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Amount of carbon fixed, transit time and fate of harvested wood
products define the climate change mitigation potential of boreal

forest management - A model analysis

Holger Metzler, Samuli Launiainen, Giulia Vico

We combine an ecophysiological growth model with tree allometries

from forest inventories
e We evaluate wood production and climate change mitigation potential

e Potential climate change mitigation depends on carbon time away from

the atmosphere
e This is affected by management, including mixing species and ages

e Assessing management options requires following carbon in ecosystem

and wood products
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Abstract

Boreal forests are often managed to maximize wood production, but other
goals, among which climate change mitigation, are increasingly important.
Examining synergies and trade-offs between forest production and its poten-
tial for carbon sequestration and climate change mitigation in forest stands
requires explicitly accounting for how long forest ecosystems and wood prod-
ucts retain carbon from the atmosphere (i.e., the carbon transit time). We
propose a novel mass-balanced process-based compartmental model that al-
lows following the carbon path from its photosynthetical fixation until its
return to the atmosphere by autotrophic or heterotrophic respiration, or by
being burnt as wood product. We investigate four management scenarios:
mixed-aged pine, even-aged pine, even-aged spruce, and even-aged mixed
forest. The even-aged clear-cut based scenarios reduced the carbon amount
in the system by one third in the first 18 yr. Considering only the amount
of carbon stored in the ecosystem, these initial losses are compensated after
42 45yr. At the end of an 80yr rotation, the even-aged forests hold up

to 31 % more carbon than the the mixed-aged forest. However, mixed-aged
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forest management is superior to even-aged forest management during al-
most the entire rotation when factoring in the carbon retention time away
from the atmosphere, i.e., in terms of climate change mitigation potential.
Importantly, scenarios that maximize production or amount of carbon stored
in the ecosystems are not necessarily the most bene cial for carbon reten-
tion away from the atmosphere. These results underline the importance of
considering carbon transit time when evaluating forest management options
for potential climate change mitigation and hence explicitly tracking carbon

in the system, e.g. via models like the one developed here.

Keywords: boreal forest management, wood production, carbon

sequestration, transit time, climate change mitigation, process-based
modelling
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1. Introduction

Boreal forests are one of the largest biomes on Earth and strongly regulate
global climate through land-surface energy, water and carbon cycles (Bonan,
2008, Chapin Il et al., 2000, Baldocchi et al., 2000). These forests are in large
part managed (Hegberg et al., 2021), often to maximize timber production
and economic income (Millennium ecosystem assessment, 2005). They com-
prise approximately 45 % of the global stock of growing timber (Vanhanen
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et al., 2012), contributing to the economic well-being and cultural heritage
of the Nordic societies (Millennium ecosystem assessment, 2005, Vanhanen
et al., 2012) and providing numerous ecosystem services (Maes et al., 2016,
Vihervaara et al., 2010). Nevertheless, the focus on production has led to
degradation of other important services, among which climate regulation,
collectable goods, recreation, water regulation and puri cation, maintenance
of soil productivity and air-quality regulation (Pohjanmies et al., 2017).

There is an increasing commitment to more sustainable forest manage-
ment and preserving ecosystem services (Larsen et al., 2022, Kellomaki,
2022). There is also an increasing interest in carbon sequestration by bo-
real forests, to support the rapid net emission reductions required to avoid
exceeding global tipping points of the climate system (Lenton et al., 2008).
Indeed, boreal forests have potential for climate change mitigation by hold-
ing CO, away from the atmosphere stored as carbon for long periods (Pan
et al., 2011). To which extent carbon retention potential and wood produc-
tion clash is a key question when planning management strategies for the
future.

To evaluate the potential for climate change mitigation of forest man-
agements we need to quantify the forest's wood production and subsequent
fate of harvested wood products and the associated carbon. A commonly
employed metric of carbon sequestration is the net ecosystem carbon gain
over a certain amount of time (Pukkala, 2020, Sterck et al., 2021). This
metric ignores the carbon transit time outside the atmosphere, i.e., the time
span between the carbon xation via photosynthesis and its release back to
the atmosphere. Yet, the transit time is the period during which this carbon
does not contribute to the radiative e ects of greenhouse gases emitted to the
atmosphere (i.e., the Global Warming Potential; Shine et al. 1990). Know-
ing both the amount and time the carbon spends outside the atmosphere is
key to quantify the avoided radiative e ect (Sierra et al., 2021) by storing
the carbon in ecosystems or wood products, and hence the climate change
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mitigation potential. Also the fate of harvested carbon and of legacy carbon,
i.e., carbon already in the ecosystem and wood products at the beginning of
the forest management cycle, needs to be considered. Harvested carbon does
not immediately return to the atmosphere but spends considerable time as
wood products (Schulze et al., 2020), potentially de ning whether ultimately

a managed forest is a carbon source or sink (Liski et al., 2001). The fate
of legacy carbon is of particular relevance to climate change mitigation po-
tential when management is applied to old-growth forests (Luyssaert et al.,
2008). Despite their importance for climate change mitigation, these aspects
have so far not been jointly and systematically quanti ed when assessing
alternative forest management scenarios.

Forest management strategies di er in their synergies and trade-o s among
economic, biodiversity, and climate change mitigation targets (Pohjanmies
et al., 2017). Currently, the predominant approach to timber production
in boreal forests is even-aged forestry with one to three thinnings to pro-
mote tree growth, followed by a clear cut at the end of the rotation and
subsequent regeneration (Pohjanmies et al., 2017). Selection harvesting to
maintain continuous forest cover of mixed-age, mixed-size and multi-species
stands have been suggested as alternatives to better address environmental
and societal concerns stemming from even-aged management (Kuuluvainen
et al.,, 2012, Larsen et al., 2022, Kellomaki, 2022). Selection harvesting (also
called mixed-aged/uneven-aged management or continuous-cover manage-
ment) better mimics natural disturbances than clear-cut based harvesting,
in regions where stand-replacing natural disturbances are uncommon (e.g., in
Fennoscandia) (Gromtsev, 2002, Shorohova et al., 2009, Kuuluvainen et al.,
2011). Even where stand-replacing disturbances (e.g., wild res) occur, clear-
cut based harvesting does not ensure a suitable share of late-successional
forest (Bergeron et al., 2004).

The consequences of age and species diversity for production are site-
and species-speci ¢ (Pukkala et al., 2009, Mikola, 1984, Lahde et al., 2010,
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Huuskonen et al., 2021, Holmstem et al., 2018). Results are also mixed
regarding ecological and economical outcomes, and dependent on spatial
and temporal timescales considered and the quanti cation approach (Ku-
uluvainen et al., 2012). Furthermore, how even-aged and mixed-aged and
mixed-species management strategies di er in their climate change mitiga-
tion potential remains unclear if considering only the amount of carbon se-
guestered and not also the transit time. Importantly, we do not know whether
and to what extent ensuring both short- and long-term carbon sequestration
reduces biomass and/or wood production Pohjanmies et al. (2017).

The decade-long time scales typical for boreal forest rotation make mod-
elling a powerful tool to evaluate the e ects of management choices on spe-
ci ¢ services. Most ecological growth and yield models of boreal forests
focus mainly on wood production (SORTIE, Pacala et al. 1996; CROBAS,
Makel 1997; 3PG, Landsberg and Waring 1997) and less frequently on car-
bon sequestration (Pukkala 2014, Pukkala 2020). Furthermore, most ex-
isting models are conceptualized for even-aged management (Kuuluvainen
et al., 2012) and do not allow to explore mixed-species or mixed-aged stands
(e.g. Hynynen et al., 2002). Models of forest growth applicable to both even-
and mixed-aged stands generally compute diameter increment or distribution
without accounting for carbon uxes between tree organs (Kolstem, 1993,
Martin Bollandas et al., 2008, Pukkala et al., 2009). Importantly, none of
these models allows to track carbon and compute the transit time, i.e., the
time that the carbon spends away from the atmosphere, including the role
of the fate of harvested wood products. For an e ective quanti cation of cli-
mate change mitigation potential, we need a model that describes the carbon
stocks and uxes in the forest during the entire rotation and beyond, includ-
ing the legacy carbon from before the beginning of the rotation and wood
product use after harvest. The model also needs to allow the exploration of
a variety of management scenarios, including mixed-aged and mixed-species
ones.
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Here we develop a model that follows the carbon path from the moment
of its photosynthetic xation from the atmosphere, through its fate in the
forest, until the moment it returns to the atmosphere by respiration or wood-
product burning. With the help of this model, we quantify wood production,
carbon sequestration, and the climate change mitigation potential based on
carbon transit time. We ask:

A

How do management scenarios rank di erently when considering tran-
sit time-based climate change mitigation potential vs carbon seques-
tration?

" How important is the fate of harvested wood products when assessing
carbon sequestration and climate change mitigation potential?

~ Are there trade-o s across management scenarios between the capacity
of forests to produce biomass and sequester carbon and keep it away
from the atmosphere ?

While our model is general, we here focus on pure and mixed Scots piRe (
nus sylvestrig and Norway spruce Picea abie$ stands under current climate
conditions for southern Finland. As examples, we consider four management
scenarios during an 80 yr rotation: a continuous-cover, mixed-age pine forest
and even-aged mono- (pine or spruce), or mixed-species (pine and spruce)
stands established after clear-cutting.
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2. Materials and methods

We develop and parameterize a mass-balanced, process-based compart-
mental model, where the forest and wood-product carbon cycle is described
by a system of nonlinear nonautonomous ordinary di erential equations (Sec-
tion 2.1). To demonstrate the model capabilities, we compare four boreal
forest management scenarios (Section 2.3), with reference to their wood pro-
duction and carbon sequestration as net carbon gain. We also evaluate the
climate change mitigation potential based on the carbon transit time, i.e.,
the time during which the carbon remains in the system and hence away
from the atmosphere (Section 2.2).

2.1. Model description

The model describes the carbon dynamics in a horizontally homogeneous
forest stand comprisingn di erent MeanTrees competing for light. Each
MeanTree i represents a cohort of trees of densiti; (ha '), identical in
species, age, and size. DierenleanTrees can dier in these properties,
allowing to describe not only even-aged mono-speci ¢ forest stands, but also
mixed-aged and/or mixed-species stands. The carbon dynamics and growth
of eachMeanTree are modeled combining a physiologically-based carbon x-
ation and statistical descriptions of the tree allometry. For the allometry, we
developed an extension of the Allometrically Constrained Growth and Car-
bon Allocation model (ACGCA, Ogle and Pacala, 2009). Compared with
the original formulation, our novel allometric description explicitly considers
the carbon allocation to tree organs based on statistical allometries derived
from large experimental data (Lehtonen, 2005, Repola, 2009, Repola and
Ahnlund Ulvcrona, 2014). The model describes carbon stocks and uxes
entering the system via photosynthetic CQ xation and then exchanged
among the carbon pools within eaciMeanTree three soil carbon pools and
two wood-product carbon pools, and eventually released back to the atmo-
sphere. The key state variables of the model are the carbon contents of each
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pool (Table 1).

The model consists of four inter-linked modules: 1) a photosynthesis
module, computing the annual gross primary productivity of eaciMeanTree
(GPP)), based on the Atmosphere-Plant Exchange Simulator (APES, Lau-
niainen et al. 2015); 2) a tree module, allocating GRPto the organs of
MeanTree i as structural and nonstructural biomass, describing tree-internal
and -external uxes such as growth and maintenance respiration and tissue
turnover based on the Allometrically Constrained Growth and Allocation
Model (ACGCA, Ogle and Pacala 2009) but with carbon allocation driven
by statistical allometries derived from forest inventory data; 3) a soil carbon
module; and 4) a forest management module, describing the rules for plant-
ing and harvesting ofMeanTrees (Fig. 1) in specic scenarios and the fate
of harvested wood as wood products. The photosynthesis module is solved
at half-hourly timescale, while the other modules have annual time step.
The complete model description and its parameterization is provided in the
Supplementary Information (SI, Section A): only the most salient features
are discussed here. Environmental conditions (model forcing) and carbon
dynamics parameters are provided in Sl, Section B.

2.1.1. Photosynthesis module

The photosynthesis module (SI, Section A.1) computes carbon and wa-
ter uxes in the forest stand, considering competition for light among the
MeanTrees. The module provides theMeanTree annual GPP, - the carbon
input to the tree module. The stand structure, i.e., the maximum leaf-area
index (LAI) and leaf-area density pro les and heights of eacMeanTreg, are
provided by the tree module (Section 2.1.2) at the beginning of each year.
The light environment and leaf photosynthesis and transpiration rates are
solved separately for the sunlit and shaded parts of each canopy layer (1 m
height each), using well-established biogeochemical models and stomatal op-
timality principles (Farquhar et al., 1980, Medlyn et al., 2012, Launiainen
et al., 2015). The photosynthesis module includes sub-models to account

8



Tree carbon pools

E transient, available for growth and maintenance
B leaf biomass

CL labile, stored as leaf glucose

Br ne root biomass

Cr labile, stored as root glucose

Bos  \other" sapwood

Bonw  \other" heartwood

Bts trunk sapwood

Btn trunk heartwood

Cs labile, stored as sapwood glucose

Soil carbon pools

Litter fast litter

CWD coarse woody debris
SOC soil organic carbon

Wood-product carbon pools
WPs short-lasting wood products
WP_ long-lasting wood products

Table 1: State variables of the di erent model components (gC m 2).
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Figure 1. Scheme of the model. SeverdileanTrees (green boxes) interact with the soil
components (dark green box) and the wood product components (brown box). The at-
mospheric conditions are the forcing of the carbon dynamics. The photosynthesis module
guanti es for each MeanTree i the annual GPP; to be distributed to ten tree carbon com-
partments (carbon pools shown in Fig. 2). Management decisions (i.e., planting, thinning,
and cutting) are applied to each MeanTree and a ect the stand composition and tree
carbon distribution to soil and wood-product pools.

for the seasonal leaf-area dynamics and photosynthetic acclimation (Launi-
ainen et al., 2015, 2019), and the feedback of restricted soil water availability
in the root zone to leaf gas-exchange (Launiainen et al., 2022). The root

zone is described as a single water storage and is equally accessible to each

MeanTree

2.1.2. Tree module

The tree module (S, Section A.2) describes the partitioning of the annual
GPP to maintenance and growth of avieanTree's organs (Fig. 2). All tree
module variables are shown in Sl, Table A.2.

Each MeanTree has ten carbon pools, representing structuralB) and
nonstructural (C) carbon in leaves B ; C.), ne roots (Bg; Cr), coarse roots
and branches (subscript O, i.e., \other") sapwood Bos), and heartwood
(Bown), as well as the trunk (subscript T) sapwood Bts) and heartwood
(Bth). Coarse roots and branches and the trunk share a single nonstructural
labile storage poolCs, and carbon input from photosynthesis is temporarily
stored in a transient poolE.

10
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Figure 2: Complete carbon model of aMeanTree. Symbols inside the pools are the state
variables of the model's tree module (Table 1). In the \static" and \shrinking" states,
there is an additional ux from the labile carbon storage (Cs) to Bos to support the
regrowth of \other" wood. The the associated growth respiration ux leaves from Cg
(dashed arrows).

At the beginning of the new year, the GPP from the previous year is
placed in the transient poolE. Losses from this pool occur via mainte-
nance respiration Ry, ) of leaves, ne roots, sapwood, and growth respiration.
Respired tree carbon returns directly to the atmosphere. Tissues are also lost
at tissue-speci c rates due to senescence. When senescing biomass leaves the
MeanTree, the associated carbon in the labile storage pool returns to the
transient pool E, where it becomes available again for allocation during the
subsequent year.

Thinning and cutting events reduce the number of treed\) represented
by aMeanTreei. Part of the carbon stored in the harvested biomass is turned
into short- (WP s) or long-lasting (WP_) wood products (SI, Section A.5),
while the cutting residues are either left on site (litter input for soil module)
or can become short-lasting bioenergy (part of W§) .

The amount of carbon available for allocation after the annual mainte-
nance respiration iCyoc t:= E Ry t,where t=21yr. When the tree
is healthy, its allocation to labile storage, tissue growth, and growth respira-

11
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tion is based on species-speci c statistical models describing the dependence
of the MeanTree organs' biomasses on its diameter at breast height (dbh) (SI,
Section A.3.1. These data-driven dynamic relationships overcome a limita-
tion of the original ACGCA model, where the tree allometries were de ned
by time-invariant parameter values (SI, Section A.3.2). For simplicity, the
species-speci ¢ ne root-to-leaf biomass ratior, is assumed constant.

With the allometrically-based information on tree organ biomasses based
on dbh, we apply an iterative root-search algorithm to identify the annual
radial growth dbh such that all available carbon (Cgyioc t) is used to re-
grow tissue lost by senescence and to grow new tissue. The density of
newly produced sapwood and the sapwood to heartwood ratio are deter-
mined dynamically so that the trunk biomass follows the external allometric
relationships.

The carbon allocated to leaves is split in three components, tissue growth
(BL), transfer into the labile storage pool C, ), and growth respiration (G, ),
so that the ratio of labile storage to leaf structural biomass remains constant
( L). The same approach is applied to ne rootsBr, Cr, r). Conversely,
for \other" and trunk, who share a common labile storage pools), the
ratio of labile storage to structural biomass is variable and depends on the
density of newly produced sapwood (y) and species-dependent sapwood
parameters (SlI, Tables A.3 and A.4). Additional carbon uxes within the
MeanTree are related to labile storage returning to the transient pool when
associated structural biomass is lost due to senescence.

Should the available photosynthetic carbon input be low, the tree reverts
to a \static" physiological state (see Sl, Section A.4), in which the regrowth
of senescent leaves and ne roots is prioritized, and with dbh = 0 the
regrowth of lost sapwood and heartwood of coarse roots and branches exploits
carbon resources from the labile storage poQls. If Cyoc t is insu cient
to cover the costs of replacement of senescing leaves and ne roots, the tree
switches to a \shrinking" state, where the tree loses leaf and ne root biomass

12
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proportionally to the needs, while \other" organs are regrown from the labile
storage. If in subsequent year€,,c t is again su cient to cover all the
carbon needs (e.g., due to stand management or favorable environmental
conditions), the tree reverts directly to the \healthy" state. If instead the
GPP remains low, and the labile carbon storag€s depletes, theMeanTree
dies.

2.1.3. Soil module

The soil module (Fig. 1; SI, Section A.7) describes soil carbon dynamics
based on three pools: fast decomposing litter (Litter), slowly decomposing
coarse woody debris (CWD), and soil organic carbon (SOC). We included a
single soil organic carbon pool because we focus on carbon in the topsoil. Our
interest in yearly to decadal timescales limits the need for a separation into
fast and slow decomposing soil organic carbon pools (Manzoni and Porporato,
2009). The carbon input from theMeanTrees' senescing leaves and ne roots
enters the soil module as litter fall through the Litter pool, while sapwood
and heartwood carbon due to senescence enter the coarse woody debris pool
(CWD). Further soil carbon input occurs from cutting residues that are not
removed from the ecosystem (see Sl, Section A.5).

For simplicity, the decay rates and transfer coe cients between pools are
set constant, i.e., we currently neglect the role of inter-annual climatic vari-
ability. Decomposing carbon from Litter and CWD is partly directly respired
to the atmosphere and partly moved to SOC, from where it is eventually
respired.

2.1.4. Management and wood product module

The forest management module de nes the management actions applied
to MeanTrees in the stand. Management includes i) initial planting of new
MeanTrees of given species and initial size (dbhat a density N;; ii) thinning
(i.e., partial reduction of a MeanTree's N;); iii) cutting (complete removal
of the MeanTree), and iv) potential replanting of a new MeanTree after

13
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cutting. The cutting can be planned or caused by the death of theleanTree,
which happens when in the \shrinking" state the labile storage pool(s) is
depleted.

When a tree in a stand is removed by thinning or cutting, the tree carbon
is transferred to the soil and to short- and long-term wood-product pools
depending on the tree's species, size and its taper curve (see Sl, Section A.5).
The carbon transferred to wood-product pools is removed from the stand.

2.1.5. Mathematical formulation of the model

The model can mathematically be represented as a compartmental system
(Anderson, 1983, Jacquez and Simon, 1993, Luo and Weng, 2011, Sierra and
Muller, 2015, Sierra et al., 2018) and described by d@&dimensional system of
nonlinear and nonautonomous ordinary di erential equations,

d _ : .- .
ax(t) = B( x(t);t) x(t) + u(x(t);t); t> 0O )
x(0) = x°:

Here x(t) 2 RY (gCm ?) is the vector of carbon pools at timet 0
(yr), x° gives their initial sizes at timet = 0 and the vector-valued func-
tion u (gCm ?yr 1) represents the gross photosynthetic input to the system
(GPP = ', GPP;). The matrix-valued function B (compartmental ma-
trix) governs the internal carbon cycling and the release of carbon from the
system to the atmosphere. The matrix entryB;; denotes the rate of carbon
transferred from poolj to pooli. The dimension of the equation system is
d=10n+ 3+ 2, comprising ten pools for each of then MeanTrees, three
soil carbon pools, and two wood-product pools.

Fluxes (gCm 2?yr 1) from poolj to pooli at time t are given by

Fi (t) = By (x(1);t) x(t); t O )
By running the (discretely implemented) model and storing all pool sizes and
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uxes through time, we can reconstruct the compartmental matrices B()

(Metzler et al., 2020) for all time stepstx. This allows us to compute the

transit times of carbon through the system (Rasmussen et al., 2016, Metzler

et al., 2018) and to quantify the climate change mitigation potential of the

system (Bolin and Rodhe, 1973, Sierra et al., 2017, 2021) (see Section 2.2.2).
The solution of Eq. (1) is given by (Brockett, 2015, Theorem 1.6.1)

Zt
x(M)=( £0)x°+ (& )u()d; 3)

0

where the rst term on the right hand side is the remaining legacy carbon
at time t and the second term is the amount of carbon that has entered the
system and remained since the beginning of the simulation. Legacy carbon,
given by x°, is the initial amount in the vegetation biomass, the soil, and
the wood products at timet = 0. The matrix-valued function denotes
the state-transition operator given as the numerical solution of the matrix
equation

%(t;s):B(t)(t;s); O<s @)

(s;9)=1;

where | is the identity matrix. For a vector x(s) of carbon stocks in di erent
pools at times, the vector ( t;s) x(s) describes the remaining mass (not yet
returned to the atmosphere) and its distribution over the pools at tim¢  s.

2.2. Performance metrics for management scenarios

We assess the performance of alternative scenarios by measuring their
wood production, carbon sequestration and climate change mitigation po-
tential.

2.2.1. Wood production
The short-lasting (Ys) and long-lasting (Y.) wood-product yields until
time T are quanti ed as the integrated carbon uxes entering the short-

15
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and long-lasting wood-product pools (WR and WP, ), respectively. LetS
and L be the indices of WR and WP, in the carbon content vectorx, i.e.,
Xs =WP s and x, = WP .. Then

Z'x
Ys(T) = st (t) Xj (t) dt and

o i6S

o ©
VM= By®x®d

o i6L

2.2.2. Carbon sequestration and climate change mitigation potential

We quantify carbon sequestration and the potential for climate change
mitigation via three metrics, measuring the net carbon gain and the time
that carbon is held in the system (i.e., away from the atmosphere). We
contrast the results relative to the entire system (including wood products)
with those for the forest stand only, because the wood products can be a
crucial factor for whether a forest stand subject to a speci c management
scenario is a carbon sink or source (Liski et al., 2001).

We measure carbon sequestration via the Integrated Net Carbon Balance
(INCB). At time T, INCB(T) quanti es the net gain or loss over a certain
time interval [0; T], but without considering when the carbon uptake or re-
lease have taken place. It is quanti ed as the integrated carbon inputs to the
system minus the integrated outputs from the system over a certain period
of time. The INCB can also be described as the total carbon stocks at time
T minus the total stocks at timet = 0. Hence,

zr
INCB(T) = ku(t) r(t)kdt= kx(T)k k x°k; (6)
0

where the carbon inputs at a generic timeare given byku(t)k, with ku(t)k =
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i Jui ()], and the carbon outputs from poolj are given by

X
r(t) = Bij (1) x; (1): (7)
i
A second metric is the Integrated Inputs Transit Time (IITT, called CS
in Sierra et al. 2021). It accounts both for the amount of photosynthetically
xed carbon during the rotation and for the time that this carbon spends
outside the atmosphere (i.e., not acting as greenhouse gas), but ignores the
storage and release of legacy carbon. The IITT up to timé& is given by

zr zt
ITT( T) = k(t )u( )kd dt 8)

0 O

To overcome the limitation of [ITT not considering legacy carbon, we
consider a third metric, the Integrated Carbon Stocks (ICS), based on the
same concept as IITT, but including also the fate of legacy carbon, which is
treated as entering the system at = 0. The ICS is computed as

zr zr
ICS(T) = k( t0)x%kdt+1TT( T)=  kx(t)kdt: (9)
0 0

While the dimension of INCB is mass, the dimension of both IITT and
ICS is mass time, because we integrate a mass over time. All three quan-
tities increase as more carbon enters the system, but only the latter two
increase if this carbon spends more time in the system. Consequently, IITT
and ICS can be used to e ectively assess climate change mitigation potential,
while INCB is suitable only to quantify carbon sequestration.

2.3. Simulations and management scenarios

Starting with empty carbon pools, a common 160yr spinup (Sl, Sec-
tion C) consisting of a mono-speci ¢ mixed-aged pine forest of foMeanTrees
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is run to initialize the stand structure and tree, soil and wood-product carbon
pools (C). From this single initial state, we consider alternative management
scenarios leading to di erent stand compositions:

" Mixed-aged pine stand
We maintain a mixed-aged pine stand with a continuous canopy cover.
At the beginning of the rotation, the oldestMeanTree from the spinup
is cut and replanted. Thereafter, every 20yr the oldesteanTree is
cut and replanted, thus maintaining four MeanTrees of ages ranging
from O to 80yr and di ering among them by 20 yr.

Even-aged single-species stand (pine or spruce)

After a clear-cut of the spinup stand, fourMeanTree pines (or spruces)
are replanted. We use four slightly di erently sizedMeanTrees at plant-
ing (dbh =1:0; 1:2; 1:4; 1:6 cm) to approximate the initial size distribu-
tion. The e ects of small initial size di erences can compound in time
due to unequal access to light.

Even-aged mixed-species (pine and spruce) stand

After a clear-cut of the spinup stand, we plant two pindMeanTrees and
two spruceMeanTrees. For both species the initial dbh values are:2
and L4cm.

In all even-aged scenarios, thleanTreei initially comprisesN; = 500 ha *
identical trees, while in the mixed-aged scenarid; = 375ha . All scenarios
start with the same initial condition, last for 80 yr, and end with a nal felling
of all trees, where all tree carbon is transferred to soil- or wood-product pools.
The same environmental forcing is used in all simulations, consisting of re-
cycled 20yr meteorological data from Hyytala SMEAR Il-research station
(61:51 N, 24:00 E) in Southern Finland (Launiainen et al., 2022).

In even-aged scenarios a pre-commercial thinning is executed as soon as
the mean tree height reaches:@m. All MeanTrees are then equally thinned
such that the total stand density is reduced from 2000 to 1500 trees per
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hectare, which equals the stand density of the mixed-aged scenario. When
the stand basal area (SBA) reaches 25%ha * during any simulation, all
MeanTrees are uniformly thinned to reduce SBA to 18 rhha !, resembling
current recommendations in Finland (Kellomaki, 2022, Kellomaki et al., 2008,
Yrpl, 2002). Such thinning is skipped if a scheduled cutting (in the mixed-
aged pine scenario) or the nal felling (in all simulations) is planned for
within the following 10 yr.

In the mixed-aged pine scenario, whenldleanTreei is cut, it is replanted
at density N; = 375 trees per hectare with a delay of 4yr. This delay in
replanting is implemented because the allometric relationships used here are
not valid below dbh = 1:0cm. Hence, the four years of delay approximate
the time that seedlings need to grow to a size of dbh =Qcm.

When the forest stand becomes increasingly dense MeanTree might
not gather enough carbon from photosynthesis to sustain maintenance and
regrowth of senescent biomass. In this case the growth of tMeanTree is
reduced, and it uses its labile storageds) to regrow senescent coarse roots
and branches (see Sl, Section A.4). Upon depletion ©§, the MeanTree dies
and is removed from the stand by cutting it down and transferring its carbon
to the soil and to wood products. This process resembles self-thinning, and
is calledemergency removabf the MeanTree At the time of an emergency
removal of a dyingMeanTree, the remaining stand is also equally thinned
down to SBA = 18m?ha ! in order to minimize the number of thinnings
and cuttings that have to be executed.

3. Results

3.1. Dynamics of stand attributes and biomass under di erent management
scenarios

Despite the common starting point at the end of the spinup, the stand
attributes and carbon pool dynamics di er signi cantly among the manage-
ment scenarios (Fig. 3).
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All the even-aged scenarios involve an initial clear cut of the spinup trees
and replanting. As a result, mean stand dbh, stand basal area and tree
carbon stocks are low compared with the mixed-aged pine forest at the be-
ginning of the simulation (Fig. 3). The replanted trees then grow until SBA
reaches the 25 hha ! thinning threshold or a MeanTree dies due to persis-
tent light limitations and is subsequently cut. Which event occurs rst and
its timing depends on the scenario. In the even-aged pine scenario (orange
lines) the SBA reaches the thinning threshold after 50 and 60 yr; the uniform
thinning of all four MeanTrees reduces stand density to 1056 and further to
740 trees hal, respectively. In the even-aged spruce scenario, emergency
removals due to persistent light-limitations occur after 40 and 49yr in the
suppressed (small) spruces. The remainingeanTrees are equally thinned
to SBA = 18 m?ha . After 61yr the SBA thinning threshold is reached
and the two remaining MeanTrees are equally thinned. After 65yr another
emergency removal occurs, leaving only ondeanTree till the end of the
rotation, without any additional thinning. The nal stand density in even-
aged spruce scenario is 202 trees Ha In the mixed-species scenario (red
lines) SBA reaches the 25 &ha ! thinning threshold after 42, 52, and 61 yr;
the uniform thinning of all MeanTrees subsequently reduces stand density
to 1069, 765 and nally to 547 trees ha'. In all scenarios, when thinning
occurs, tree density declines and SBA (Fig. 3B) temporarily decreases. In
case of an emergency removal, mean dbh increases (Fig. 3A) because the
smallestMeanTree is removed.

The mixed-aged pine forest scenario has radically di erent stand dynam-
ics (blue lines in Fig. 3), because only the talled¥leanTree is cut down at
the beginning of the simulation and one new smaMeanTree seedling is re-
planted. The mean dbh (Fig. 3A) decreases at removal of the largest tree and
more so when the seedlings are replanted 4 years later, although changes are
small compared with even-aged forests. Also the stand basal area (Fig. 3B)
and the total tree carbon stock (Fig. 3D) drop upon removal of the dom-
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inant MeanTree The initial cutting of the oldest tree causes a transfer of
2:3kgCm 2 from the tree pools to the soil pools (Litter and CWD), whereas
3:2kgCm 2 are transferred from tree pools to wood-product pools (VWP
and WP, ). Every 20yr the oldestMeanTree has a dbh around 20 cm and is
cut and substituted by seedlings, leading to periodicity in SBA.

3.2. Wood production

The mixed-aged pine scenario is the most productive over the 80-yr rota-
tion, having the largest cumulative yield of short- and long-term wood prod-
ucts (Ys+ Y. = 13:6kgCm 2). Between 17 and 20kgC m ? are transferred
to the soil pools, and between:3 and 27 kgC m ? to the wood-product pools
at each cutting. At the end of the rotation, all trees are cut down and Z and
3:0kgC m 2 are transferred to the soil and wood products, respectively. This
scenario is used as reference in further comparisons (see values in Fig. 4A
and Table 2). In terms of total wood products, the even-aged pine scenario
ranks second and is about 88 % as productive in total and 94 % and 83 % in
terms of short- and long-lasting wood products, respectively. The even-aged
spruce scenario is the least productive, with total wood products of 69 % and
short- and long-lasting products of 45 % and 83 % of that of the mixed-aged
pine.

While in both the mixed-aged and the even-aged pine stands ca. 60 % of
the harvested wood met the dbh and length criteria implemented for long-
lasting wood products, additional mixed-aged pine simulations showed that
this percentage strongly increases when stand density decreases, fidons
2000 toN = 1000 ha . This, however, reduces the total carbon stock in the
system, climate change mitigation potential and the yield of short-lasting
wood products (SI, Fig. E.2).

3.3. Carbon sequestration and climate change mitigation potential

The modelled dynamics of dbh, SBA, carbon stocks, and wood production
(Fig. 3) oer insights into the carbon sequestration and the potential for

21



22

Figure 3: Temporal evolu-
tion of key model outputs
(panels) for the four manage-
ment scenarios (colors): A)
Tree mean diameter at breast
height (cm), averaged over all
trees in the stand. B) Stand
basal area (ntha !). Grey
lines correspond to SBA = 25
and SBA = 18m?ha 1, i.e.,
the upper and lower ends of
SBA-dependent thinning. C)
Total carbon stock including
trees, soil, and wood prod-
ucts (kgCm 2). D) Total
tree carbon stock (kgCm ?2).
E) Total soil carbon (Litter
+ CWD + SOC) (kgCm 2).
A detailed attribution of tree
carbon to singleMeanTrees is
shown in SI, Fig. E.1
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