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increased sequestration divided by the cost of carbon pay-
ments). The benefit/cost ratio of carbon subsidies was higher 
in the northern part of boreal zone than in the southern parts. 
Subsidizing within-forest carbon sequestration by 50 € t−1 
would increase the carbon sequestration of Finnish forestry 
by 50%, ranging from 36% (south Finland) to 116% (north 
Finland). A payment of 100 € t−1 or more would increase 
carbon sequestration by 70%, which is nearly the maximum 
possible increase that can be obtained by carbon subsidies.

Keywords Boreal forest · Carbon balance · Carbon 
sequestration · Carbon subsidies · Optimal forest 
management

Introduction

Forests sequestrate carbon from the atmosphere into the liv-
ing biomass pool, from which it flows to the soil carbon pool 
in the form of litter, dead trees and harvest residues. A part 
of the carbon of cut trees goes to the carbon pool of wood-
based products. The two first pools (living tree biomass and 
soil) are located in the same forest where the sequestration 
occurs whereas the third pool (wood-based products) is 
located elsewhere and may be distributed over wide areas, 
even over different continents.

Measuring the carbon sequestration of forests can be done 
by monitoring changes in the living biomass and in the dead 
organic matter (DOM). Of these, the amount of living bio-
mass can be estimated easily and reliably, by using mod-
ern forest inventory methods and forest calculation systems 
(e.g., Siitonen et al. 2001; Pukkala 2004). There are also 
models for simulating changes in DOM, for example the 
Yasso07 and Yasso15 models (Ťupek et al. 2019). Since the 
soil carbon pool is more stable than the carbon pool of living 
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biomass, it seems possible to develop reliable systems for 
crediting within-forest carbon sequestration.

Another basis of carbon credits would be the total car-
bon balance of forestry, including also the carbon balance 
of wood energy and wood-based products. Calculation of 
this balance includes more uncertainties, since the life spans 
of different products, their substitution factors, and uses of 
discarded products at the end of primary use are difficult to 
predict (Hurmekoski et al. 2020). Also the set of end prod-
ucts prepared of harvested wood may change, as well as the 
sources of energy that are used in product manufacturing.

If the carbon intake by photosynthesis is larger than the 
carbon releases of respiration and decomposition, the size 
of the carbon pool of living biomass and soil increases, and 
forests act as carbon sink. Calculating the carbon balance of 
whole forestry, including also wood-based products, is more 
complicated because, on one hand, harvesting and transport 
of wood as well as manufacturing and transport of wood-
based products cause carbon releases but, on the other hand, 
the use of wood energy and wood-based products decreases 
carbon emissions into the atmosphere caused by the use of 
fossil energy and fossil-based products.

Recent research has shown that decreasing cuttings would 
increase the net biomass growth and carbon sequestration of 
Finnish forests (Heinonen et al. 2017; Pukkala 2018; Sep-
pälä et al. 2019). This conclusion would hold for at least 
100 years although decreasing cutting level would eventually 
lead to the decrease of the net growth of the living biomass 
and the increase of the DOM decomposition. Therefore, 
subsidizing carbon sequestration in forests would lead to 
decreased cutting level. Finnish forests are not very dense 
(the mean volume of productive forest is 118 m3 ha−1) and 
most forests are rather young, the most common age class 
being 40–60 years (https ://stat.luke.fi/sites /defau lt/files /
metsa varat _2018_en_copy.pdf). Therefore, it seems evident 
that a high enough payment for carbon sequestration should 
lead to the cessation of almost all cuttings, at least for some 
decades (van Kooten et al. 1995).

Most studies on the effect of carbon price have been car-
ried out at the stand level and mainly under even-aged for-
estry. The common result is that increasing carbon price 
increases optimal stand densities and postpones final felling 
(e.g., van Kooten et al. 1995; Guthrie and Kumareswaran 
2009; Daigneault et al. 2010; Couture and Reynaud 2011; 
Pukkala 2011; Raymer et al. 2011; Assmuth and Tahvonen 
2018). Increasing carbon price increases saw log harvests 
and decreases pulp wood removals (Pukkala 2011; Assmuth 
et al. 2017) and favors uneven-aged management (Pukkala 
et al. 2011; Assmuth and Tahvonen 2018). Pohjola et al. 
(2018) found that the temporal distribution of the effect of 
carbon crediting depends on carbon price, low payments 
having mild but long-lasting impacts. Allowing harvest 
level to vary in response to carbon pricing results in larger 

increases in carbon sequestration than maintaining a prede-
termined harvest level (Sjølie et al. 2013).

The inclusion of the carbon balance of wood-based prod-
ucts makes conclusions more complicated since the use of 
wood-based energy and wood-based products decreases 
emissions from fossil fuels. However, it is likely that sub-
sidizing the carbon sequestration of the whole production 
and life cycle of wood-based products (including wood 
production in forests, harvesting, transport, manufacturing 
and cascade use of products) would also decrease optimal 
cutting levels (Heinonen et al. 2017; Seppälä et al. 2019), 
but most probably less than in the case where only within-
forest carbon sequestration is subsidized. Price and Willis 
(2011) concluded that including all carbon effects results 
in only slightly longer rotations than those based only on 
timber value. Considering only forest carbon in calculations 
increases optimal rotations more than including all carbon 
effects (Price and Willis 2011; Pukkala 2011; Raymer et al. 
2011).

Even if the basis of carbon credits is within-forest seques-
tration, the effects of this policy instrument should be evalu-
ated in terms of the total carbon balance of forestry, i.e., 
including also the carbon balance of products. Otherwise, 
the analysis gives a biased picture on the effect of carbon 
crediting on climate change mitigation.

The effect of carbon pricing may be different at different 
latitudes or on different growing sites (Backéus et al. 2006). 
For example, it might be hypothesized that refraining from 
cuttings can be continued for longer in northern latitudes 
(or on poor sites) where trees grow slowly and can reach old 
ages, and the decomposition rate of DOM is slow.

Considering all these aspects, the aim of the study was to 
provide a forest level analysis on the effect of carbon pric-
ing on optimal cutting level at different latitudes of boreal 
region. It was hypothesized that maximizing the total eco-
nomic benefit from timber sales and carbon credits might 
lead to solutions where it is optimal to concentrate on timber 
benefits in the southern part of boreal forest and carbon cred-
its in the north. If, under these circumstances, it is required 
that forests should provide an even flow of wood for the soci-
ety, it seems likely that the optimal cutting level has unequal 
geographical distribution, which might also change in time. 
Also this question was addressed by this study.

Materials and methods

Materials

Stand level forest data for the private forests of Finland are 
currently available at www.metsa an.fi/paikk atiet oaine istot . 
These data are based on airborne laser scanning (ALS) 
forest inventory. The available site attributes include land 

https://stat.luke.fi/sites/default/files/metsavarat_2018_en_copy.pdf
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use category (productive forest, stunted forest, wasteland, 
other), soil type (mineral soil, spruce mire, pine bog), 
fertility class (mesotrophic, herb-rich, mesic, sub-xeric, 
xeric, barren heath), altitude, latitude and longitude. The 
growing stock attributes include stand basal area, number 
of trees per hectare, stand age, mean diameter and mean 
height. These variables are available for the total growing 
stock and separately for different main species and canopy 
layers. The total number of stands for which data are avail-
able is about 9.8 million.

A 0.5% random sample of stands available at www.
metsa kesku s/paikk atiet oaine istot  was selected for this 
study. Sampling was conducted separately for the fol-
lowing latitudinal ranges: < 62° (referred to as “south”), 
62°–64° (south-central), 64°–66° (north-central) and 
> 66° (north). The total number of stands in the four sam-
ples was 48,842 (Table 1), ranging from 5283 (north) to 
19,759 (south-central) and the total area of the stands was 
66,374 ha. This area represents “the forestry land”, which 
is divided into three productivity categories: productive 
forest (also called forestland), stunted forest and waste-
land. The proportion of productive forest decreased from 
the 96% of south (latitude < 62°) to the 73% of north (lati-
tude > 66°). The proportion of peatland forests was largest 
(28%) in north-central Finland and smallest (11%) in south 
Finland.

The mean growing stock volume decreased from the 
150 m3 ha−1 of south Finland to 60.4 m3 ha−1 in the north. 
The proportion of pine increased towards north. Mesic and 
sub-xeric sites were the most common fertility classes eve-
rywhere. The proportion of mesic sites decreased and the 
proportion of sub-xeric sites increased from south to north.

The estimated initial soil carbon stock (t ha−1) of the 
sampled stands was larger than the carbon stock of living 
tree biomass (Table 1). The size of soil carbon pool was 
large especially on peatland sites. In Table 1, the mean 
soil carbon stock of peatland forests is the same in all 
four geographical regions. The carbon stock of peat was 
calculated from the thickness and density of the peat layer 
and the carbon content of peat. Since no stand-level data 
on the thickness of peat was available, average peat depth 
was used for all peatland stands: 69 cm for spruce mire and 
152 cm for pine bog (Korhonen et al. 2013). The dry den-
sity of peat was assumed equal to 0.082 t m−3 on undrained 
peatland and 0.133 t m−3 on drained peatland (Minkkinen 
and Laine 1997).

It should be noted that only the aerobic surface layer of 
the peat affects the carbon dynamics of peatland forests. 
The thickness of the aerobic peat layer mainly depends on 
ditching and transpiration of the trees. Therefore, lacking 
information on peat thickness has very little effect on the 
soil carbon balance estimates of peatland forests.
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Methods

Simulation of treatment alternatives for stands

The calculations were done in two steps. First, a set of dif-
ferent treatment schedules were simulated for the stands for 
100 years, divided into ten 10-year periods. Then, optimal 
combinations of simulated treatment schedules were found 
by maximizing timber, carbon or total benefit with or with-
out harvest volume constraints.

The stand data sampled from the national database were 
imported to the Monsu forest planning system, which has 
tools for both simulation and optimization (Pukkala 2004). 
The stand data imported to the Monsu forest planning sys-
tem were used to generate five representative trees per spe-
cies and canopy layer (see Pukkala and Miina 2005; Palahí 
et al. 2006 for details). The list of representative trees was 
used in the simulation of stand dynamics. Diameter incre-
ment, competition-induced “regular” mortality and advance 
regeneration (ingrowth) were simulated using the models of 
Pukkala et al. (2013). Mortality and cuttings decreased the 
frequencies of representative trees or removed them com-
pletely while regeneration and ingrowth resulted in new 
representative trees.

In the alternative treatment schedules, the simulation of 
cuttings was based on the recommended thinning basal area 
and regeneration diameter in even-aged forestry (Äijälä et al. 
2014). The lower limits of the recommended ranges for thin-
ning basal area and regeneration diameter were assumed to 
indicate the earliest moment of cutting. Other cutting sched-
ules were produced by postponing the cuttings by one or 
several 10-year periods. To further increase the number of 
alternatives, schedules were simulated under the restrictions 
that cutting cannot be performed during the 1st, 2nd, 3rd 
etc. 10-year periods, or during the first 10, 20, 30 etc. years.

Thinning treatments are implemented in various dif-
ferent ways in current Finnish forestry, ranging from the 
traditional thinning from below to thinning from above. 
The prevailing trend is to increase the use of thinning 
from above. To mimic this variation in thinning type, 1/3 
of stands was assigned to thinning from below (when a 

thinning was simulated, it was simulated as thinning 
from below), 1/3 to thinning from above, and 1/3 for uni-
form thinning (equal thinning intensity in all diameter 
classes). In thinning from above and from below, 50% of 
the removed basal area was taken by using equal thinning 
intensity in all diameter classes and the remaining 50% 
was taken by removing the smallest (thinning from below) 
or largest (thinning from above) of the remaining trees. 
Only commercial trees (at least one pulpwood log could be 
prepared from the stem) were removed in cuttings.

In addition to final felling and thinning, also the 
removal of upper canopy was simulated in two-storied 
stands. This was the first option always when the stand had 
a dense enough understory that consisted of economically 
valuable species that were suitable to the fertility class of 
the site (Äijälä et al. 2014). Final felling was simulated 
as clearcutting in mineral soils except for pine-dominated 
stands on xeric sites and all peatland forests where natural 
regeneration was used.

Thinning from above reduces the mean tree diameter 
and postpones the time point of final felling. If the stand 
has much variation in tree diameter and well-developed 
advance regeneration, the final felling might be postponed 
for decades and might not be simulated at all during the 
100-year period. Applying thinning from above therefore 
converts the silvicultural system towards continuous cover 
management. Thinning from above gives a higher percent-
age of saw logs, and it has been found to result in better 
carbon balance than thinning from below (Zubizarreta-
Gerendiain et al. 2016; Díaz-Yáñez et al. 2019).

Harvested trees were divided into timber assortments 
using the taper models of Laasasenaho (1982) and the min-
imum dimensions shown in Table 2. A part of the saw log 
volume, obtained from the taper model, was transferred 
to pulpwood volume, due to assumed quality defects. The 
percentage of saw log reduction was calculated, separately 
for each harvested tree, with the models of Mehtätalo 
(2002). However, since these models have been found to 
overestimate the reduction in conifers and underestimate 
it in broadleaves, the predicted relative reductions were 

Table 2  Timber assortments Species Road side price (€  m−3) Minimum top diameter (cm) Minimum log length (m)

Saw log Small log Pulpwood log Saw log Small log Pulp-
wood 
log

Saw log Small log Pulp-
wood 
log

Pine 57 32 30 15 13 8 4.3 3.4 3
Spruce 50 32 30 16 13 9 4.3 3.4 3
Birch 45 – 30 17 – 8 3.4 – 3
Aspen 40 – 20 17 – 8 4.3 – 3
Alder – – 10 – – 8 – – 3
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multiplied with the following correction factors (Malinen 
et al. 2007): pine 0.7, spruce 0.4, broadleaves 1.2.

Simulation of clear-felling led to a series of other treat-
ments. Cleaning of regeneration site was simulated if there 
were many small, non-commercial trees in the stand. Site 
preparation and planting or seeding were simulated after 
clear felling. Sowing of pine seeds was simulated only on 
sub-xeric mineral soil sites. Planting was assumed in all 
other cases. The planted species was selected randomly 
using the following probabilities: mesotrophic and herb-rich 
site, spruce 0.8 and silver birch 0.2; mesic site, pine 0.3, 
spruce 0.6 and silver birch 0.1. After planting, the tending 
treatments of the plantation included weeding in the most 
fertile sites, and one or two pre-commercial thinnings of the 
newly established young forest.

The total number of different treatment schedules 
simulated for the 48,842 stands was nearly two million 
(1,974,531). The average number of different schedules per 
stand was 34.9 for south, 51.1 for south-central, 34.5 for 
north-central and 26.1 for north Finland (Table 1).

The net incomes from cuttings were calculated by mul-
tiplying the roadside prices of different timber assortments 
(Table 2) by their volumes, and subtracting the harvesting 
costs from the roadside prices. Harvesting costs were cal-
culated using the time consumption functions of Rummu-
kainen et al. (1995) for harvester and forwarder, and hourly 
cost of 90 € h−1 for harvester and 65 € h−1 for forwarder. 
The costs of silvicultural treatments are shown in Table 3.

Carbon balance of tree biomass

The stand-specific carbon pools of living biomass were 
initialized by applying the biomass models of Repola et al. 
(2007) and Repola (2009) for the representative trees used 
in simulation. For each of them the biomass of stem, stump, 
roots, branches and foliage was calculated. A species-spe-
cific carbon fraction of 0.505– 0.519 was used. The bio-
mass of fine roots (diameter less than 2 mm), for which no 
biomass model was available, was assumed to be related 
to foliage biomass: fine root biomass was 25% of foliage 
biomass in spruce and 67% of foliage biomass in pine and 
broadleaves (Helmisaari et al. 2007; Pukkala 2014).

The carbon balance of living tree biomass was calculated 
as the change in size of the carbon pool of the living biomass 
by considering, as input, predicted growth of tree biomass 
and the biomass of regeneration and ingrowth and, as output, 
harvested trees (including trees removed in pre-commercial 
thinning) and mortality. Living trees loose carbon also in 
litter (mainly from roots, branches and foliage). However, 
calculation of the carbon balance of living tree biomass does 
not require separate estimation of litter since the net change 
in biomass is equal to gross growth of biomass minus litter. 
However, litter estimates were needed in the calculation of 
soil carbon balance.

Soil carbon balance

The soil carbon pools were initialized with the models of 
Pukkala (2014). These models are based on long-term simu-
lations of stand development and carbon dynamics. The end-
ing soil carbon pools of the simulations were modelled using 
site fertility, temperature sum and growing stock variables as 
predictors. Since decomposition was simulated by using the 
Yasso model, the dry mass of the soil organic matter com-
ponents had to be calculated separately. Therefore, separate 
models were fitted for acid-, water-, and ethanol-soluble as 
well as non-soluble and humus components of soil organic 
matter (referred to as AWENH components).

Inputs to the soil carbon pool consisted of regular mor-
tality, annual above- and below-ground litter, and the roots, 
stumps, branches, foliage and tops of harvested trees. Litter 
production was calculated from biomass using the turnover 
rates shown in Table 4 (Liski et al. 2006). Each dry mat-
ter input was partitioned into AWEN-components (Table 5) 
based on information available in the Yasso User’s manual 
(Liski et al. 2009). In addition, coarse woody debris (stumps 
of dead and harvested trees, stems of dead trees) were 
divided into different sub-pools based on the breast height 
diameter (dbh) of the dead or cut tree since the decomposi-
tion rate depends on the size of the piece of dry matter, and 
large pieces (e.g. large stems) decompose more slowly than 
small ones (Tuomi et al. 2011).

Output from the soil carbon pool consisted of DOM 
decomposition simulated by using the Yasso07 model 
(Tuomi et al. 2011). Yasso07 was used instead of the newer 

Table 3  Costs of silvicultural treatments

Treatment Cost (€  ha−1)

Cleaning of clear-felling site 200
Site preparation 330–385
Seeding 257
Planting 523
Weeding 250
Pre-commercial thinning 354–434

Table 4  Turnover rates (proportion of dry mass shed annually as lit-
ter)

Species Foliage Branches and 
coarse roots

Fine roots

Pine 0.3 0.0125 0.811
Spruce 0.2 0.0125 0.868
Broadleaves 1.0 0.0135 1.000
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Yasso15 because the initialization models (Pukkala 2014) 
were based on simulations with Yasso07.

Peatland carbon dynamics

The carbon dynamics of woody materials (mortality, har-
vest residues, litter) was simulated in the same way in peat-
land and mineral soil forests. In peatland forests, the carbon 
dynamics of peat was simulated as an additional compo-
nent. In undrained peatland sites the peat was expected to 
grow, corresponding to net increment in peat carbon stock 
of 0.25 t C ha−1 a−1 (Turunen et al. 2002; Ojanen 2015). If 
the site was ditched, it was assumed that peat does not grow.

The aerobic peat layer decomposes, releasing carbon 
dioxide to the atmosphere. The thickness of the aerobic lay-
ers depends on the depth and density of ditches as well as the 
transpiration of trees. In this study, the depth of the aerobic 
peat layer was calculated (Fig. 1) with the model of Sarkkola 
et al. (2010).

The amount of (non-wood) peat in the aerobic layer was 
calculated from peat density (0.082 t m−3 in non-drained 
and 0.133 t m−3 in drained peatland (Minkkinen and Laine 
1997)) and thickness of the aerobic layer. Decomposition 
of aerobic peat was simulated by using the Yasso07 model 
and the following proportions of the AWENH components: 
pine bog A 0.040, W 0.005, E 0.005, N 0.600, H 0.350; 
spruce mire A 0.080, W 0.010, E 0.010, N 0.800, H 0.100. 
With these proportions, the simulated carbon releases from 
peat corresponded to reported releases, and releases were 
higher from fertile peatland sites (Sarkkola 2007; Ojanen 
et al. 2010).

Product carbon dynamics

Inputs to the product carbon pools consisted of harvested 
trees, which were firstly partitioned into two main timber 
assortments: saw log and pulpwood. Each assortment was 
further partitioned into five product categories (Table 6): 
long-term products (sawn wood, veneer and plywood), 
mechanical mass products, chemical mass products, “new 
products”, and bioenergy. “New products” refer mainly 
to dissolving pulp products, for instance textiles made of 

wood fibers. Figure 2 illustrates the partitioning of pine 
stem into different product categories.

The five product categories had different life spans 
(resulting in different disposal rates), manufactur-
ing releases, substitution factors, and end-of-life uses 
(Table 7). The shares of product categories, their substi-
tution factors and end-of-life parameters were based on 
the recent study of Hurmekoski et al. (2020). Otherwise, 
the product model used in this study was the same as 
explained in detail in Pukkala (2014). The initial sizes of 
the product carbon pools were predicted with simulation-
based models (Pukkala 2014) developed in the same way 
as the models for initial soil carbon pools. It was assumed 
that the initial pool of new products was zero in all stands. 
The initial pools refer to the remaining amount of carbon 
in products prepared of wood harvested earlier from a par-
ticular stand.

Table 5  Proportions of different chemical components of litter

Chemical component Stem, stump, coarse root Branches Foliage Fine roots

Pine Spruce Broadleaf Pine Spruce Broadleaf Pine Spruce Broadleaf Pine Spruce Broadleaf

Acid-soluble 0.68 0.67 0.71 0.45 0.45 0.45 0.52 0.48 0.43 0.58 0.55 0.58
Water-soluble 0.02 0.02 0.01 0.02 0.02 0.02 0.18 0.13 0.19 0.13 0.13 0.19
Ethanol-soluble 0.01 0 0 0.08 0.08 0.08 0.09 0.07 0.10 0.06 0.07 0.06
Non-soluble 0.29 0.3 0.28 0.45 0.45 0.45 0.21 0.32 0.28 0.23 0.25 0.23
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Fig. 1  Depth of water table in southern and northern Finland as a 
function of growing stock volume for two ditch depths according to 
the model of Sarkkola et al. (2010)
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Optimizations

The objective variables considered in optimization were net 
present value (€ ha−1) of timber production (NPVtimber), net 
present value of carbon revenues (NPVcarbon), and volume of 
harvested timber  (m3). NPVtimber was calculated to infinity, 
by predicting the NPV of the ending growing stock (at the 

end of the 100-year simulation period) with models (Pukkala 
2005) and discounting it to the present.

Carbon revenues were calculated by multiplying the car-
bon balance (sequestration-release) of each 10-year period 
by the carbon price and discounting the product to the pre-
sent from the middle of the 10-year period. The following 
carbon prices were used to analyze the effect of carbon 
price on optimal cutting level: 0, 50, 100 and 150 € t−1. 
These prices correspond to  CO2-prices 0, 13.63, 27.27 and 
40.91 € t−1. Carbon revenues were calculated by using either 
within-forest carbon balance (carbon balance of living trees 
and soil) or total carbon balance of forestry (carbon balance 
of trees, soil and products) as the basis of carbon crediting.

Net present value was calculated with a 3% discount rate. 
The current growing stock and harvest levels and the rotation 
lengths of Finnish forests correspond to those obtained by 
maximizing NPV with a 2–3% discount rate. Of this range, 
3% was selected since it minimizes the effect of net incomes 
obtained after the 100-year simulation period on NPV. The 
100-year discount factor is 0.138 for a 2% rate but only 0.052 
for a 3% rate.

The first part of the analysis concerned the evaluation of 
the trade-off between NPVtimber and NPVcarbon. This analy-
sis was accomplished by maximizing the following utility 
function:

(1)

U = w
timber

NPV
timber

∕MaxNPV
timber

+ w
carbon

NPV
carbon

∕MaxNPV
carbon

Table 6  Proportions of product 
types prepared of different 
timber assortments

Assortment Sawn wood, 
veneer, plywood

Mechanical 
mass products

Chemical mass 
products

New products Bioenergy

Pine saw log 0.51 0.04 0.05 0 0.4
Spruce saw log 0.52 0.04 0.05 0 0.39
Birch saw log 0.34 0.05 0.07 0 0.54
Aspen saw log 0.05 0.025 0.025 0 0.9
Pine pulpwood 0 0 0.38 0 0.62
Spruce pulpwood 0 0.23 0.29 0 0.48
Birch pulpwood 0 0.12 0.08 0.18 0.62
Other pulpwood 0 0.1 0.1 0 0.8

Fig. 2  Division of pine stems into different product categories 
(shaded boxes). The percentages in the shaded boxes were used in the 
calculations of this study (see Table 6). The proportions of saw log 
and pulpwood depended on the diameter and height of the stem

Table 7  Parameters for the 
carbon dynamics of product 
categories

EOL end-of-life

Product categories Annual disposal 
rate

Production 
release

Substitution 
factor

EOL reuse rate

Sawn wood, veneer, plywood 0.0198 0.04 1 0.9
Mechanical mass products 0.25 0.48 0 0.8
Chemical mass products 0.25 0.13 0.11 0.8
New products 0.25 0.05 2.57 0.2
Bioenergy 0.693 0.2 0.7 0
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where wtimber is the weight of timber benefit objective and 
wcarbon is the weight of carbon benefit objective. MaxN-
PVtimber and MaxNPVcarbon are the largest possible values 
(single-objective maxima) of NPVtimber and NPVcarbon, 
respectively.

Different points of the production possibility boundary 
(trade-off curve) were obtained by solving the problems with 
different weights for NPVtimber and NPVcarbon. The total NPV 
and the harvest level of every solution were recorded, mak-
ing it possible to report the optimal harvest level (harvest 
level that maximized the total NPV) as a function of carbon 
price. These analyses were performed separately for the four 
geographical regions (south, south-central, north-central and 
north Finland).

An additional optimization was carried out where the 
total NPV (timber + carbon) was maximized with even-
flow harvest constraint. The cutting level was the same as 
the average 10-year harvest in unconstrained optimization 
when the total NPV was maximized with a carbon price 
of 50 € t−1. It was now required that the average uncon-
strained harvest level (2 500 000 m3 in 10 years) must be 
reached during every 10-year period. This optimization cor-
responded to the requirement that forestry must produce a 
certain uninterrupted minimum supply of timber for forest 
industry. The purpose was to see if the optimal allocation 
of forests to carbon sequestration and timber production is 
different in different geographical regions.

Results

Effect of carbon price on optimal cutting level

Increasing weight on discounted carbon credits decreased 
the net present value of timber production (Fig. 3). Conse-
quently, harvests also decreased. In the diagrams of Fig. 3, 
carbon credits were based on the total carbon balance of 
forestry, i.e., carbon balances of living tree biomass, forest 
soil, and wood products. Increasing carbon price decreased 
timber benefit in the production that maximized the total 
NPV (red triangles in the left panel of Fig. 3). Increasing 
carbon price also decreased the harvest level that maximized 
the total NPV (red triangles in the right panel of Fig. 3). This 
decrease was clearly faster in the northern parts of Finland.

Increasing carbon price decreased the optimal harvest 
level in all four geographical regions (Fig. 4). The decrease 
was fastest in the northern part of the country. When carbon 
credits were based on the total carbon balance of forestry 
(tree biomass, forest soils, products), the optimal harvest 
level was never zero (Fig. 4, top).

When carbon crediting was based on within-forest car-
bon balance (tree biomass and forest soil), the optimal cut-
ting level of south and south-central Finland was zero when 

carbon price was 150 € t−1 (40.91 € per ton of  CO2). In 
north and north-central Finland, it was optimal to stop cut-
tings already at carbon price of 100 € t−1 (27.27 € per ton 
of  CO2). In the northern part of the country (latitude ≥ 66°), 
the lowest analyzed carbon price of 50 € t−1 (13.64 € per ton 
of  CO2) reduced the optimal harvest level by almost 80%.

Effect of carbon pricing on carbon sink

The cumulative carbon balance of forestry (forests and forest 
products) was positive in all regions when the total NPV was 
maximized without carbon credits (Fig. 5, blue lines). This 
means that forestry acted as carbon sink when the profitabil-
ity of timber production was maximized without any con-
straints and without revenues from carbon sequestration. The 
rate of carbon sequestration decreased towards north. Car-
bon sequestration was about four times faster in the southern 
parts of Finland (latitude ≤ 62°) than in the northern parts 
(latitude ≥ 66°).

Increasing carbon price increased the rate of carbon 
sequestration in economically optimal management (where 
the total NPV from timber production and carbon revenues 
was maximized). When carbon credits were based on the 
total carbon balance (Fig. 5, left panel, Fig. 6), the high-
est price (150 € t−1) increased carbon sequestration 43% 
in south, 59% in south-central, 106% in north-central and 
132% in north Finland, compared to zero carbon price. In the 
southern parts of the country, the effect of carbon price was 
proportional to carbon price when the total carbon balance 
of forestry (products included) was credited. In northern Fin-
land, increasing carbon price increased carbon sequestration 
at decreasing rate. In the northernmost part of the country 
(latitude ≥ 66°) increasing carbon price beyond 100 € t−1 no 
longer increased carbon sequestration.

The maximal rate of carbon sequestration was reached 
with lower carbon price when carbon credits were based 
on within-forest carbon balance (carbon balance of prod-
ucts was not credited). The lowest analyzed carbon price 
of 50  €  t−1 improved the carbon balance of forestry 
(trees + soil + products) 36% in south, 43% in south central, 
81% in north central and 117% in north Finland (Fig. 6). 
There were differences also in the temporal distribution of 
carbon sequestration, especially in southern parts of Fin-
land. The results shown in Figs. 5 and 6 imply that crediting 
only within-forest carbon balance is more cost-efficient than 
crediting the total carbon balance of forestry. In the southern 
parts of Finland, a subsidy of 100 € per sequestrated ton of 
carbon was enough to get the maximum effect, and 50 € t−1 
was sufficient in northernmost Finland.

Assuming that the value of sequestrated carbon to soci-
ety is 100 or 150 € t−1 (27.3 or 40.9 € t−1 of  CO2), Fig. 7 
illustrates the ratio between the value of increased seques-
tration and the cost of carbon subsidies. It can be seen that 
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the benefit/cost ratio was by far the highest for carbon price 
50 € t−1 and the ratio increased towards north. Therefore, the 
best relative return from carbon subsidies was obtained with 
low carbon price and in northern parts of the boreal zone. 
Increasing carbon price exhibited decreasing marginal effect.

Optimal allocation of cuttings

When the total NPV was maximized with even-flow cut-
ting target, southern forests were cut more than their uncon-
strained average harvest level for 3–4 decades (Fig. 8). After 
the first decades, many cuttings were conducted in south-
central Finland, especially when carbon credits were based 
on the total carbon balance of forestry. In north-central and 
north Finland, cuttings were less than the long-term aver-
age of unconstrained harvests for 3–4 decades, after which 

the cutting level was gradually increased. When carbon 
credits were based on the total carbon balance of forestry 
(trees + soil + products) the total harvest exceeded the 
required minimum of 2.5 million m3 during 10-year periods 
3–5, the total harvest of these periods being 2.8–3.1 mil-
lion m3. When carbon credits were based on within-forest 
carbon balance, the total harvested volume never exceeded 
2.5 million m3 per 10 years.

The harvests shown in Fig. 8 (left) led to increasing 
growing stock volume (Fig. 9). In south Finland, the vol-
ume first decreased slightly, after which it increased rapidly 
for the remaining part of the 100-year simulation period. In 
all other regions, the growing stock volume increased for 
70–90 years, after which it decreased slightly. The average 
growing stock volume of whole Finland increased from 107 
to 248 m3 ha−1.

South Finland (latitude < 62 degrees)

North Finland (latitude > 66 degrees)
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Fig. 3  Left: Trade-off curve between timber benefit (NPVtimber) and 
carbon benefit (NPVcarbon) with different carbon prices (€  t−1 of car-
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the point where the total NPV is maximized. Right: optimal harvest 
level at different points of the trade-off curves (expressed as percent 

of optimal harvested volume with zero carbon price). Red triangles 
show the harvest level that maximizes the total NPV. The basis of 
carbon credits is the total carbon balance of forestry (trees, soil and 
products)
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In all geographical regions, the volume of growing stock 
was increased beyond the level that maximized volume 
increment. The mean growing stock volume that maximized 
net volume increment was 125 m3 ha−1 for north Finland and 
200 m3 ha−1 for south Finland. The decades during which 
volume increment was maximized, maximized also the rate 
of carbon sequestration from the atmosphere. Figure 9 shows 
that it was optimal to continue accumulating carbon into 
trees although this accumulation would led to forests that 
were too dense for the maximal net increment of stem wood 
volume.

Discussion

The study showed that paying forest landowners for carbon 
sequestration decreases optimal harvest level, most in north 
Finland. Crediting only within-forest carbon sequestration 
decreases optimal cutting level more rapidly than crediting 
the total carbon balance of forestry. This is mainly due to 
the fact that cutting trees for long-lasting wood products 

decreases emissions from fossil fuels and stores carbon for 
long times.

Measuring within-forest carbon balance is more reliable 
than measuring the total carbon balance of forestry, which 
includes several uncertainties related to product lifetime, 
substitution factors, end-of-life uses and sources of energy 
used in product manufacturing. Of the two sub-balances of 
within forest carbon sequestration, soil carbon balance is 
more difficult to calculate but it is also more stable and less 
affected by harvest level than the carbon balance of tree bio-
mass. The carbon balance of tree biomass is the easiest to 
monitor, and it reacts most to changes in the cutting level.

Carbon crediting can be used as a political instrument. 
Crediting within-forest carbon balance is cheaper and more 
efficient than crediting the total carbon balance of forestry. 
A certain increase in carbon sequestration can be obtained at 
50 € t−1 lower carbon price (13.6 € t−1 lower  CO2 price) by 
crediting within-forest carbon sequestration instead of cred-
iting the total carbon balance of forestry. The carbon seques-
tration of Finnish forests could be increased by 70% if forest 
landowners were paid 100 € t−1 of carbon (27.27 € t−1 of 
 CO2) and forest were managed for the maximal discounted 
incomes from both timber production and carbon revenues. 
This increase would be reached with the same  CO2 price 
as the  CO2 price in the European Union Emissions Trad-
ing System carbon market in September 2019 (https ://sandb 
ag.org.uk/carbo n-price -viewe r/). If this price reflects the true 
value of carbon sequestration, and Finnish forest landowners 
would get this compensation, it would be optimal to stop all 
cuttings in northern Finland for at least 100 years and reduce 
cuttings by 80–90% in the other parts of Finland.

A minimum cutting target of 2.5 million m3 in 10 years 
was used in one analysis of the current study. Since the 
calculations were based on a 0.5% sample from all stands 
of private forests, the 2.5 million  m3 target corresponds to 
50 million  m3 a−1 of usable timber (saw log and pulpwood) 
from private forests. With this minimum harvest, it would 
be optimal accumulate carbon in northern forests at first and 
start cuttings from the south. The optimal cutting level in 
north and north-central Finland (north of 64 degree’s lati-
tude) would be 50–70% of the long-term average for three 
decades, after which the harvest level should be gradually 
increased. The results showed that, if the forests should pro-
duce a certain supply of timber, it is not optimal to assign 
northern forests to carbon sequestration and southern forests 
to timber production. However, a step towards this type of 
allocation would be optimal for about 30 years.

A closer inspection of the results revealed that cuttings 
were concentrated in regions where saw log was avail-
able. This can be explained by the fact that cutting of 
saw logs and minimizing the cutting of pulpwood-sized 
trees increases both timber and carbon benefits. Harvested 
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Fig. 5  Cumulative car-
bon balance of forestry 
(trees + soil + products) when 
the total NPV (timber + carbon 
credits) is maximized with a 
3% discount rate. Left: carbon 
credits are based on the total 
carbon balance of forestry 
(trees + soil + products); Right: 
carbon credits are based on 
within-forest carbon balance 
(trees + soil)

Forestry carbon balance credited Within-forest carbon balance credited
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Fig. 6  Effect of carbon pay-
ments on the carbon balance of 
forestry (trees + soil + products) 
in different geographical regions 
and with different carbon prices 
(50, 100 or 150 € t−1 of carbon)
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pulpwood stems give very little income to forest land-
owner and pulpwood has weak carbon balance due to the 
high energy consumption of pulping and low substitution 
effects of pulp products (Hurmekoski et al. 2020).

This conclusion is also supported by the proportions 
of thinning from below, uniform thinning and thinning 
from above. Most thinning treatments selected to the 
optimal solutions were thinning from above, although 
the simulated schedules included equal areas of all three 
thinning types. The results suggest that it is more opti-
mal to let the stands assigned to low-thinning regimes to 
grow without thinning, and clear fell them when majority 
of the harvested volume is saw log. In these schedules, 
a part of the smallest trees would die. From the carbon 
sequestration point of view, this is not a problem since 

dead pulp-wood-sized trees most probably have a bet-
ter carbon balance than harvested pulp-wood-sized trees 
(Pukkala 2018).

The carbon pricing of this study did not follow the addi-
tionality principle where only the additional carbon seques-
tration, compared to the ‘business as usual’ (BAU) scenario, 
is credited. However, it might be assumed that the current 
carbon stocks of trees and forest soils are a result of BAU 
management and the stocks are at equilibrium. Since the 
within-forest carbon credits of this study were based on 
changes in the sizes of within-forest carbon pools, they 
might be interpreted to measure deviations from the BAU 
scenario. The situation is different if credits are based on 
the total carbon balance of forestry (products included), 
which is often positive even though all carbon pools are at 
equilibrium since the substitution effects of wood energy 
and wood products are higher than the releases from wood 
harvesting and transport, and product manufacturing. The 
blue lines in Fig. 5 (carbon accumulation when management 
is optimized without carbon credits) might be taken as esti-
mates of forestry carbon balance under BAU management. 
However, they are only rough approximations since the BAU 
management of Finnish forests does not maximize NPV as 
the only objective.

The results suggest that refraining from all or almost all 
cuttings is optimal when carbon price is high. This would 
eventually lead to dense and old stands that are prone to 
damages. Since some damages (e.g. forest fires) greatly 
increase carbon releases (Couture and Reynaud 2011; van 
Kooten et al. 2019) and damages other than regular mortality 
were not simulated in the current study, it could be argued 
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0

100

200

300

400

2010 2030 2050 2070 2090 2110

M
ea

n 
vo

lu
m

e 
(m

3
ha

-1
)

Year

S
SC
NC
N
Whole Finland

Fig. 9  Development of mean growing stock volume in different 
regions and in whole Finland when the total NPV (timber + carbon 
credits) is maximized with a 3% discount rate, carbon credits are 
based on the carbon balance of forestry, carbon price is 50 € t−1, and 
a minimum of 2.5 million  m3 must be harvested during every 10-year 
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that the carbon balances of low-cutting scenarios were over-
estimated. However, the situation is not so straightforward in 
Finland where wildfires are rare and the biggest abiotic risk 
is wind damage, most of which occurs at the edges of newly 
clear-felled areas (Zubizarreta-Gerendiain et al. 2019). Wind 
thrown trees are potential starting places for severe bark bee-
tle outbreaks. Since low cutting level decreases clear-felling, 
it may also have a decreasing effect on damages. In addition, 
large dead conifers are often rather durable carbon stores and 
their carbon balance may be better than that of harvested 
trees (Pukkala 2018).

Conclusion

The study showed that paying forest landowners 150 € per 
each ton of carbon sequestrated in forests would lead to 
the cessation of cuttings everywhere in Finland for at least 
100 years when forests are managed for maximal discounted 
benefits from timber production and carbon payments. In 
the northern part of the country, a carbon price of 100 € t−1 
would suffice to make the no-cutting management economi-
cally optimal. The study also showed that, if carbon subsi-
dies were used as policy instrument to improve the national 
carbon budget, low carbon price has the highest relative 
impact (value of increased sequestration divided by the cost 
of carbon payments). The benefit/cost ratio of carbon subsi-
dies is clearly higher in the northern half of Finland (north 
of 64 degrees’ latitude) than in the south (latitudes 60–64°). 
Subsidizing within-forest carbon sequestration by 50 € t−1 
would increase the carbon sequestration of Finnish forests 
by 50%, ranging from 36% (south Finland) to 116% (north 
Finland). A payment of 100 € t−1 or more would increase 
carbon sequestration by 70%, which is nearly the maximum 
possible increase that can be obtained by carbon subsidies.
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