyvönen et al., 2007).  647 
 648 
In Sweden, increases in evapotranspiration may result in more persistent drought during the 649 
growing season, potentially counteracting growth (Koca et al., 2006). Higher groundwater levels 650 
and shorter winter soil frost seasons may increase the risk of soil and storm damages from off-651 
road timber transport (Oni et al., 2017). And increasing disturbances from wind, bark beetle and 652 
wildfires at European level (Seidl et al., 2014), may become greater concerns in Sweden. For 653 
example, (Pinto et al., 2020) found that both climate and vegetation correlate with fire size, 654 
whereas human-related landscape features shape ignition patterns. Hence, the boreal forest 655 
growth response and carbon cycle feedback to climate change remain uncertain. 656 
  657 
Extreme and frequent changes in abiotic conditions could have damaging effects on trees, 658 
thereby affecting growth capacity in succeeding years (Keenan, 2015). Tree growth rates in 659 
Sweden, for example, were found to be about 20% lower than expected in 2018 due to 660 
summertime hot and dry conditions. While temperature effects on tree growth can be severe, 661 
precipitation effects may be minimal during the growing season due to the recharge of the 662 
ground water table from melted winter snow (Bergh et al., 2005). On the other hand, future 663 
events such as storms, frosts and droughts can trigger wildfires, pest and disease outbreaks (e.g., 664 
root rot and bark beetles) that may reduce forest growth and productivity (Björkman et al., 2011; 665 
Blennow & Olofsson, 2008; Subramanian et al., 2015). 666 
  667 
Under specific climatic conditions, forest growth could exhibit varied risks depending on stand 668 
age, development stage and management practices (Blennow, 2012). Adaptive forest 669 
management practices could be essential for mitigating negative effects, while maximizing forest 670 
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growth and production (e.g. (Bolte et al., 2009; Keenan, 2015). For instance, reducing the 671 
intensity of forest thinnings and rotation lengths have been suggested as the best practice to 672 
enhance stem volume production and the profitability of Norway spruce in southern Sweden due 673 
to reduced storm risk, root and butt rot (Subramanian et al., 2015). Additionally, the incident 674 
rates and magnitude of forest damage by spruce bark beetle are higher in older stands 675 
(Martikainen et al., 1999). Forests managed for nature conservation, on the other hand, will be 676 
highly susceptible to the associated risks of climate change and may not be suitable for climate 677 
improvement in the long term. In this context, intensive forest management for wood production 678 
seems plausible.      679 
 680 
Suggestions that old-growth forests arrive at a steady state with stable C-stocks have been 681 
challenged by studies providing evidence that old-growth forests continue to act as C sinks 682 
(Hadden & Grelle, 2016; Luyssaert et al., 2008; Seedre et al., 2015), though Luyssaert et al. have 683 
been challenged (Gundersen et al., 2021). Such studies, however, are often based on single stand 684 
measurements over limited time periods. Longer-term measurements over entire landscapes 685 
which also capture small- and large-scale disturbances may provide more robust determinations 686 
about old growth forests. Derderian et al. (2016), for example, resampled a 700-year 687 
chronosequence three decades after the initial sampling, only to discover that while the old-688 
growth part of the chronosequence still acted as a moderate sink, C-stocks, due to high mortality 689 
among the spruce trees caused by a bark beetle attack had declined compared to thirty years 690 
earlier. Likewise, one Canadian study illustrates that national parks with large shares of old-691 
growth forests have large C-stocks but low annual CO2 uptake, whereas parks with a large share 692 
of younger forests had reduced but still large C-stocks and relatively high annual CO2 uptake 693 
over the period 1978-2008 (Sharma et al., 2013). Thus, in national parks, where natural 694 
disturbances are rare, existing C-stocks can be preserved. These findings should, however, be 695 
considered in light of a changing climate and the increased risk of natural disturbances (e.g. 696 
(Seidl et al., 2014).  697 
 698 
In a recent study, based on data from the Norwegian NFI, the rapid drop in current annual 699 
increment (CAI) at a certain age (cf. Figure 1) was challenged (Stokland, 2021a). The 700 
methodology behind that study has been questioned (Brunner, 2021), but Stokland defends his 701 
findings and suggests more studies looking into the fate of CAI after the point where CAI crosses 702 
MAI (Stokland, 2021b). A more stable CAI over some decades would, from a climate mitigation 703 
perspective, speak for extended rotation periods in managed forests. Yet another recent study 704 
based on the Finnish NFI confirms the rapid drop in CAI and hence in MAI, with the exception 705 
of very poor sites showing a flatter CAI development with age (Repo et al., 2021).  706 
 707 
The Swedish NFI compiles detailed, robust and constantly updated information about the state of 708 
the forest. Multiple types of data are recorded at the tree, site and stand level, and the quality of 709 
the data is checked in several steps after the inventory. The models in the Heureka system are 710 
mainly built on empirical NFI data. The models for basal area growth, mortality, and ingrowth 711 
for instance, are constructed using data from the permanent plots, i.e., the same plots that form 712 
the underlying data for the simulations. The growth and mortality modeling has been validated 713 
and Heureka has been shown to generate trustworthy results (Fahlvik et al., 2014). Given regular 714 
harvests and no natural disturbances we assume that no unknown variable would change the 715 
principal findings. As with all empirical models, precision diminishes if the aim is to simulate 716 
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the development under circumstances that deviate from the prevailing circumstances at data 717 
collection. The positive climate effects from assuming RCP 4.5, for example, rely on process-718 
based assumptions, whereas the future climate impact on tree vitality and growth is uncertain. 719 
The outcome of possible negative climate effects is also uncertain. 720 
 721 
Tradeoffs between biodiversity & mitigation? 722 
Tradeoffs between biodiversity-driven set asides and climate change mitigation potential may 723 
arise from the choice of land set-asides. Immediate biodiversity goals are better achieved with 724 
older forests (Gao et al., 2015; Martikainen et al., 2000). As we have demonstrated, since 725 
younger forests sequester more carbon, this will have a negative impact on mitigation potential. 726 
Thus, the choice of land set aside type is not a neutral choice. Older forest set asides will result in 727 
arriving at a steady state much earlier than is optimal for promoting short-term mitigation 728 
potential. In our increased conservation scenario, we assume comparatively younger forest set-729 
asides. However, the common practice in Sweden is to set aside remote, little used forests and 730 
older high biodiversity potential forests (such as the primary forests highlighted in the EU 731 
Biodiversity Strategy for 2030). To the extent set asides occur exclusively or even primarily in 732 
older forests, this will weaken the short-term benefits shown in this study. 733 
 734 
Policy Frameworks  735 
The FRL reference established in the context of the EU’s LULUCF regulation (2018/841) 736 
represents a significant burden for Member states that make use of their forest resources for 737 
bioenergy purposes. While emission reductions are indirectly accounted in the energy sector, 738 
harvest (for whatever purpose) is accounted only in the LULUCF sector. Since gains (avoided 739 
emissions) are not weighed directly against harvest-related emissions, this strategy conflicts with 740 
the bioeconomy interests of many Member states.  741 
 742 
The FRL strategy essentially requires Member states to set limits on the total share of the forest 743 
resource to be harvested. Theoretically, the FRL is set in order to protect annual net removals 744 
(sinks) and to limit the increasing intensity of forest use (Matthews, 2020). However, this 745 
calculation neglects the fact that bioenergy-based avoided emissions in the energy sector fulfill 746 
the same goals and may even do this more efficiently and effectively. Part of the answer to this 747 
question lies in the magnitude of the actual, realized substitution effect. To the extent that the 748 
FRL has the effect of increasing forest protection, as mimicked under the increased forest 749 
conservation scenario, it is likely to increase mortality and reduce the production of usable forest 750 
biomass and its related substitution effects. We have highlighted the significant losses in terms of 751 
the future biomass resource.	752 
 753 
The strategy for establishing the FRL further sets limits on countries that have regularly been 754 
harvesting comparatively low shares of the available net increment across the 2000-2009 period. 755 
The LULUCF ruling essentially locks in behavior and suggests countries should continue to 756 
harvest at the same rate: harvest intensity should not increase. The Netherlands, for example, 757 
harvested approximately 55% of the annual net increment over the period 2003-2013 (Arets & 758 
Schelhaas, 2019), while Sweden has typically harvested a significantly larger share of its overall 759 
net increment (on average, approximately 82% over the period 2000-2009, excluding 760 
commercial thinnings) (Swedish Ministry of the Environment, 2019). This approach thus reduces 761 
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the potential for countries that use smaller shares of their forest resource to increase production 762 
and promote greater total amounts of substitution. 763 
 764 
Though the FRL strategy may help promote additional forest protections and conservation, and 765 
potentially increase the immediate forest sink while reducing land use intensity, there is little 766 
evidence this will promote climate change mitigation at comparable rates. Our results suggest the 767 
opposite. Moreover, as noted above, there are important implications for the leakage that will 768 
result from increasing protections on European forests, thereby reducing the amount of European 769 
forest available for harvest (Grassi et al., 2018; Kallio & Solberg, 2018; Solberg et al., 2019). 770 
This strategy is likely to unleash consumer demand pressures on international trade that will 771 
drive biodiversity loss in parts of the world that still host the principal share of global primary 772 
forests and some of the richest carbon stores. If trade in wood products releases these stores, it 773 
will have far greater negative climate impacts than the continued and increased use of European 774 
forest resources.  775 
 776 
On the other hand, to the extent land set-asides and increased forest protections do not affect the 777 
practice of forestry, unless they involve the regeneration of degraded forest lands, they will likely 778 
have little effect on overall mitigation potential. In Sweden, for example, newly proposed land 779 
set-asides may not involve intensively managed lands. Similarly, the plan to set aside some of 780 
the remaining primary forests in Europe, because of their age, is not likely to significantly affect 781 
carbon sequestration rates in standing forests. This could, however, have significant positive 782 
impacts for protecting what remains of European forest biodiversity (Sabatini et al., 2018, 2020). 783 
 784 
To optimize the climate effects of forestry, it is preferable to consider substitution effects and 785 
enable flexibilities in trade across sectors. To evaluate what is best for the climate requires 786 
studying all land and atmosphere fluxes over a longer period. Current consideration of the next 787 
version of the EU LULUCF policy framework (COM(2021) 554 final) provides opportunities to 788 
address these concerns. 789 
	790 
Conclusions	791 
Though storing carbon in standing forests clearly contributes to climate change mitigation, this 792 
strategy has definable limits that emerge once forests achieve a long-term steady state where 793 
carbon sequestration is essentially equal to forest-based emissions. To the best of our knowledge, 794 
the long-term net impact of standing forests on the annual net carbon balance is at or very near 795 
zero.  796 
 797 
To achieve long term reductions of atmospheric CO2, on the other hand, it may be best to view 798 
the forestry enterprise – the circular forest-based bioeconomy – as the mechanism by which the 799 
net forest impact on the climate can be maximized by progressively increasing the magnitude of 800 
total annual forest growth, as well as potential carbon sequestration and substitution effects. As 801 
our scenarios suggest, the net forest impact on the climate is maximized when forest growth and 802 
the potential annual substitution effect have been maximized. 803 
 804 
We have calculated the net effect of increasing forest set-asides on a relatively modest share of 805 
productive forest land (18.5%). Given constant climate conditions and compared to the maximum 806 
potential harvest scenario, the future lost opportunity is estimated at -13.9 MtCO2e/yr. This 807 
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effect is not small. Current net removals in standing forests, and thus the total net carbon 808 
sequestration impact of Swedish LULUCF during the 2nd Commitment period, is approximately -809 
49 MtCO2e/yr. Based only on this total (and ignoring potential additional impacts from the 810 
related substitution effects), this would suggest a future mitigation loss from increased forest 811 
protections of approximately 28%/yr from peak to perpetuity. Cumulated over longer periods of 812 
time, this would represent the loss of a substantial share of the negative emissions required to 813 
continue extracting carbon from the atmosphere. Moreover, if we include substitution effects and 814 
consider their potential magnitude, this amount could be much greater. 815 
 816 
It is entirely possible to pursue forest management as a strategy for maintaining and 817 
strengthening the forest role as a “regulator” of atmospheric GHG concentrations. Moreover, 818 
concepts of the circular (bio)-economy have long been founded on the idea that naturally 819 
recurring resources should be used, while scarce and non-renewable resources should be 820 
protected. Since forests represent a quintessential and naturally renewable resource, they should 821 
be used carefully and judiciously. The sustainable management of forest resources will thus 822 
provide societal benefits through harvested wood for biobased products long after the urgent 823 
need for immediate mitigation benefits has begun to subside. 824 
 825 
Policy interventions that could meaningfully mobilize the climate benefits of forest use are, 826 
however, currently hamstrung by a misplaced and misguided emphasis on reducing the decline in 827 
the forest carbon sink and harnessing pressures to increase forest use intensity. Pressures to 828 
reduce forest use intensity likewise do not augur well for thinking through other potentially 829 
interesting scenarios, such as bargains focused on trading reduced forest use in exchange for 830 
increased fertilization on equal shares of land. As the above scenarios suggest, policy 831 
interventions could indeed go a long way toward better mobilizing forest use in favor of the 832 
climate. If current policy initiatives are maintained, especially at the EU level, we expect the 833 
opposite to happen. Significant lost opportunities would likely reverberate across the broad range 834 
of EU member states. Key policy and research innovations that could further help mobilize 835 
forests in favor of the climate are: achieving greater flexibility in the trading of carbon credits 836 
across the multiple sectors of the climate policy framework, eliminating the “no-debit role”, 837 
along with the FRL and the cap, and improving the accounting of and knowledge about 838 
substitution effects. 839 
 840 
 841 
Acknowledgements: 842 
This research was a part of the FORCLIMIT project funded in the framework of ERA-NET 843 
FACCE ERA-GAS from the Research Council of Norway (grant no. 276388), and from parallel 844 
Swedish FORMAS grant (2017-01751). Local Swedish support for the ERA-NET FACCE ERA-845 
GAS grant is provided by FORMAS (grant no. 2017-01751). FACCE ERA-GAS has received 846 
funding from the European Union’s Horizon 2020 research and innovation program under grant 847 
agreement no. 696356. 848 
 849 
Author Contributions:  850 
Conception & Design: HP and DE designed this paper within the Forclimit project.  851 
Drafting & Revision: DE, HP, GB, GE, JS, ML, TL, AAM 852 
Data Acquisition, Analysis, Interpretation: PW, JS, AL, AAM	853 



 
   

 

 
 

21 

	854 
References: 855 
Ågren, G. I., Bosatta, E., & Agren, G. I. (1996). Quality: A Bridge between Theory and 856 

Experiment in Soil Organic Matter Studies. Oikos, 76(3), 522. 857 
https://doi.org/10.2307/3546345 858 

Appiah Mensah, A., Holmström, E., Petersson, H., Nyström, K., Mason, E. G., & Nilsson, U. 859 
(2021). The millennium shift: Investigating the relationship between environment and 860 
growth trends of Norway spruce and Scots pine in northern Europe. Forest Ecology and 861 
Management, 481, 118727. https://doi.org/10.1016/j.foreco.2020.118727 862 

Arets, E., & Schelhaas, M.-J. (2019). National Forestry Accounting Plan: Submission of the 863 
Forest Reference Level 2021-2025 for the Netherlands [NFAP-NL]. Ministry of 864 
Agriculture, Nature and Food Quality of the Netherlands. 865 

Bergh, J., Linder, S., & Bergström, J. (2005). Potential production of Norway spruce in Sweden. 866 
Forest Ecology and Management, 204(1), 1–10. 867 
https://doi.org/10.1016/j.foreco.2004.07.075 868 

Björkman, C., Bylund, H., Klapwijk, M. J., Kollberg, I., & Schroeder, M. (2011). Insect Pests in 869 
Future Forests: More Severe Problems? Forests, 2(2), 474–485. 870 
https://doi.org/10.3390/f2020474 871 

Blennow, K. (2012). Adaptation of forest management to climate change among private 872 
individual forest owners in Sweden. Forest Policy and Economics, 24, 41–47. 873 
https://doi.org/10.1016/j.forpol.2011.04.005 874 

Blennow, K., & Olofsson, E. (2008). The probability of wind damage in forestry under a 875 
changed wind climate. Climatic Change, 87(3–4), 347–360. 876 
https://doi.org/10.1007/s10584-007-9290-z 877 

Bolte, A., Ammer, C., Löf, M., Madsen, P., Nabuurs, G.-J., Schall, P., Spathelf, P., & Rock, J. 878 
(2009). Adaptive forest management in central Europe: Climate change impacts, 879 
strategies and integrative concept. Scandinavian Journal of Forest Research, 24(6), 473–880 
482. https://doi.org/10.1080/02827580903418224 881 

Brunet-Navarro, P., Jochheim, H., Cardellini, G., Richter, K., & Muys, B. (2021). Climate 882 
mitigation by energy and material substitution of wood products has an expiry date. 883 
Journal of Cleaner Production, 303, 127026. 884 
https://doi.org/10.1016/j.jclepro.2021.127026 885 

Burns, W., & Nicholson, S. (2017). Bioenergy and carbon capture with storage (BECCS): The 886 
prospects and challenges of an emerging climate policy response. Journal of 887 
Environmental Studies and Sciences, 7(4), 527–534. https://doi.org/10.1007/s13412-017-888 
0445-6 889 

Claesson, S., Duvemo, K., Lundström, A., and Wikberg, P.E., 2015. Skogliga 890 
konsekvensanalyser 2015 – SKA 15. Skogsstyrelsen. Rapport 10/2015. ISSN 1100-0295. 891 

Cowie, A. L., Berndes, G., Bentsen, N. S., Brandão, M., Cherubini, F., Egnell, G., George, B., 892 
Gustavsson, L., Hanewinkel, M., Harris, Z. M., Johnsson, F., Junginger, M., Kline, K. L., 893 
Koponen, K., Koppejan, J., Kraxner, F., Lamers, P., Majer, S., Marland, E., … Ximenes, 894 
F. A. (2021b). Applying a science‐based systems perspective to dispel misconceptions 895 
about climate effects of forest bioenergy. GCB Bioenergy, 13(8), 1210–1231. 896 
https://doi.org/10.1111/gcbb.12844 897 

Derderian, D. P., Dang, H., Aplet, G. H., & Binkley, D. (2016). Bark beetle effects on a seven-898 
century chronosequence of Engelmann spruce and subalpine fir in Colorado, USA. 899 



 
   

 

 
 

22 

Forest Ecology and Management, 361, 154–162. 900 
https://doi.org/10.1016/j.foreco.2015.11.024 901 

Dinerstein, E., Vynne, C., Sala, E., Joshi, A. R., Fernando, S., Lovejoy, T. E., Mayorga, J., 902 
Olson, D., Asner, G. P., Baillie, J. E. M., Burgess, N. D., Burkart, K., Noss, R. F., Zhang, 903 
Y. P., Baccini, A., Birch, T., Hahn, N., Joppa, L. N., & Wikramanayake, E. (2019). A 904 
Global Deal For Nature: Guiding principles, milestones, and targets. Science Advances, 905 
5(4), eaaw2869. https://doi.org/10.1126/sciadv.aaw2869 906 

Eggleston, H. S., Intergovernmental Panel on Climate Change, National Greenhouse Gas 907 
Inventories Programme, & Chikyū Kankyō Senryaku Kenkyū Kikan. (2006). 2006 IPCC 908 
guidelines for national greenhouse gas inventories. http://www.ipcc-909 
nggip.iges.or.jp/public/2006gl/index.htm 910 

Ellis, E. C. (2019). To Conserve Nature in the Anthropocene, Half Earth Is Not Nearly Enough. 911 
One Earth, 1(2), 163–167. https://doi.org/10.1016/j.oneear.2019.10.009 912 

Ellison, D., Lundblad, M., & Petersson, H. (2014). Reforming the EU approach to LULUCF and 913 
the climate policy framework. Environmental Science & Policy, 40, 1–15. 914 
https://doi.org/10.1016/j.envsci.2014.03.004 915 

Ellison, D., Petersson, H., Blujdea, V., & Sikkema, R. (2020). Motivating Climate-Friendly, 916 
Forest and Forest Resource-Based Action in the EU – Forest Owners, Consumers and 917 
other Actors. manuscript. 918 

Ellison, D., Petersson, H., Lundblad, M., & Wikberg, P.-E. (2013). The incentive gap: LULUCF 919 
and the Kyoto mechanism before and after Durban. GCB Bioenergy, 5(6), 599–622. 920 
https://doi.org/10.1111/gcbb.12034 921 

Eriksson, H. (1976). Yield of Norway spruce [Picea abies] in Sweden. Rapporter och Uppsatser 922 
- Skogshoegskolan, Institutionen foer Skogsproduktion (Sweden). 923 
https://agris.fao.org/agris-search/search.do?recordID=SE7601011 924 

Eriksson, L., & Klapwijk, M. J. (2019). Attitudes towards biodiversity conservation and carbon 925 
substitution in forestry: A study of stakeholders in Sweden. Forestry: An International 926 
Journal of Forest Research, 92(2), 219–229. https://doi.org/10.1093/forestry/cpz003 927 

Eriksson, M., Samuelson, L., Jägrud, L., Mattsson, E., Celander, T., Malmer, A., Bengtsson, K., 928 
Johansson, O., Schaaf, N., Svending, O., & Tengberg, A. (2018). Water, Forests, People: 929 
The Swedish Experience in Building Resilient Landscapes. Environmental Management. 930 
https://doi.org/10.1007/s00267-018-1066-x 931 

Etzold, S., Ferretti, M., Reinds, G. J., Solberg, S., Gessler, A., Waldner, P., Schaub, M., 932 
Simpson, D., Benham, S., Hansen, K., Ingerslev, M., Jonard, M., Karlsson, P. E., 933 
Lindroos, A.-J., Marchetto, A., Manninger, M., Meesenburg, H., Merilä, P., Nöjd, P., … 934 
de Vries, W. (2020). Nitrogen deposition is the most important environmental driver of 935 
growth of pure, even-aged and managed European forests. Forest Ecology and 936 
Management, 458, 117762. https://doi.org/10.1016/j.foreco.2019.117762 937 

EU 2018. REGULATION (EU) 2018/841 OF THE EUROPEAN PARLIAMENT AND OF THE 938 
COUNCIL of May 2018 on the inclusion of greenhouse gas emissions and removals from 939 
land use, land use change and forestry in the 2030 climate and energy framework and 940 
amending Regulation (EU) No 525/2013 and decision No 529/2013/EU. Official Journal 941 
of the European Union. 942 

Fahlvik, N., Elfving, B., & Wikström, P. (2014). Evaluation of growth functions used in the 943 
Swedish Forest Planning System Heureka. Silva Fennica, 48(2). 944 
https://doi.org/10.14214/sf.1013 945 



 
   

 

 
 

23 

Forest Agency 2008. Skogliga konsekvensanalyser 2008 – SKA-VB08. Skogsstyrelsen. Rapport 946 
25/2008.  947 

Forest Agency 2015. Skogliga konsekvensanalyser 2015 – SKA 15. Skogsstyrelsen. Rapport 948 
10/2015.  949 

Forest Agency 2020a. https://www.skogsstyrelsen.se/en/statistics/ 950 
Forest Agency 2020b. Skogsvårdslagstiftningen. Gällande regler 1 april 2020. 90p. 951 
Forest Statistics 2021. Official Statistics of Sweden. Swedish University of Agricultural 952 

Sciences. 166p. ISSN: 0280-0543 953 
Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L., Hartmann, H., Beck, P. S. A., 954 

Camps-Valls, G., Chirici, G., Mauri, A., & Cescatti, A. (2021). Emergent vulnerability to 955 
climate-driven disturbances in European forests. Nature Communications, 12(1), 1081. 956 
https://doi.org/10.1038/s41467-021-21399-7 957 

FRA 2012. FRA 2015 terms and definitions. Food and Agriculture Organisation of the United 958 
Nations: Rome, 2012 Forest resources Assessment Working Paper 180, 31p. 959 

Fridman, J., Holm, S., Nilsson, M., Nilsson, P., Ringvall, A., & Ståhl, G. (2014). Adapting 960 
National Forest Inventories to changing requirements – the case of the Swedish National 961 
Forest Inventory at the turn of the 20th century. Silva Fennica, 48(3). 962 
https://doi.org/10.14214/sf.1095 963 

Gao, T., Nielsen, A. B., & Hedblom, M. (2015). Reviewing the strength of evidence of 964 
biodiversity indicators for forest ecosystems in Europe. Ecological Indicators, 57, 420–965 
434. https://doi.org/10.1016/j.ecolind.2015.05.028 966 

Girardin, M. P., Guo, X. J., De Jong, R., Kinnard, C., Bernier, P., & Raulier, F. (2014). Unusual 967 
forest growth decline in boreal North America covaries with the retreat of Arctic sea ice. 968 
Global Change Biology, 20(3), 851–866. https://doi.org/10.1111/gcb.12400 969 

Grassi, G., Camia, A., Fiorese, G., House, J., Jonsson, R., Kurz, W. A., Matthews, R., Pilli, R., 970 
Robert, N., & Vizzarri, M. (2018). Wrong premises mislead the conclusions by Kallio et 971 
al. On forest reference levels in the EU. Forest Policy and Economics, 95, 10–12. 972 
https://doi.org/10.1016/j.forpol.2018.07.002 973 

Grassi, G., Cescatti, A., Matthews, R., Duveiller, G., Camia, A., Federici, S., House, J., de 974 
Noblet-Ducoudré, N., Pilli, R., & Vizzarri, M. (2019). On the realistic contribution of 975 
European forests to reach climate objectives. Carbon Balance and Management, 14(1), 8. 976 
https://doi.org/10.1186/s13021-019-0123-y 977 

Gundersen, P., Thybring, E. E., Nord-Larsen, T., Vesterdal, L., Nadelhoffer, K. J., & Johannsen, 978 
V. K. (2021). Old-growth forest carbon sinks overestimated. Nature, 591(7851), E21–979 
E23. https://doi.org/10.1038/s41586-021-03266-z 980 

Gustavsson, L., Haus, S., Lundblad, M., Lundström, A., Ortiz, C. A., Sathre, R., Truong, N. L., 981 
& Wikberg, P.-E. (2017). Climate change effects of forestry and substitution of carbon-982 
intensive materials and fossil fuels. Renewable and Sustainable Energy Reviews, 67, 983 
612–624. https://doi.org/10.1016/j.rser.2016.09.056 984 

Gustavsson, L., Nguyen, T., Sathre, R., & Tettey, U. Y. A. (2021). Climate effects of forestry 985 
and substitution of concrete buildings and fossil energy. Renewable and Sustainable 986 
Energy Reviews, 136, 110435. https://doi.org/10.1016/j.rser.2020.110435 987 

Hadden, D., & Grelle, A. (2016). Changing temperature response of respiration turns boreal 988 
forest from carbon sink into carbon source. Agricultural and Forest Meteorology, 223, 989 
30–38. https://doi.org/10.1016/j.agrformet.2016.03.020 990 



 
   

 

 
 

24 

Hanewinkel, M., Cullmann, D. A., Schelhaas, M.-J., Nabuurs, G.-J., & Zimmermann, N. E. 991 
(2013). Climate change may cause severe loss in the economic value of European forest 992 
land. Nature Climate Change, 3(3), 203–207. https://doi.org/10.1038/nclimate1687 993 

Harmon, M. E. (2019). Have product substitution carbon benefits been overestimated? A 994 
sensitivity analysis of key assumptions. Environmental Research Letters, 14(6), 065008. 995 
https://doi.org/10.1088/1748-9326/ab1e95 996 

Henttonen, H. M., Nöjd, P., & Mäkinen, H. (2017). Environment-induced growth changes in the 997 
Finnish forests during 1971–2010 – An analysis based on National Forest Inventory. 998 
Forest Ecology and Management, 386, 22–36. 999 
https://doi.org/10.1016/j.foreco.2016.11.044 1000 

Hudiburg, T. W., Law, B. E., Moomaw, W. R., Harmon, M. E., & Stenzel, J. E. (2019). Meeting 1001 
GHG reduction targets requires accounting for all forest sector emissions. Environmental 1002 
Research Letters, 14(9), 095005. https://doi.org/10.1088/1748-9326/ab28bb 1003 

Hyvönen, R., Ågren, G. I., Linder, S., Persson, T., Cotrufo, M. F., Ekblad, A., Freeman, M., 1004 
Grelle, A., Janssens, I. A., Jarvis, P. G., Kellomäki, S., Lindroth, A., Loustau, D., 1005 
Lundmark, T., Norby, R. J., Oren, R., Pilegaard, K., Ryan, M. G., Sigurdsson, B. D., … 1006 
Wallin, G. (2007). The likely impact of elevated CO2, nitrogen deposition, increased 1007 
temperature and management on carbon sequestration in temperate and boreal forest 1008 
ecosystems: A literature review. New Phytologist, 173(3), 463–480. 1009 
https://doi.org/10.1111/j.1469-8137.2007.01967.x 1010 

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working Group 1011 
I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 1012 
Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. 1013 
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 1014 
Cambridge, United Kingdom and New York, NY, USA, 1535 pp. 1015 

Jonsson, B. G., Svensson, J., Mikusiński, G., Manton, M., & Angelstam, P. (2019). European 1016 
Union’s Last Intact Forest Landscapes are at A Value Chain Crossroad between Multiple 1017 
Use and Intensified Wood Production. Forests, 10(7). https://doi.org/10.3390/f10070564 1018 

Jonsson, M., Bengtsson, J., Moen, J., Gamfeldt, L., & Snäll, T. (2020). Stand age and climate 1019 
influence forest ecosystem service delivery and multifunctionality. Environmental 1020 
Research Letters, 15(9), 0940a8. https://doi.org/10.1088/1748-9326/abaf1c 1021 

Kallio, A., & Solberg, B. (2018). On the Reliability of International Forest Sector Statistics: 1022 
Problems and Needs for Improvements. Forests, 9(7), 407. 1023 
https://doi.org/10.3390/f9070407 1024 

Kauppi, P. E., Posch, M., & Pirinen, P. (2014). Large Impacts of Climatic Warming on Growth 1025 
of Boreal Forests since 1960. PLoS ONE, 9(11), e111340. 1026 
https://doi.org/10.1371/journal.pone.0111340 1027 

Keenan, R. J. (2015). Climate change impacts and adaptation in forest management: A review. 1028 
Annals of Forest Science, 72(2), 145–167. https://doi.org/10.1007/s13595-014-0446-5 1029 

Kellomäki, S., Peltola, H., Nuutinen, T., Korhonen, K. T., & Strandman, H. (2008). Sensitivity 1030 
of managed boreal forests in Finland to climate change, with implications for adaptive 1031 
management. Philosophical Transactions of the Royal Society of London B: Biological 1032 
Sciences, 363(1501), 2339–2349. https://doi.org/10.1098/rstb.2007.2204 1033 

Klapwijk, M. J., Boberg, J., Bergh, J., Bishop, K., Björkman, C., Ellison, D., Felton, A., Lidskog, 1034 
R., Lundmark, T., Keskitalo, E. C. H., Sonesson, J., Nordin, A., Nordström, E.-M., 1035 
Stenlid, J., & Mårald, E. (2018). Capturing complexity: Forests, decision-making and 1036 



 
   

 

 
 

25 

climate change mitigation action. Global Environmental Change, 52, 238–247. 1037 
https://doi.org/10.1016/j.gloenvcha.2018.07.012 1038 

Koca, D., Smith, B., & Sykes, M. T. (2006). Modelling Regional Climate Change Effects On 1039 
Potential Natural Ecosystems in Sweden. Climatic Change, 78(2), 381–406. 1040 
https://doi.org/10.1007/s10584-005-9030-1 1041 

Leskinen, P., Cardellini, G., González-García, S., Hurmekoski, E., Sathre, R., Seppälä, J., Smyth, 1042 
C., Stern, T., Verkerk, P. J., & European Forest Institute. (2018). Substitution effects of 1043 
wood-based products in climate change mitigation. European Forest Institute (EFI). 1044 

Liang, J., Crowther, T. W., Picard, N., Wiser, S., Zhou, M., Alberti, G., Schulze, E.-D., 1045 
McGuire, A. D., Bozzato, F., Pretzsch, H., de-Miguel, S., Paquette, A., Herault, B., 1046 
Scherer-Lorenzen, M., Barrett, C. B., Glick, H. B., Hengeveld, G. M., Nabuurs, G.-J., 1047 
Pfautsch, S., … Reich, P. B. (2016). Positive biodiversity-productivity relationship 1048 
predominant in global forests. Science, 354(6309), aaf8957–aaf8957. 1049 
https://doi.org/10.1126/science.aaf8957 1050 

Lundblad, M., Petersson, H., Karltun, E., Wikberg, P-E., and Bolinder, M. 2019. KP-LULUCF. 1051 
In: National Inventory Report Sweden 2019 - Submitted under the United Nations 1052 
Framework Convention on Climate Change. Swedish Environmental Protection Agency, 1053 
p.457-483. 1054 

Luyssaert, S., Schulze, E.-D., Börner, A., Knohl, A., Hessenmöller, D., Law, B. E., Ciais, P., & 1055 
Grace, J. (2008). Old-growth forests as global carbon sinks. Nature, 455(7210), 213–215. 1056 
https://doi.org/10.1038/nature07276 1057 

Marklund, L. G. (1987). Biomass functions for Norway spruce (Picea abies (L.) Karst.) in 1058 
Sweden [biomass determination, dry weight]. Rapport - Sveriges Lantbruksuniversitet, 1059 
Institutionen Foer Skogstaxering (Sweden). https://agris.fao.org/agris-1060 
search/search.do?recordID=SE871150588 1061 

Martikainen, P., Siitonen, J., Kaila, L., Punttila, P., & Rauh, J. (1999). Bark beetles (Coleoptera, 1062 
Scolytidae) and associated beetle species in mature managed and old-growth boreal 1063 
forests in southern Finland. Forest Ecology and Management, 116(1–3), 233–245. 1064 
https://doi.org/10.1016/S0378-1127(98)00462-9 1065 

Martikainen, P., Siitonen, J., Punttila, P., Kaila, L., & Rauh, J. (2000). Species richness of 1066 
Coleoptera in mature managed and old-growth boreal forests in southern Finland. 1067 
Biological Conservation, 94(2), 199–209. https://doi.org/10.1016/S0006-3207(99)00175-1068 
5 1069 

Matthews, R. (2020). Briefing Paper: The EU LULUCF Regulation: Help or Hindrance to 1070 
sustainable forest biomass use? (LULUCF Regulation and Forest Biomass Use). 1071 

Melin, Y., Petersson, H., & Nordfjell, T. (2009). Decomposition of stump and root systems of 1072 
Norway spruce in Sweden—A modelling approach. Forest Ecology and Management, 1073 
257(5), 1445–1451. https://doi.org/10.1016/j.foreco.2008.12.020 1074 

Nabuurs, G.-J., Delacote, P., Ellison, D., Hanewinkel, M., Hetemäki, L., & Lindner, M. (2017). 1075 
By 2050 the Mitigation Effects of EU Forests Could Nearly Double through Climate 1076 
Smart Forestry. Forests, 8(12), 484. https://doi.org/10.3390/f8120484 1077 

Näslund, M. (1947). Funktioner och tabeller för kubering av stående träd (Report 36:3; Issue 1078 
36:3). https://pub.epsilon.slu.se/9900/ 1079 

Näyhä, Annukka, Pelli, Päivi, & Hetemäki, Lauri. (2015). Services in the forest-based sector – 1080 
unexplored futures. Foresight, 17(4), 378–398. https://doi.org/10.1108/FS-08-2013-0034 1081 



 
   

 

 
 

26 

Norby, R. J., Warren, J. M., Iversen, C. M., Medlyn, B. E., & McMurtrie, R. E. (2010). CO2 1082 
enhancement of forest productivity constrained by limited nitrogen availability. 1083 
Proceedings of the National Academy of Sciences, 107(45), 19368–19373. 1084 
https://doi.org/10.1073/pnas.1006463107 1085 

Oliver, T. H., Heard, M. S., Isaac, N. J. B., Roy, D. B., Procter, D., Eigenbrod, F., Freckleton, R., 1086 
Hector, A., Orme, C. D. L., Petchey, O. L., Proença, V., Raffaelli, D., Suttle, K. B., 1087 
Mace, G. M., Martín-López, B., Woodcock, B. A., & Bullock, J. M. (2015). Biodiversity 1088 
and Resilience of Ecosystem Functions. Trends in Ecology & Evolution, 30(11), 673–1089 
684. https://doi.org/10.1016/j.tree.2015.08.009 1090 

Oni, S., K., Mieres, F., Futter, M. N., & Laudon, H. (2017). Soil temperature responses to 1091 
climate change along a gradient of upland–riparian transect in boreal forest. Climatic 1092 
Change, 143(1–2), 27–41. https://doi.org/10.1007/s10584-017-1977-1 1093 

Parrotta, J. A., Wildburger, C., & Mansourian, S. (Eds.). (2012). Understanding relationships 1094 
between biodiversity, carbon, forests and people: The key to achieving REDD+ 1095 
objectives ; a global assessment report ; prepared by the global forest expert panel on 1096 
biodiversity, forest management and REDD+. International Union of Forest Research 1097 
Organizations (IUFRO). 1098 

Pelli, P., Haapala, A., & Pykäläinen, J. (2017). Services in the forest-based bioeconomy – 1099 
analysis of European strategies. Scandinavian Journal of Forest Research, 32(7), 559–1100 
567. https://doi.org/10.1080/02827581.2017.1288826 1101 

Petersson, H., & Ståhl, G. (2006). Functions for below-ground biomass of Pinus sylvestris , 1102 
Picea abies , Betula pendula and Betula pubescens in Sweden. Scandinavian Journal of 1103 
Forest Research, 21(S7), 84–93. https://doi.org/10.1080/14004080500486864 1104 

Pilli, R., Fiorese, G., & Grassi, G. (2015). EU mitigation potential of harvested wood products. 1105 
Carbon Balance and Management, 10(1), 6. https://doi.org/10.1186/s13021-015-0016-7 1106 

Pinto, G. A. S. J., Rousseu, F., Niklasson, M., & Drobyshev, I. (2020). Effects of human-related 1107 
and biotic landscape features on the occurrence and size of modern forest fires in 1108 
Sweden. Agricultural and Forest Meteorology, 291, 108084. 1109 
https://doi.org/10.1016/j.agrformet.2020.108084 1110 

Reich, P. B., Sendall, K. M., Stefanski, A., Rich, R. L., Hobbie, S. E., & Montgomery, R. A. 1111 
(2018). Effects of climate warming on photosynthesis in boreal tree species depend on 1112 
soil moisture. Nature, 562(7726), 263–267. https://doi.org/10.1038/s41586-018-0582-4 1113 

Repo, A., Rajala, T., Henttonen, H. M., Lehtonen, A., Peltoniemi, M., & Heikkinen, J. (2021). 1114 
Age-dependence of stand biomass in managed boreal forests based on the Finnish 1115 
National Forest Inventory data. Forest Ecology and Management, 498, 119507. 1116 
https://doi.org/10.1016/j.foreco.2021.119507 1117 

Reyer, C. P. O., Bathgate, S., Blennow, K., Borges, J. G., Bugmann, H., Delzon, S., Faias, S. P., 1118 
Garcia-Gonzalo, J., Gardiner, B., Gonzalez-Olabarria, J. R., Gracia, C., Hernández, J. G., 1119 
Kellomäki, S., Kramer, K., Lexer, M. J., Lindner, M., van der Maaten, E., Maroschek, 1120 
M., Muys, B., … Hanewinkel, M. (2017). Are forest disturbances amplifying or 1121 
canceling out climate change-induced productivity changes in European forests? 1122 
Environmental Research Letters, 12(3), 034027. https://doi.org/10.1088/1748-1123 
9326/aa5ef1 1124 

Roberts, C. M., O’Leary, B. C., & Hawkins, J. P. (2020). Climate change mitigation and nature 1125 
conservation both require higher protected area targets. Philosophical Transactions of the 1126 



 
   

 

 
 

27 

Royal Society B: Biological Sciences, 375(1794), 20190121. 1127 
https://doi.org/10.1098/rstb.2019.0121 1128 

Sabatini, F. M., Burrascano, S., Keeton, W. S., Levers, C., Lindner, M., Pötzschner, F., Verkerk, 1129 
P. J., Bauhus, J., Buchwald, E., Chaskovsky, O., Debaive, N., Horváth, F., Garbarino, M., 1130 
Grigoriadis, N., Lombardi, F., Marques Duarte, I., Meyer, P., Midteng, R., Mikac, S., … 1131 
Kuemmerle, T. (2018). Where are Europe’s last primary forests? Diversity and 1132 
Distributions. https://doi.org/10.1111/ddi.12778 1133 

Sabatini, F. M., Keeton, W. S., Lindner, M., Svoboda, M., Verkerk, P. J., Bauhus, J., Bruelheide, 1134 
H., Burrascano, S., Debaive, N., Duarte, I., Garbarino, M., Grigoriadis, N., Lombardi, F., 1135 
Mikoláš, M., Meyer, P., Motta, R., Mozgeris, G., Nunes, L., Ódor, P., … Kuemmerle, T. 1136 
(2020). Protection gaps and restoration opportunities for primary forests in Europe. 1137 
Diversity and Distributions. https://doi.org/10.1111/ddi.13158 1138 

Sandström, F., Petersson, H., Kruys, N., & Ståhl, G. (2007). Biomass conversion factors (density 1139 
and carbon concentration) by decay classes for dead wood of Pinus sylvestris, Picea abies 1140 
and Betula spp. In boreal forests of Sweden. Forest Ecology and Management, 243(1), 1141 
19–27. https://doi.org/10.1016/j.foreco.2007.01.081 1142 

Sathre, R., & O’Connor, J. (2010). Meta-analysis of greenhouse gas displacement factors of 1143 
wood product substitution. Environmental Science & Policy, 13(2), 104–114. 1144 
https://doi.org/10.1016/j.envsci.2009.12.005 1145 

Schulze, E. D. (2018). Effects of forest management on biodiversity in temperate deciduous 1146 
forests: An overview based on Central European beech forests. Journal for Nature 1147 
Conservation, 43, 213–226. https://doi.org/10.1016/j.jnc.2017.08.001 1148 

Seedre, M., Kopáček, J., Janda, P., Bače, R., & Svoboda, M. (2015). Carbon pools in a montane 1149 
old-growth Norway spruce ecosystem in Bohemian Forest: Effects of stand age and 1150 
elevation. Forest Ecology and Management, 346, 106–113. 1151 
https://doi.org/10.1016/j.foreco.2015.02.034 1152 

Seidl, R., Schelhaas, M.-J., Rammer, W., & Verkerk, P. J. (2014). Increasing forest disturbances 1153 
in Europe and their impact on carbon storage. Nature Climate Change, 4(9), 806–810. 1154 
https://doi.org/10.1038/nclimate2318 1155 

Senf, C., Buras, A., Zang, C. S., Rammig, A., & Seidl, R. (2020). Excess forest mortality is 1156 
consistently linked to drought across Europe. Nature Communications, 11(1), 6200. 1157 
https://doi.org/10.1038/s41467-020-19924-1 1158 

Senf, C., & Seidl, R. (2021a). Mapping the forest disturbance regimes of Europe. Nature 1159 
Sustainability, 4(1), 63–70. https://doi.org/10.1038/s41893-020-00609-y 1160 

Senf, C., & Seidl, R. (2021b). Storm and fire disturbances in Europe: Distribution and trends. 1161 
Global Change Biology, 27(15), 3605–3619. https://doi.org/10.1111/gcb.15679 1162 

Sharma, T., Kurz, W. A., Stinson, G., Pellatt, M. G., & Li, Q. (2013). A 100-year conservation 1163 
experiment: Impacts on forest carbon stocks and fluxes. Forest Ecology and 1164 
Management, 310, 242–255. https://doi.org/10.1016/j.foreco.2013.06.048 1165 

Sigurdsson, B. D., Medhurst, J. L., Wallin, G., Eggertsson, O., & Linder, S. (2013). Growth of 1166 
mature boreal Norway spruce was not affected by elevated [CO2] and/or air temperature 1167 
unless nutrient availability was improved. Tree Physiology, 33(11), 1192–1205. 1168 
https://doi.org/10.1093/treephys/tpt043 1169 

Solberg, B., Kallio, M. I., Käär, L., & Päivinen, R. (2019). Grassi et al. Miss their target. Forest 1170 
Policy and Economics, 104, 157–159. https://doi.org/10.1016/j.forpol.2019.04.009 1171 



 
   

 

 
 

28 

Stokland, J. N. (2021a). Volume increment and carbon dynamics in boreal forest when extending 1172 
the rotation length towards biologically old stands. Forest Ecology and Management, 1173 
488, 119017. https://doi.org/10.1016/j.foreco.2021.119017 1174 

Stokland, J. N. (2021b). Reply: Volume increment and carbon dynamics in old boreal forests. 1175 
Forest Ecology and Management, 495, 119326. 1176 
https://doi.org/10.1016/j.foreco.2021.119326 1177 

Subramanian, N., Bergh, J., Johansson, U., Nilsson, U., & Sallnäs, O. (2015). Adaptation of 1178 
Forest Management Regimes in Southern Sweden to Increased Risks Associated with 1179 
Climate Change. Forests, 7(12), 8. https://doi.org/10.3390/f7010008 1180 

Swedish Government, 2020a. Regeringens proposition 2019/20:65 En samlad politik för klimatet 1181 
– klimatpolitisk handlingsplan (Governmental bill 2019/20:65 Joint policy for climate 1182 
change - climate policy action plan).  1183 

Swedish Government, 2020b. Bränslebytet förstärks med högre inblandning av förnybart i 1184 
drivmedel (The emissions reduction obligation quota policy is reinforced with increasing 1185 
the share of renewables in vehicle fuels) [WWW Document]. URL 1186 
https://www.regeringen.se/pressmeddelanden/2020/09/branslebytet-forstarks-med- 1187 
hogre-inblandning-av-fornybart-i-drivmedel/ (accessed 9.30.20Lundmark, T., Bergh, J., 1188 
Hofer, P., Lundström, A., Nordin, A., Poudel, C. B., Sathre, R., Taverna, R., & Werner, 1189 
F. (2014). Potential Roles of Swedish Forestry in the Context of Climate Change 1190 
Mitigation. Forests, 5(4). https://doi.org/10.3390/f5040557). 1191 

Swedish Ministry of the Environment. (2019). Revised National forestry accounting plan for 1192 
Sweden [NFAP-SE]. Ministry for the Environment. 1193 
https://www.government.se/4a9f07/contentassets/730d6345a5d745b1bc5f084e2f00fff7/re1194 
vised-national-forestry-accounting-plan-for-sweden 1195 

Tamm, C. O. (1991). Nitrogen in Terrestrial Ecosystems (Vol. 81). Springer Berlin Heidelberg. 1196 
https://doi.org/10.1007/978-3-642-75168-4 1197 

Toivonen, R., Lilja, A., Vihemäki, H., & Toppinen, A. (2021). Future export markets of 1198 
industrial wood construction – A qualitative backcasting study. Forest Policy and 1199 
Economics, 128, 102480. https://doi.org/10.1016/j.forpol.2021.102480 1200 

Wikström, P., Edenius, L., Elfving, B., Eriksson, L. O., Lämås, T., Sonesson, J., Öhman, K., 1201 
Wallerman, J., Waller, C., & Klintebäck, F. (2011). The Heureka Forestry Decision 1202 
Support System: An Overview. Mathematical and Computational Forestry & Natural-1203 
Resource Sciences (MCFNS); Vol 3, No 2: MCFNS August 28, 2011. 1204 
http://mcfns.net/index.php/Journal/article/view/MCFNS.3-87 1205 


