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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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model analysis
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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 80 yr rotation, the even-aged forests hold up

to 31 % more carbon than the the mixed-aged forest. However, mixed-aged

*Corresponding author: holger.metzler@slu.se
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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 beneficial 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 III et al., 2000, [Baldocchi et al.,|2000)). These forests are in large
part managed (Hogberg 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


https://github.com/goujou/BFCPM
https://github.com/goujou/BFCPM
https://github.com/goujou/BFCPM

38

39

40

a1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

, 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 all 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 purification, 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
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 fixation 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 effects 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 effect (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 defining whether ultimately
a managed forest is a carbon source or sink (Liski et all 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 quantified when assessing
alternative forest management scenarios.

Forest management strategies differ in their synergies and trade-offs 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., wildfires) 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-specific (Pukkala et al. 2009, Mikola, 1984, [Lahde et all [2010],
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Huuskonen et al., 2021, Holmstrom et al. 2018)). Results are also mixed
regarding ecological and economical outcomes, and dependent on spatial
and temporal timescales considered and the quantification approach (Ku-
uluvainen et al. 2012). Furthermore, how even-aged and mixed-aged and
mixed-species management strategies differ in their climate change mitiga-
tion potential remains unclear if considering only the amount of carbon se-
questered 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 effects of management choices on spe-
cific 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, |Pukkalal[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 fluxes between tree organs (Kolstroml (1993,
Martin Bollandsas 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 effective quantification of cli-
mate change mitigation potential, we need a model that describes the carbon
stocks and fluxes 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 fixation 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:

e How do management scenarios rank differently when considering tran-
sit time-based climate change mitigation potential vs carbon seques-

tration?

e How important is the fate of harvested wood products when assessing

carbon sequestration and climate change mitigation potential?

e Are there trade-offs 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 pine (Pi-
nus sylvestris) and Norway spruce (Picea abies) 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 differential equations (Sec-
tion . 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 comprising n different MeanTrees competing for light. Each
MeanTree i represents a cohort of trees of density N; (ha '), identical in
species, age, and size. Different MeanTrees can differ in these properties,
allowing to describe not only even-aged mono-specific forest stands, but also
mixed-aged and/or mixed-species stands. The carbon dynamics and growth
of each MeanTree are modeled combining a physiologically-based carbon fix-
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, Repolal 2009, [Repola and
Ahnlund Ulvcrona, 2014). The model describes carbon stocks and fluxes
entering the system via photosynthetic CO, fixation and then exchanged
among the carbon pools within each MeanTree, 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 each MeanTree
(GPP;), based on the Atmosphere-Plant Exchange Simulator (APES, [Lau-
niainen et al|[2015)); 2) a tree module, allocating GPP; to the organs of
MeanTree i as structural and nonstructural biomass, describing tree-internal
and -external fluxes such as growth and maintenance respiration and tissue
turnover based on the Allometrically Constrained Growth and Allocation
Model (ACGCA, Ogle and Pacalal2009) 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 of MeanTrees (Fig. [1)) in specific 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 : only the most salient features
are discussed here. Environmental conditions (model forcing) and carbon

dynamics parameters are provided in SI, Section [B]

2.1.1. Photosynthesis module

The photosynthesis module (SI, Section computes carbon and wa-
ter fluxes in the forest stand, considering competition for light among the
MeanTrees. The module provides the MeanTree annual GPP; - the carbon
input to the tree module. The stand structure, i.e., the maximum leaf-area
index (LAI) and leaf-area density profiles and heights of each MeanTree, are
provided by the tree module (Section 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



Tree carbon pools

E transient, available for growth and maintenance
By leaf biomass

CL labile, stored as leaf glucose

Bp fine root biomass

Cr labile, stored as root glucose

Bos “other” sapwood

Bon “other” heartwood

Brg trunk sapwood
Bry 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
WPg  short-lasting wood products
WP, long-lasting wood products

Table 1: State variables of the different model components (gCm~2).
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Figure 1: Scheme of the model. Several MeanTrees (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
quantifies for each MeanTree ¢ the annual GPP; to be distributed to ten tree carbon com-
partments (carbon pools shown in Fig. . Management decisions (i.e., planting, thinning,
and cutting) are applied to each MeanTree and affect the stand composition and tree
carbon distribution to soil and wood-product pools.

for the seasonal leaf-area dynamics and photosynthetic acclimation
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 (SI, Section describes the partitioning of the annual
GPP to maintenance and growth of a MeanTree’s organs (Fig. . All tree
module variables are shown in SI, Table[A.2]

Each MeanTree has ten carbon pools, representing structural (B) and
nonstructural (C') carbon in leaves (By, CL), fine roots (Bg, Cr), coarse roots
and branches (subscript O, i.e., “other”) sapwood (Bos), and heartwood
(Bon), as well as the trunk (subscript T) sapwood (Brs) and heartwood
(Br). Coarse roots and branches and the trunk share a single nonstructural
labile storage pool Cg, and carbon input from photosynthesis is temporarily

stored in a transient pool F.

10
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Figure 2: Complete carbon model of a MeanTree. Symbols inside the pools are the state
variables of the model’s tree module (Table . In the “static” and “shrinking” states,
there is an additional flux from the labile carbon storage (Cg) to Bps to support the
regrowth of “other” wood. The the associated growth respiration flux leaves from Cyg
(dashed arrows).

At the beginning of the new year, the GPP from the previous year is
placed in the transient pool E. Losses from this pool occur via mainte-
nance respiration (Ryy) of leaves, fine roots, sapwood, and growth respiration.
Respired tree carbon returns directly to the atmosphere. Tissues are also lost
at tissue-specific 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 trees (1V;) represented
by a MeanTreei. Part of the carbon stored in the harvested biomass is turned
into short- (WPg) or long-lasting (WP) wood products (SI, Section [A.F),
while the cutting residues are either left on site (litter input for soil module)
or can become short-lasting bioenergy (part of WPg) .

The amount of carbon available for allocation after the annual mainte-
nance respiration is Cyyoe At := E — Ry At, where At = 1yr. 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-specific 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 defined
by time-invariant parameter values (SI, Section . For simplicity, the
species-specific fine root-to-leaf biomass ratio pgy, 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 Adbh such that all available carbon (Cyjoc At) is used to re-
grow tissue lost by senescence and to grow new tissue. The density py, 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
(Br), transfer into the labile storage pool (Cf), and growth respiration (Gp),
so that the ratio of labile storage to leaf structural biomass remains constant
(0r). The same approach is applied to fine roots (Bg, Cg, 0r). Conversely,
for “other” and trunk, who share a common labile storage pool (Cg), the
ratio of labile storage to structural biomass is variable and depends on the
density of newly produced sapwood (pw ) and species-dependent sapwood
parameters (SI, Tables and [A.4). Additional carbon fluxes 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 SI, Section , in which the regrowth
of senescent leaves and fine roots is prioritized, and with Adbh = 0 the
regrowth of lost sapwood and heartwood of coarse roots and branches exploits
carbon resources from the labile storage pool Cyg. If Cyyoe At is insufficient
to cover the costs of replacement of senescing leaves and fine roots, the tree

switches to a “shrinking” state, where the tree loses leaf and fine root biomass

12
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proportionally to the needs, while “other” organs are regrown from the labile
storage. If in subsequent years Cyjo. At is again sufficient 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 storage Cs depletes, the MeanTree

dies.

2.1.3. Soil module

The soil module (Fig. ; SI, Section 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 the MeanTrees’ senescing leaves and fine 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 SI, Section [A.F)).

For simplicity, the decay rates and transfer coefficients 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 defines the management actions applied
to MeanTrees in the stand. Management includes i) initial planting of new
MeanTrees of given species and initial size (dbh;) at a density V;; 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 the Mean Tree,
which happens when in the “shrinking” state the labile storage pool (Cyg) 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 SI, Section .

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
Miiller, 2015| Sierra et al., [2018) and described by a d-dimensional system of

nonlinear and nonautonomous ordinary differential equations,

d
—x(t) = Bx(t),)x(t) + u(x(t).1), >0, (1)

Here x(t) € R? (gCm~2) is the vector of carbon pools at time t > 0
(yr), x" gives their initial sizes at time ¢ = 0 and the vector-valued func-
tion u (gCm~2yr~!) 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 entry B;; denotes the rate of carbon
transferred from pool j to pool 7. The dimension of the equation system is
d = 10n + 3 + 2, comprising ten pools for each of the n MeanTrees, three
soil carbon pools, and two wood-product pools.

Fluxes (gCm~2yr~!) from pool j to pool i at time ¢ are given by
Fj(t) = By(x(t), t) z;(t), t>0. (2)

By running the (discretely implemented) model and storing all pool sizes and

14
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fluxes through time, we can reconstruct the compartmental matrices B(#)

(Metzler et al., 2020) for all time steps . 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.
The solution of Eq. is given by (Brockett} 2015, Theorem 1.6.1)

x(t) = ®(t,0)x° + /<I>(t, T)u(7)dr, (3)

0

where the first term on the right hand side is the remaining legacy carbon
at time ¢ 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 time ¢ = 0. The matrix-valued function ® denotes
the state-transition operator given as the numerical solution of the matrix
equation
i<I>(15, s)=B(t) ®(t,s), 0<s<t,
i 4)
D(s,8) =1,
where I is the identity matrix. For a vector x(s) of carbon stocks in different
pools at time s, the vector ®(t, s) x(s) describes the remaining mass (not yet

returned to the atmosphere) and its distribution over the pools at time ¢t > 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 (Y7,) wood-product yields until

time T are quantified as the integrated carbon fluxes entering the short-

15
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and long-lasting wood-product pools (WPg and WPp), respectively. Let S
and L be the indices of WPg and WP/, in the carbon content vector x, i.e.,
rs = WPg and x;, = WP,. Then

Ys(T) / S Bey(t) a(f)dt - and

o %S

Yy (T) = / 7 Biy(t) (1) dt.

o JAL

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 specific 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') quantifies the net gain or loss over a certain
time interval [0, 7], but without considering when the carbon uptake or re-
lease have taken place. It is quantified 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 time ¢t = 0. Hence,
T
INCB(T) = / [u(t) —r@)|dt = |x(T)]| - [Ix"], (6)
0

where the carbon inputs at a generic time ¢ are given by ||u(¢)||, with ||u(t)|| =

16
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> lui(t)], and the carbon outputs from pool j are given by
ri(t) = =) Bi(t) z;(t). (7)

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
fixed 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 time 7' is given by

t

TT(T) = / / 1B(t, 7) u(r)| dr dt. (8)

To overcome the limitation of IITT not considering legacy carbon, we
consider a third metric, the Integrated Carbon Stocks (ICS), based on the
same concept as I[ITT, but including also the fate of legacy carbon, which is

treated as entering the system at t = 0. The ICS is computed as
T T
ICS(T) = / |®(¢,0)x°||dt + OTT(T) = / l|x(¢)]| dt. (9)
0 0

While the dimension of INCB is mass, the dimension of both IITT and
ICS is mass X 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 effectively assess climate change mitigation potential,

while INCB is suitable only to quantify carbon sequestration.

2.8. Simulations and management scenarios

Starting with empty carbon pools, a common 160yr spinup (SI, Sec-

tion consisting of a mono-specific mixed-aged pine forest of four Mean Trees
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is run to initialize the stand structure and tree, soil and wood-product carbon
pools . From this single initial state, we consider alternative management

scenarios leading to different stand compositions:

e Mixed-aged pine stand
We maintain a mixed-aged pine stand with a continuous canopy cover.
At the beginning of the rotation, the oldest MeanTree from the spinup
is cut and replanted. Thereafter, every 20 yr the oldest MeanTree is
cut and replanted, thus maintaining four MeanTrees of ages ranging

from 0 to 80 yr and differing among them by 20 yr.

e Even-aged single-species stand (pine or spruce)
After a clear-cut of the spinup stand, four MeanTree pines (or spruces)
are replanted. We use four slightly differently sized Mean Trees at plant-
ing (dbh = 1.0,1.2,1.4, 1.6 cm) to approximate the initial size distribu-
tion. The effects of small initial size differences can compound in time

due to unequal access to light.

e Even-aged mixed-species (pine and spruce) stand
After a clear-cut of the spinup stand, we plant two pine Mean Trees and
two spruce MeanTrees. For both species the initial dbh values are 1.2

and 1.4 cm.

In all even-aged scenarios, the Mean Tree i initially comprises N; = 500 ha ™!
identical trees, while in the mixed-aged scenario N; = 375ha™*. All scenarios
start with the same initial condition, last for 80 yr, and end with a final 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 20 yr meteorological data from Hyytiala 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 3.0 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 25m?ha™' during any simulation, all

MeanTrees are uniformly thinned to reduce SBA to 18 m?ha ™"

, Tesembling
current recommendations in Finland (Kellomaki, 2022 Kellomaki et al.. 2008,
Yrjold, 2002). Such thinning is skipped if a scheduled cutting (in the mixed-
aged pine scenario) or the final felling (in all simulations) is planned for
within the following 10 yr.

In the mixed-aged pine scenario, when a MeanTree i 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 = 1.0 cm.

When the forest stand becomes increasingly dense, a MeanTree might
not gather enough carbon from photosynthesis to sustain maintenance and
regrowth of senescent biomass. In this case the growth of the MeanTree is
reduced, and it uses its labile storage (Cys) to regrow senescent coarse roots
and branches (see SI, Section. Upon depletion of C'g, 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 called emergency remowval of the MeanTree. At the time of an emergency
removal of a dying MeanTree, 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 different management

scenarios

Despite the common starting point at the end of the spinup, the stand
attributes and carbon pool dynamics differ significantly 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 m?ha™! thinning threshold or a MeanTree dies due to persis-
tent light limitations and is subsequently cut. Which event occurs first 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 ha~!, 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 remaining MeanTrees are equally thinned
to SBA = 18m?ha~!. After 61yr the SBA thinning threshold is reached
and the two remaining MeanTrees are equally thinned. After 65 yr another
emergency removal occurs, leaving only one MeanTree till the end of the
rotation, without any additional thinning. The final stand density in even-
aged spruce scenario is 202 trees ha™'. In the mixed-species scenario (red
lines) SBA reaches the 25 m? ha™' thinning threshold after 42, 52, and 61 yr;
the uniform thinning of all MeanTrees subsequently reduces stand density
to 1069, 765 and finally to 547 trees ha~'. In all scenarios, when thinning
occurs, tree density declines and SBA (Fig. ) temporarily decreases. In
case of an emergency removal, mean dbh increases (Fig. ) because the
smallest MeanTree is removed.

The mixed-aged pine forest scenario has radically different stand dynam-
ics (blue lines in Fig. , because only the tallest MeanTree is cut down at
the beginning of the simulation and one new small MeanTree seedling is re-
planted. The mean dbh (Fig. ) 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. ) 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™? from the tree pools to the soil pools (Litter and CWD), whereas
3.2kgCm™? are transferred from tree pools to wood-product pools (WPg

and WPp). Every 20 yr the oldest MeanTree 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 1.7 and 2.0kgCm™? are transferred
to the soil pools, and between 2.3 and 2.7 kgC m~2 to the wood-product pools
at each cutting. At the end of the rotation, all trees are cut down and 2.7 and
3.0kgCm™2 are transferred to the soil and wood products, respectively. This
scenario is used as reference in further comparisons (see values in Fig.
and Table . 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, from N =
2000 to N = 1000 ha~'. This, however, reduces the total carbon stock in the
system, climate change mitigation potential and the yield of short-lasting
wood products (S, 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) offer insights into the carbon sequestration and the potential for
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Figure 4: Performance of management scenarios over the whole rotation when wood-
product carbon is included (blue bars), and when excluded (forest stand; i.e., tree and
soil carbon only; orange bars). Panels refer to the following metrics: A) Integrated wood-
product yield as short-lasting (Ys) and long-lasting (Y7) wood-products (Eq. . B) In-
tegrated Net Carbon Balance (INCB, Eq.[6). C) Integrated Inputs Transit Time (IITT,
Eq.[8). D) Integrated Carbon Stocks (ICS, Eq.[9). E) The carbon left at the site after the
clear cut at the end of the rotation; includes carbon in litter, coarse woody debris, and
soil organic carbon.
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climate change mitigation.

The initial clear cut in the even-aged scenarios reduces tree carbon stocks
and ecosystem carbon uptake, while wood-product and soil carbon is lost
as CO, (Fig. BD). During the first 18 (spruce and mixed) to 25yr (pine)
the total carbon stock (trees + soil + wood products) in the system de-
creases by ~ 5gCm™2, and at the minimum it is less than two thirds of the
pre-harvest level. The soil carbon stock is lowest ca. 40yr after the clear
cut, approximately half of the initial value. Later in the rotation even-aged
pine and mixed-species scenarios lead to higher total carbon stock than the
continuous-cover scenario (Fig. ) About 50yr in the rotation the initial
losses are regained (Fig. BE).

While the differences in total tree carbon stocks between the three even-
aged scenarios are small at the end of the rotation (Fig. [3D), the total carbon
stock is highest in the even-aged mixed scenario, followed by even-aged pine
and even-aged spruce (Fig. ) Conversely, the total carbon stock recovery
early in the rotation is most rapid in the fast-growing young spruce stand. In
the even-aged management scenarios, it takes 42 — 46 yr before the total car-
bon stocks (Integrated Net Carbon Balance, INCB, Fig. [3B) have recovered
from the initial clear-cut loss and are at the level of the mixed-aged (con-
tinuous cover) scenario. However, it takes 68 yr in mixed-species forest and
70 yr for spruce to compensate the lost climate change mitigation potential,
if considering the time during which carbon is retained from the atmosphere
(Integrated Inputs Transit Time, IITT, Fig. [f|C). The even-aged pine forest
does not compensate for that within the simulated 80 yr rotation.

An even more pronounced difference among management scenarios emerges
when considering also the fate of legacy carbon (Integrated Carbon Stocks,
ICS, Fig. ), i.e., the carbon that was in trees, soil, or wood products at the
beginning of the simulation. Even-aged mixed and spruce scenarios are level
with the mixed-aged simulation only after 72 and 78 yr, respectively. Both

IITT and ICS in the even-aged pine scenario fail to recover over the entire
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rotation.

When accounting for carbon retention times of wood products (Table ,
Entire system) instead of considering retention times only in trees and soil
(Table , Stand only), the absolute values of both IITT and ICS increase.
Relative increases by including wood products are clearly highest in the
mixed-aged pine scenario (IITT: 425 %, ICS: 444 %). Also some rankings of

the management scenarios change when including wood products (Table .
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Entire system  Stand only

Metric Scenario Rank Value Rank Value
INCB mixed-aged pine 4 -0.8 4 -4.4
(kgCm~2) even-aged pine 2 3.2 3 -1.5
even-aged spruce 3 1.8 2 -0.9
even-aged mixed 1 3.5 1 -0.6
I[ITT mixed-aged pine 3 549.0 4 440.0
(kgCm~2yr) even-aged pine 4 537.5 3 516.4
even-aged spruce 2 D774 2 550.1
even-aged mixed 1 600.0 1 573.4
ICS mixed-aged pine 3 1061.7 4 737.2
(kgCm™2yr) even-aged pine 4 1027.5 3 803.8
even-aged spruce 2 1067.3 2 837.5
even-aged mixed 1 1090.0 1 860.8
Ys mixed-aged pine 1 5.3
(kgCm™2) even-aged pine 2 5.0
even-aged spruce 4 2.4
even-aged mixed 3 4.0
Y. mixed-aged pine 1 8.3
(kgCm™2) even-aged pine 3 6.9
even-aged spruce 4 6.9
even-aged mixed 2 7.5
Ys+Y, mixed-aged pine 1 13.6
(kgCm™2) even-aged pine 2 11.9
even-aged spruce 4 9.4
even-aged mixed 3 11.6

Table 2: Ranking of management scenarios according to carbon sequestration (INCB) and
climate change mitigation potential metrics (IITT, ICS), with respect to the entire system
(trees, soil, and wood products) and the stand only (trees and soil), and short-lasting (Ys),
long-lasting (Y7,) and combined (Ys 4 Yz ) wood-product yield. The values correspond to
those in Fig.
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4. Discussion

4.1. Methodological considerations

Boreal forest management strategies have commonly been assessed through
their economic perspectives over fixed planning horizons (e.g., 60 — 100 yr ro-
tation cycles). The increasing interest in climate change mitigation by forests
(Astrup et al., 2018, [Trivino et al., 2023) makes such metrics insufficient. To
properly assess the climate change mitigation potential of an ecosystem, we
must consider the timing of carbon fixation, its release and storage dynamics
(i.e., the time that carbon spends outside the atmosphere) over the entire ro-
tation and beyond. Contrasting management scenarios thus requires models
that can track the carbon flow from its photosynthetical fixation, through
its use in tree metabolism and growth, to its subsequent transfer to other
ecosystem components (e.g., the soil) or to wood products.

To address this need, we combined an improved version of the Allomet-
rically Constrained Growth and Carbon Allocation model (ACGCA, Ogle
and Pacala, 2009) with photosynthesis and soil modules, and incorporated
harvested wood-product pools. Compared with existing tree growth models
(see reviews by [Hawkes| 2000, [Le Roux et al.|2001, [Busing and Mailly|[2004)
and allocation schemes (see reviews by Agren and Wikstrom| (1993, (Cannell
and Dewar| |1994, |Lacointe| [2000), our model has the advantage of resting
on a mass-balanced approach described by discretely implemented ordinary
differential equations. Our formulation allows computing the carbon age dis-
tributions and transit times directly, quantifying not only how much carbon
the forest stand stores but also the avoided atmospheric radiative warming
effect provided by the prolonged storage of carbon in the ecosystem (Sierra
et al., 2021) or in wood products. The quantification of not only the amount
of carbon in the system but also the time it spends there is necessary to
evaluate the reduction of Global Warming Potential (Shine et al., [1990) for
different management scenarios. We employed a detailed process-based pho-

tosynthesis model that quantifies carbon fixation at a half-hourly time step
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for each MeanTree (part of APES, |Launiainen et al., 2015). In contrast to
forest growth models relying on empirical relationships, our approach allows
to describe directly the effects of species traits, soil and climatic conditions,
ensuring transferability to other species and regions. The explicit descrip-
tion of the light environment in the canopy enables the consideration of the
among-tree competition for light, necessary to simulate mixed-species and
mixed-aged forests. As such, we can evaluate also the prospects of currently
uncommon management strategies with no historical data to rely on.

Process-based descriptions and mass conservation are applied to com-
pute GPP, respiration, and fluxes between system compartments. Carbon
allocation to tree organs is described via empirical allometric equations, link-
ing tree organ biomass to dbh, derived from species-specific forest inventory
data (SI, Section . Allometric equations are a compromise between a
minimalist description and detailed physiology-based functions (Bugmann,
2001). At the same time, employing allometries derived from forest inven-
tory reduces the effects of internal parameter uncertainties, because they
ensure that tree carbon allocation is ultimately realistic. The disadvantage
is that some parameters lack clear ecophysiological meaning and are hard
to estimate independently. The species-specific but fixed parameterization
of biomass maintenance and growth costs and the fine root-to-leaf biomass
ratio neglect the dynamic behavior of trees in the stand. For instance, a
reduction in the fine root-to-leaf biomass ratio (pry,) leads to reduced carbon
allocation to roots and hence more carbon available for stem growth.

The detailed description of carbon flows within the MeanTree also results
in allocating carbon from GPP (instead of net primary productivity) to the
tree organs and to maintenance respiration (Sierra et al. 2022)). This is not
only more physiologically correct, but provides a true carbon age distribution
for autotrophic respiration, which is comparable with radiocarbon measure-
ments (Carbone et al., 2007, 2013, [Muhr et al.| [2013)). These increasingly

available data could support validation or identification of model parame-

29



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

ters that are otherwise hard to estimate (e.g., those related to nonstructural
carbohydrate pools - 01, dg, dg).

The inclusion of the nonstructural carbohydrate pool Cs enables the as-
sessment of the tree’s health status and its response to external stress (Bug-
mann, 2001), although we employ a simplified description of the transition
back to a healthy state. This allows us to consider the effects of light limi-
tations and reduced carbon fixation on tree mortality, and of carbon release
upon competition removal via tree death or different thinning practices (see
SI, Section . The removal of MeanTrees after they have depleted their
labile carbon storage under prolonged light limitation mimics self-thinning
or thinning from below. Indeed, the modelled stand density in the even-
aged spruce and pine scenarios largely follows Reineke’s rule (Reineke; 1933)
which links density and mean dbh (SI, Fig. , thus lending support to our
results.

Our model also allows the analysis of single/mixed-species and even /mixed-
aged stands. Species and age mixtures are, however, considered in a simpli-
fied way neglecting among-tree competition for water and nutrients and the
facilitating effects beyond reduction of competition for light, for instance
due to canopy niche complementarity. Furthermore, we assumed that tree
allometric relationships are independent of the specific mixture, although
in reality mixed-species allometries can deviate from those of single-species
stands (Riofrio et al., 2019).

While light, water and temperature limitations are considered, other abi-
otic and biotic disturbances (e.g., nutrient limitation, pest infestation, wind
throw, snow and ice damage) are currently omitted. As such, the estimated
carbon sequestration and wood production could be considered a best-case
scenario. The modular structure of the model, however, enables additional
processes to be easily included or substituted by more detailed descriptions,
should data be available. For example, the soil carbon module could be

developed to include dynamic decay rates and transfer coefficients between

30



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

pools to capture the role of inter-annual climatic variability as in models
with more sophisticated structures, such as Roth-C (Jenkinson and Rayner,
1977)) or Century (Parton et al., [1987)). Similarly, the allometric relationships
could be altered to accommodate forests growing in different and changing
conditions, via dynamic rules or competition on water and nutrients among
the MeanTrees.

Sensitivity analysis revealed that growth, stand biomass development,
and subsequent tree and soil carbon pool dynamics are most sensitive to
parameters relative to sapwood width (SW), wood density (pw ), leaf senes-
cence rate (S1), and maintenance and growth (e.g., R, Cqr, Rms, Cew; not
shown). This underlines the need for accurate data from field experiments.
Another integral part of our model is the description of the tree allometry.
Currently, the allometric functions are independent of dynamically changing
site properties, such as tree density. The model’s generality and applica-
bility could be improved by calibrating the model against growth and yield
data from national forest inventory (NFI) plots and introducing tree-density
dependent rules, e.g., for the dbh-tree height relationship.

Finally, we note that in this work our primary goal was to illustrate the
model capabilities in determining climate change mitigation potential and
how that contrasts with other, commonly employed performance metrics.
Thus, we considered a single initial state and idealized management scenar-
ios. Nevertheless, whether mixed-aged or even-aged management is more
productive might depend on the age structure of the initial stand (Gobakken
et al., 2008).

4.2. Model evaluation and benchmarking

Most of the model’s sub-modules rely on well-established approaches,
which have been extensively tested earlier. For example, the photosynthesis
module has already been validated for boreal forests in Fennoscandia (Lau-
niainen et al., 2015, [Leppa et al., |2020, Launiainen et al., 2019, 2022). The

carbon dynamics of the tree module are based on ACGCA, which has been

31



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

successfully used in simulations of tree growth (Fell et al., 2018), gap dynam-
ics (Ogle and Pacalay, 2009, Fell and Ogle, 2018)), and labile carbon dynamics
(Ogle and Pacalal 2009).

We benchmarked the modules against representative observations and
data from the literature (see SI, Section @ The key model outputs were
internally consistent and reasonably in line with existing data for even-aged
single-species forests (Fig. ; SI, Fig. , lending support to our model and
results.

At stand level and averaged over the rotation, the carbon use efficiency
(CUE), i.e., the complement to autotrophic respiration to gross primary pro-
ductivity ratio, (GPP — R,)/GPP, was comparable (0.49 and 0.32 for even-
aged pine and spruce, respectively) with values observed for jack pine (0.34 to
0.43) and black spruce (0.29 to 0.39) respectively (Ryan et al.,|1997, Table 7).
Note that, in order to compare the CUE values with those in literature, we
included foliage dark respiration during the day (Ry) in the denominator of
the calculated CUE.

The modelled total tree biomass carbon for even-aged spruce (6.7 kgC m~2)
was within the range observed in 40 yr old forests across Sweden (between
4 and 8kgCm™?%; Berggren Kleja et al. [2007, Fig. 3a). The mean radial
growth over 5yr of both spruce and pine was in line with forest inventory
data (Repolal, [2009] Table 3), (SI, Fig.[D.I)). These reliable estimates of mean
radial growth over 5yr ensure that trunk volume growth is reasonably well
simulated over time. Because dbh drives the tree allometry via the exter-
nal statistical allometries (Lehtonen, 2005, Repolal 2009, Repola and Ahn-
lund Ulvcronal, 2014)), accordance of modelled mean radial growth with obser-
vations lends support to the modelled biomass of the tree organs. The mean
trunk wood densities (481 kg,, m™ for even-aged pine and 385 kg,, m—> for
even-aged spruce) were just outside the ranges emerging from tree invento-
ries (350 — 460 kg,,, m ™3 and 390 — 410 kg,,, m ™ for pine and spruce forests,
respectively; |Repola 2006, Fig. 4). Deviations possibly arose from discrepan-
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cies between literature values for wood density and wood density as derived
from allometric relationships, in particular for small trees, and by averaging
the wood density over several trees and the entire rotation. SI, Section [D]

provides more in-depth tests of the model’s biomass predictions.

4.3. Implications for planning forest management for different goals

Managed forests need to provide biomass while increasingly supporting
climate change mitigation efforts. These goals are often in contrast (Jandl
et al., 2007b|, Noormets et al., 2015, [Jandl et al., |2007a), calling for robust
approaches and metrics to evaluate benefits and drawbacks of different man-
agement strategies, in support of the scientific and public debate (Sierra
et al., [2021)). We developed a model that allows to evaluate both wood pro-
duction and climate change mitigation potential of management alternatives
at different timescales. To this aim, the model follows tree-, stand- and wood-
product carbon dynamics and carbon flows from the initial photosynthetic
uptake to the release back into the atmosphere (Fig. . We demonstrated
the model capabilities by contrasting four management scenarios that rep-
resent idealized cases of typical management chains in the Nordic countries.
The even-aged single/mixed-species stands mimic rotational forestry, while
the mixed-aged scenario resembles continuous-cover management.

The results show that, despite the same starting point in terms of carbon
stocks in trees, soil and wood products, management alternatives lead to
different pathways of carbon stocks and climate change mitigation potential.
Regarding net carbon sequestration, all even-aged scenarios yield more than
the mixed-aged pine after an 80-yr rotation (ICNB, mixed: +31%, pine:
+29 %, spruce: +19%; Fig. 4 Table [2). In terms of wood products, the
mixed-aged and mixed-species scenarios were the most productive (Table .
The high productivity of small-diameter wood in the mixed-aged and even-
aged pine scenarios can support fossil-fuel substitution and climate change
mitigation (Schulze et al., 2020). This is important, given that the current

amount of logging residues in, e.g., Sweden might not suffice in the future
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(Borjesson et al., [2017)).

While wood production and carbon sequestration are relevant metrics for
forest managers, they are insufficient to quantify the climate impacts of bo-
real forest management. For the latter, the time horizon considered, the fate
of legacy carbon (i.e., the carbon initially in the system) and the retention ef-
fect of wood-product carbon are key, as apparent from the differing rankings
of our sample management scenarios (Table [2| & Fig. [5)). Thus, to evaluate
the climate change mitigation potential, the metric ICS (integrated carbon
stocks, including transit times and effects of legacy carbon) is necessary. The
inclusion of retention effects of wood-product carbon into ICS increases the
climate change mitigation potential of the mixed-aged scenario by +44 %,
while the even-aged scenario (pine) with the most increasing climate change
mitigation potential improves only by +28 %. Our estimated ICS suggests
that all the even-aged scenarios are inferior to mixed-aged management, un-
less the planning horizon is extended to the end of the 80 yr-rotation. The
rate at which the even-aged management scenarios regain their carbon se-
questration and climate change mitigation potential after the clear-cut, com-
pared with the mixed-aged stand (Fig. |5)) or delayed set-a-side management
(not considered), must be compared with the timescales of the climate tar-
gets. For instance, Finland aims at carbon neutrality by 2035 (Huttunen
et al., |2022), but our model shows that the recovery from the initial loss
of carbon storage due to clear-cut requires almost the entire 80-yr rotation
to compensate for the lost climate change mitigation potential. Clear-cut
management thus has significant negative effects on short-term (< 50 yrs)
climate goals (Fig. [5)).

In addition to wood production, carbon sequestration and climate change
mitigation potential, there are other factors (not included in the model) that
generally favor mixed-aged and mixed-species forests Messier et al.| (2022).
Despite lacking an explicit facilitation effect in the model, the simulated

species mixture yielded ca. 9% more total wood products than a theoreti-
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cal 50 — 50 mix of mono-specific forests (Table . Such slight overyielding
is expected (Ruiz-Peinado et al., 2021). We can also conclude that pine
contributes slightly more than spruce to II'TT in the mixed-species simula-
tion (55 % compared with 45%). In particular, during the first 50 yr the
contribution of pine is much higher than the one of spruce, and later the
relative contribution of spruce increases. However, we cannot disentangle
the contributions of different species to INCB and ICS because we cannot
attribute the effects of legacy carbon to a specific species. Moreover, more
diverse forests are less susceptible to biotic and abiotic disturbances such
as pest outbreaks (Jactel et al., 2021)) and extreme weather events (Bauhus
et al., 2017), thus increasing ecosystem stability (Loreau, 2022). Mixed-
species forests also tend to harbor greater biodiversity (Ampoorter et al.
2020)) and are also often more socially accepted (Ribe, 1989, (Gundersen and
Frivold, 2008)). Upon availability of physiological parameters and allocation
rules, inclusion of broadleaf species such as birch or other mixtures of three
or more species in the simulations is possible. Also understory vegetation,
currently neglected in the model, could contribute substantially to the stand

carbon dynamics and fill spatial or functional niches.

5. Conclusions

We developed a forest-growth and carbon-balance model that combines
process-based modules for gross-primary productivity as well as autotrophic
and heterotrophic respiration with mass-conserving statistical carbon allo-
cation in a tree. The model allows to track the age distribution of carbon
in the tree-soil-wood product system, enabling the quantification of both
wood production and climate change mitigation potential of different for-
est management scenarios across an entire rotation. The model was tested
and its capabilities demonstrated for four idealized management scenarios
resembling even-aged and continuous-cover forestry in Fennoscandia.

Over the 80 yr rotation, the wood production was highest in the mixed-
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aged pine scenario for both short- and long-lasting wood products. Never-
theless, in terms of carbon sequestration, all even-aged scenarios were more
effective than the mixed-aged strategy, although the even-aged scenarios show
a clearly lower climate change mitigation potential for most of the rotation
compared with the mixed-aged scenario. The inclusion of legacy carbon and
wood-product retention effects emphasized the advantage of the mixed-aged
pine scenario over clear-cut based scenarios. While even-aged scenarios were
sequestering more carbon over the rotation cycle, the initial clear-cut effects
on carbon stocks (INCB) were compensated only after about 42 to 45 yr.
However, a transit-time based metric including the retention time of carbon
from the atmosphere (ICS) shows that it takes almost a typical rotation of
80 yr (or longer) to compensate for the lost climate regulation caused by an
initial clear cut.

These results clearly show that transit-time based climate change miti-
gation potential and pure carbon sequestration provide different information
and hence ranks of management scenario performances. Further, it is neces-
sary to consider also the fate of the legacy carbon and wood-products when
addressing climate change mitigation potential of forestry. It is thus imper-
ative to select the evaluation metrics based on the desired goal and clearly
specify the timescales of interest when evaluating climate change mitigation

potential of forest management.
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Supplementary Information

Part A Detailed model description

Photosynthetically fixed carbon enters the the MeanTrees as glucose and
is distributed to the single trees represented by the MeanTree. Single tree
carbon dynamics are based on ACGCA ((Ogle and Pacala;, [2009). The glucose
carbon is allocated to tree organs as part of tissues (gqy ) and to labile storage
(8gluc)- In order to describe single-tree carbon dynamics in units of gC, we
need to convert gqy and gg,e to gC using the two conversion constants

gC 72 gC

w = 0.5 =— d w = .
= o Gane = e

(A1)

On single-tree level, the carbon cycling is then described in units of gC and

on MeanTree level, in the soil, and in wood products in units of gCm~2.

A.1 Photosynthesis module
The photosynthesis module computes gross-primary productivity (GPP;)

of each MeanTree at a half-hourly time step, and accumulates it to annual
GPP; for the tree module. It uses established approaches to compute needle
level photosynthesis (Farquhar-model with co-limitation, (Farquhar et al.
1980}, Launiainen et al. 2022)) and stomatal conductance (USO, (Medlyn
et al) [2012)). The short-wave radiation, leaf gas-exchange and seasonal
cycle sub-modules are adopted from the multi-layer APES-model (Launiainen
et al., 2015, [Leppa et al., 2020) (see summary of parameters in Table .
Rainfall and snow interception, snowpack dynamics and soil water balance
(a bucket model) are based on the SpaFHy -model (Launiainen et al., [2019)).

The forest stand consists of one or several MeanTrees, whose dimensions
(height and leaf-area density distribution, LAD;) are updated in the begin-
ning of each year. The stand LAD is computed as the sum of LAD;s and

determines radiation and wind attenuation in the canopy. The transmittance
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and absorption of photosynthetically active radiation (PAR) and fraction of
sunlit foliage at each canopy layer (here 30) are computed following [Zhao and
Qualls (2005), with adaptations to coniferous canopy described in Launiainen
et al| (2015). The photosynthesis and transpiration rates are subsequently
computed separately for sunlit and shaded needles of each MeanTree and
canopy layer, assuming the leaves are at the air temperature. The leaf-level
rates are then integrated over the leaf-area density and time to provide annual
GPP; and transpiration of each Mean Tree.

The response of leaf gas-exchange to limited soil water availability is ac-
counted for by decreasing the USO model parameter g; (proportional to
inverse of marginal water use efficiency) and maximum carboxylation rate
(Vemaz2s) at 25°C whenever relative plant available water (REW) is be-
low a critical threshold. The non-linear response is formulated as x =
T X (%)bl, where ., is the property (g1, Vemaz,25 €tc.) in well-watered
conditions, and parameters b; are fitted based on pine shoot gas-exchange
data from Hyytiala SMEAR Il-site in Southern Finland. For details, see
Launiainen et al.| (2022, 2015). A standard approach is used for the tem-
perature response of the Farquhar-model parameters (Medlyn et al., 2002,
Kattge and Knorr, 2007)), while the seasonal cycle of photosynthetic capac-
ity is accounted for by making V.., 25 a function of delayed air temperature
(Kolari et al., 2007)). For details, see Supplementary material of |Launiainen
et al.| (2015) and Launiainen et al.| (2022).

The soil water content (6) is solved with a two-layer bucket model (Lau-
niainen et al., 2019). The top layer resembles organic litter/moss and acts
as a rainfall interception storage, and the lower layer represents the plant
root zone (here depth D = 0.5m), whose hydraulic properties are described
using [Van Genuchten/s (1980) approach. The snow accumulation and melt
is modelled using the degree-day approach, and rainfall interception is com-
puted assuming the canopy behaves as a single big leaf with one effective

water storage. For details, see Launiainen et al.| (2019).

39



823 The used needle gas-exchange, radiation and water balance sub-models

s« have been tested independently and as part of the evaluation of a multi-layer

s ecosystem model (APES, [Launiainen et al., 2015 against observed ecosystem

26 level eddy-covariance-based carbon, water and energy fluxes at several boreal

g7 coniferous forests (Launiainen et al., 2015, |Leppa et al.,|2020). Moreover, the

s2s  approach has shown to well reproduce the observed non-linear response of

e20 stand-level GPP and evapotranspiration (ET) to stand leaf-area index (LAI)

s across several boreal forest sites (Launiainen et al., 2015 2016)).

831 For this work, we further tested that our simplified vertically-resolved
g2 model, omitting the air temperature and humidity gradients within the canopy
13 simulated by APES, predicted the expected non-linear response of ecosys-
s« tem GPP and ET to LAI. We also compared simulated annual GPP and its

s35 inter-annual variability with the long-term time-series from Hyytidla conif-

g3 erous forest in Southern Finland (Launiainen et al., 2022)) with satisfactory

g7 results (not shown). The benchmarking lends support that the MeanTree’s
gs  annual GPP; and its dependency on stand structure, i.e., light competition
30 via stand LAD and MeanTree LAD profiles, and weather conditions are ad-

a0 equately described.

Parameter Value Description

Vemaz,25 60 (pine), 50 (spruce) molm—2s—1 maximum carboxylation rate at 25°C

Imaz,25 1.97X Vemaz,25 maximum electron transport rate at 25°C,
Ry,25 0.5 molm ™25~ 1 dark respiration rate at 25°C

« 0.3 (-) quantum efficiency parameter,

0 0.7 (-) curvature parameter

B 0.95 (-) co-limitation parameter

g1 2.6 kPa?? USO model parameter, |Launiainen et alAl 2015)), |Leppii et alAl (2020)
90 0.001 molm~2s~1 USO model, residual conductance for HoO, |[Launiainen et al.l (2015)
ag, ai 0.39, 0.83 g1 response to plant available water, |Launiainen et al.| 42022[)

bo, b1 0.39, 0.83 Vemaw,25 response to plant available water, |Launiainen et al.
ap 0.1 (-) shoot and ground PAR albedo, |Launiainen et al. l)

fetump 0.7 (-) foliage clumping factor, (Launiainen et al., |2015))

Wmaz 0.2 kg Ho O LAI"! canopy interception stor

D 0.5 m root zone depth

05 0.50 m®m~3 porosity

0, 0.03 m3m—3 residual water content

Qg 0.06 m~ 1! air-entry potential

n 1.35 (-) pore size distribution parameter

Table A.1: Photosynthesis and water balance model parameters.
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A.2 Tree module

The tree module represents the dynamics of carbon stocks (in units of
grams of carbon, gC) within each single tree represented by a Mean Tree.
The MeanTree i represents N; identical single trees per ground area and we
consider the stocks per MeanTree in units of gCm~2.

Each tree’s transient pool E receives GPP; (gC) based on the previous
year’s photosynthesis. Part of this leaves E to the atmosphere as maintenance
respiration Ry = My, + Mg + Mg, consisting of leaf maintenance (M), fine
root maintenance (Mpg) and sapwood maintenance (Mg) costs. Sapwood
maintenance Mg is combined for coarse roots and branches (“other”) and
the trunk.

The remaining carbon, Cyoc At = E — Ry At, with At = 1yr, becomes
available for allocation to tree organs, according to the rules specified below.
The carbon allocated to the tree organs is subsequently used for sapwood
transformation to heartwood (“other” and trunk), for growth of tissues (in-
cluding replacement of tissue turnover and growth of new tissue), growth
respiration, and for labile carbon associated to newly created tissue. The la-
bile carbon (Cf, Cg, Cs) associated to tissue lost due to senescence returns
to the transient pool E. Labile carbon (Cs) associated to sapwood (Brs,
Bos) that is transformed to heartwood (Bry, Bon) is incorporated into the
heartwood.

The following sections describe the external and internal fluxes of different
tree organs (leaves, fine roots, coarse roots and branches, trunk). Planting
a tree introduces carbon to the forest stand that is part of a new tree as

external input flux, and fluxes caused by forest harvesting are described in

SI, Section [A.5]

A.2.1 Leaves and fine roots
A schematic for the leaf pools and fluxes is shown in Fig. The carbon

dynamics in fine roots is analogous. The external input flux to the transient
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pool is indicated by Y\, external output fluxes by 7, and fluxes between
pools inside the model by —.

Leaf maintenance respiration is given by

My, = Ry By i_g;“, (A.2)

where Ry, is the species-specific leaf maintenance respiration rate (ggiue g;vi yr1).

The fraction f;, of Caeec At is allocated to leaves and split in three com-
ponents: leaf tissue growth (By), transfer into the leaf labile storage pool
(Cp), and growth respiration (Gp). Leaf tissue construction comes at costs

Cor, (8giue o) and induces growth respiration

Cyr

G, =—"—(1- Clanoe At, A3
L CgL 1o, ( 77L) fL 11 ( )
where ¢
dw
- A4
1 CgL Cgluc ( )

is the carbon use efficiency during leaf tissue growth (regrowth and net
growth). Allocation to leaf tissue (Bp), including regrowth of senescent
tissues and net growth (net biomass increase), and associated labile stor-
age (C) are balanced such that the ratio of labile storage to leaf structural
biomass carbon remains constant (91, gglue Ee)-

Leaf tissue is lost due to senescence at a species-specific senescence rate
St (yr7'), generating a loss (S; Br). The labile storage carbon (S7,Cp)
associated to this tissue loss returns to the tree’s common transient pool

(B).

A.2.2  Trunk
A schematic for the trunk component is shown in Fig. The trunk con-
sists of the tissue pools Brg and Bty and shares one labile storage pool (Cl)

with coarse roots and branches (“other”). Carbon allocated to the trunk
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Figure A.1: Leaf carbon stocks and fluxes. o E—Cr: fr- Cantor, Clalloc
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comes from the transient pool E. The combined maintenance respiration of

trunk sapwood and “other” sapwood is given by
Mg = Rys - B Calue- (A.5)

s Here Ry,g is the species-specific sapwood maintenance respiration rate (ggiuc ggé yr1)
e and BY is the biomass of living sapwood in gqy (Ogle and Pacalal 2009, SI,
s Fiq. (29)).
The amount f7 Capoc At is allocated to the trunk and is split up in three
components: sapwood growth (Brg), transfer into the labile storage pool
(Cs), and growth respiration (Grg). Trunk sapwood construction from tran-
sient pool carbon comes at costs Cew (Zgiue g;‘i) and induces growth respira-

tion

Cow

Gy = —8W
s ng+(5w

(1 = nw) fr Canoc AL. (A.6)

sss 1runk tissue is not lost due to senescence.

887 Depending on heartwood volume growth (ABry), a fraction of trunk
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sapwood (v Brg) is converted to heartwood with heartwood construction
rate vy given by Eq. (A.29). The associated labile storage (vr Cs Brs/Bs,
Bgs = Bos + Brs), is directly incorporated into heartwood biomass at no
costs. If the tree is in “static” or “shrinking” state, then no new heartwood

is being constructed, i.e., vy = 0.

A.2.3  Coarse roots and branches (“other”)

A schematic for the coarse roots and branches (“other”) component is
shown in Fig. [A.3] This tree component consists of the tissue pools Bog and
Bon, while it shares the labile storage pool (Cs) with the trunk. As for other
organs, the carbon allocated to the coarse roots and branches comes from the
transient pool E. The combined maintenance respiration of trunk sapwood
and “other” sapwood is given by Eq. .

The amount fo Canoe, At of C' is allocated to coarse roots and branches
and is split up in three components: sapwood growth (Bog), transfer into

the labile storage pool (Cs), and growth respiration (Gos g). Sapwood con-
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900

901

struction comes at costs Cew (Zgiuc ggvi) and induces growth respiration

Cew
Gosp=—2Y _(1— Caitoe AL, A7
OS,E ng+5w ( TIW) fo Can ( )
where ¢
dw
= AR
w CgW Cgluc ( )

is the carbon use efficiency during sapwood tissue production, and dy is the
maximum labile storage capacity of newly produced sapwood.

In contrast to the trunk, coarse roots and branches are lost due to senes-
cence. This senescence provides input to the coarse woody debris pool
(CWD) of the soil module and concerns both sapwood (Sp Bos) and heart-
wood (Sp Bon), where Sp (yr™1) is the species-specific senescence rate. The
labile storage carbon associated to sapwood lost by senescence, Sp Cs Bos/ Bs,
returns to the transient pool E. Heartwood loss needs to be regrown from
sapwood (including the associated labile storage from Cyg), and the induced
sapwood loss needs to be regrown from carbon coming from the transient
pool E. considering growth costs and associated labile storage to Cs. The
rate vp of sapwood conversion to heartwood is determined such that heart-
wood losses are compensated and the tree meets the external statistically
derived allometries (Eq. (A.43))). The labile storage carbon (vo C's Bos/Bs)
associated to sapwood converted to heartwood is directly incorporated into
heartwood biomass with efficiency ngw = 1. If the tree is in “static” or
“shrinking” state, then the newly constructed sapwood biomass based on
the available transient carbon is not sufficient to make up for senescence
losses and heartwood production from sapwood. The missing amount of car-
bon to keep sapwood biomass unchanged is supplied by the labile pool Cg
and given by fc, Cg as described in Eq. . The flux fe, Cs also induces

growth respiration, which is given by
Gos,cs = fos (1 —nw) Cs. (A.9)
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stocks and fluxes.
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Cs — Bos: feg - nw - Cs

Bos — Bown: vo - Bos

B
Cs = Bou: vo - naw - 52 - Cs

Bos — CWD: SO - Bos

Boy — CWD: SO - Bonu

In contrast to sapwood construction by carbon coming from the transient
pool E, sapwood construction from the labile storage pool C's does not lead to
additional storage in labile carbon associated to the newly produced sapwood,
as the supplied carbon already comes from the labile pool. This allows a

depletion of the labile storage.

A.3 Carbon allocation in the tree

A.3.1 Tree allometric relationships

All tree allometry rules are based on the MeanTree’s diameter at breast
height (dbh, cm) and some additionally on the MeanTree’s height (H, m).
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Tree height is computed as

dbh*
H=13+ m (A.10)
based on the Néaslund height model (Naslund| |1936) parameterized for 155
stands in southern Finland (Siipilehto, |2000)). Since dynamic radial growth
is (internally) computed at the MeanTree’s radius at trunk base (r, m), it is
necessary to compute r from dbh and H. The computation of r differs be-
tween small and larger trees. For dbh < 3.0 cm, Laasasenaho (1982)) suggests

the diameter at trunk base to be

dbh
=2+1.25 —. A1l
r +1.25 200 ( )

For dbh > 3.0 cm, we use the tree radius at breast height (rgg = 1/2dbh)
to identify 7 through the current trunk-shape based relation as expressed in
Ogle and Pacalal (2009, SI, Eq. (24)).

We describe the allometrically derived biomass of leaves (mp ), stem wood
(msw), stem bark (mgg), living branches (myp), stump (mg), and (coarse)
roots (mcg) in kg, based on the MeanTree’s diameter at breast height (dbh,
cm) and its height (H, m) via the empirical relations based on tree inventory
data. The allometric equations for leaves, stem wood, stem bark, living
branches, stump and (coarse) roots for large trees come from [Repola (2009).
Trees are considered large if their dbh is at least the critical value, which is
defined as mean dbh minus one standard deviation of the forest inventory
data used to derive the allometric relationships. According to Repola (2009,
Table 3) pines are considered large if dbh > (13.1 — 5.3) cm and spruces if
dbh > (11.2 — 4.0) cm.

The allometric equations have the general form

dbh
+ by

1 = int t+b ———
nmy 1nercep+1dbh+n H+m

+bs log(H) + by H, (A.12)

47



923

924

925

926

927

928

929

where the b;s are empirical coefficients depending on the type of biomass Y,
and a variance-correction term is added to the intercept to correct for the

bias due to the logarithmic transformation:

1
intercept = by + 5 (02 +o2). (A.13)
For small trees, the coefficients in Eq. (A.12) for stem wood and living
branches were taken from |[Repola and Ahnlund Ulvcronal (2014). Empiri-
cal coefficients were not reported for stem bark, stump, and (coarse) roots
of small trees. So we use the according coefficients for large trees here. The

biomass equation for leaves in small trees is given by
my, = adbh® H¢ (A.14)

with coefficients for pine and spruce provided in |Lehtonen| (2005, Table 4).
The vertical distribution of leaf biomass in the crown follows Tahvanainen
and Forss| (2008, Table 8), based on the tree’ crown base heights which derived
from [Tahvanainen and Forss (2008, Fig. 4).
To ensure continuity, the biomass curves of small trees are scaled such

that they match the biomass curves of taller trees at the critical dbh. .

A.3.2 Routines for carbon allocation within a single tree

Each year we identify a new dbh* = dbh(¢ + At) so that the tree organs’
new biomasses match the external allometric constraints as defined by dbh*
and Eq.[A.12] Identifying dbh* requires writing a carbon balance for each tree

organ, i.e., for leaves (SI, Section |[A.3.3)), for fine roots (SI, Section [A.3.4)),
for the trunk (SI, Section [A.3.5), and for coarse roots and branches (SI,
Section [A.3.6)). The allocation fractions fx (yr~') across organs must satisfy

fo+ fr+ fr+ fo=1y"", (A.15)
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a0 where fy is the fraction of the newly available carbon (Cyyoc At) allocated to
o1 tree organ X. The new diameter at breast height (dbh*) appears in each fx,
o2 via the relations linking the change in biomass of X to the fluxes in and out
a3 X, which are described next for each organ. The according species-dependent
i34 parameter values are shown in Tables and [A.4] When the newly fixed
s3s carbon is insufficient to meet the demands imposed by replacement of biomass

936 losses via senescence, the tree reverts to the “static” or “shrinking” state (SI,

o7 Section [AL4]

s A.3.8 Leaves
Each year, new carbon allocated from Cjpo. At to leaves is required for net
growth of new leaf biomass (ABy ), to balance leaf biomass lost via senescence

(Sr Br, At), for tissue growth costs (Cyr,) and a fixed share of associated labile
storage (01) Ogle and Pacalal (2009, SI, Eq. (1A)). Hence,

dw

fL Clalloec At = (ABL + 51, Br, At) (CgL + 5L) chluc’ (A16)

where both sides of the equation are in gC. The dependence of f;, on dbh*

comes through its dependence on the net biomass growth
ABp = B] — By, = Br(dbh*) — By. (A.17)

We assume that labile carbon associated to leaves (Cp) is actually stored
within the leaves. Hence, we require the new leaf biomass carbon and labile

pool to equal the leaf biomass carbon imposed by the allometric relationship

(Eq. (A.12)). In formulas,
B; + C; = 10°m} Caw, (A.18)

where mj := my(dbh*, H*) is the biomass from the allometric model (Eq. (A.12)
applied to leaves (in gqy ), and (qy transforms gg, into gC. C7, is calculated

as a fraction of the biomass carbon itself, as C} = 1, B} Cgluc Qd_vi. By rear-
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ranging the terms, we obtain

103 m3

Bl = ———— Caw-
L 1+6L<§_:1C

(A.19)
A.3.4 Fine roots

Similarly to leaves, the fine root fraction is given by (Ogle and Pacala,
2009, SI, Eq. (1B)),

fr Catloe At = (ABR + Sg Br At) (Cyr + 1) % (A.20)
dw

The new fine root biomass is computed as a constant fraction of the new leaf

biomass, By = pry Bj.

A.8.5 Trunk
Carbon allocated to the trunk is used for net sapwood growth (py AVr)

involving sapwood construction costs (Cyw) and a labile storage fraction
(0w ). The formula given by |Ogle and Pacalal (2009, SI, Eq. (31C)),

dg

C1gHW

dw

Jr Canoc At = (PW AVr Caw — vr Brs At) - (Cew + ow) %, (A.21)
allows py to become negative for slowly growing trunk volumes. Further-
more, we assume labile carbon associated to the trunk to be part of the trunk

volume. Consequently, we adapt this formula and compute f7 from

I1 Canoe At = pw AVz Caw - (Caw + Sw) %luc. (A.22)
dw

Because of sapwood transformation to heartwood (vy Brs At) with unitary

efficiency (Ceaw = 1.00 gaue g1, the labile storage fraction

_% de

0g =
5 BS Cgluc

with BS = BTS + BOS (AQS)
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associated to transformed sapwood becomes becomes integrated into heart-
wood.
Once fr is identified, according to |Ogle and Pacalal (2009, SI, Egs. (1C)

and (1D)), we determine

fT Calloc At
ABrg = ———— — vy Bpg At A24
TS ng+5w Ur D18 ( )
and 5
ABry = (1 42 ) v Brs At. (A.25)
gHW

In order to determine fr from Eq. , we need to identify the density of
newly produced sapwood (py ), the sapwood to heartwood conversion rate
of the trunk (vr), and the maximum labile carbon storage capacity of newly
produced sapwood (dy). Since oy depends on pw, and both py and vy
depend on the new heartwood volume Vi = Vrp(dbh*,SW™)), which in
turn depends on the new sapwood width SW* = SW(dbh™), we first describe
how to identify SW* and then how we derive Vi from it. The density of
newly produced sapwood pw = pw(dbh®) is then dynamically chosen such

that the modelled trunk biomass follows the external allometries.

Sapwood width. We compute SW* (m) such that the ratio of sapwood to
heartwood width (HW™, m) follows Sellin| (1994). From Eq. [2] we get

SW, d*
SWiellin = —— A .26
Sellin = 1+ + SW,, (4.26)
in cm and from Fig. 1 we get
HWSellin = HWslope d*7 (A27)

where d* = 200 7* is the new diameter at trunk base in cm. Then we obtain

SWSeHin

SW* =
SWsenin + HWsenin

r. (A.28)
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Trunk heartwood volume. The new trunk heartwood volume Vi in m? is
computed as in |Ogle and Pacalal (2009, SI, Eq. (14)) with a mathematical
correction of the formula for heartwood height (SI, Eq. (13)).

Sapwood to heartwood conversion rate of trunk. The sapwood to heartwood

1

conversion rate of the trunk, vy = vp(Viy) in yr—, is given as in |Ogle and

Pacalal (2009, SI, Eq. (2)) by

o — AViry
T Vg At

(A.29)

where AVry = Vi — V. The trunk sapwood volume is denoted by Vg =
Vi — Vg, and the trunk volume Vi = Vp(dbh) is given by |Ogle and Pacala
(2009, SI, Eq. (9)).

Density of newly produced sapwood. While sapwood converted to heartwood
does not change the trunk volume, new sapwood is needed for radial trunk

growth. The allometrically derived trunk biomass is given by
my = mgsw + mgp + Mg, (A.30)

consisting of stem wood, stem bark, and the stump as given by Eq. (A.12).

The trunk biomass carbon is given by

B
Br = Bty + Brs + B—TS Cs, (A.31)
S

assuming that labile carbon associated to trunk sapwood is actually stored
in the trunk. In order to match the allometrically derived trunk biomass by

modelled biomass, we strive for B} = mj,, which leads to the goal of
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Considering growth costs, we have

14 ow

ABr = fr Caloe At ————. A.33
r = fr Can o & 0 ( )

We combine Eq. (A.33)) with Eq. (A.22)), and obtain py, from

m} — BT
e A.34
PV = AV (1= ow) (A.34)
under the additional conditions that

mein S pW S meax' (A35>

Mazximum labile carbon storage capacity of newly produced sapwood. We com-

pute the maximum labile carbon storage capacity of newly produced sapwood
as in |Ogle and Pacalal (2009, SI, Eq. (6)) by

Pw

A.8.6  Coarse roots and branches (“other”)

Carbon allocated to “other” is needed for net sapwood biomass growth
(ABos) and to balance losses of sapwood to senescence (Sp Bos At) and to
heartwood production (vp Bos At). For each term, there are sapwood con-

struction costs (Cew) and an associated labile storage fraction (dy) involved.
Hence, following [Ogle and Pacalal (2009, SI, Eq. (1E)),

Fo Ctoe At = [ABos + (So + v0) Bos A - (Caw + o) il (A.37)

dw

In order to determine fo from Eq. (A.37)), we need to identify the net sapwood
biomass carbon change (A Bpg) and the sapwood to heartwood conversion
rate of “other” (vp). First, we compute A Bpg, then we compute the net

heartwood biomass carbon change of “other” (ABog) and use it to identify
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Vo-

Net sapwood biomass carbon change of “other”. The new sapwood biomass

carbon of “other” (Bgg) is allometrically defined as

where i}
mo

e A.39

b= (4.39)

is the ratio of “other” biomass to trunk biomass as derived from external
allometries. Allometric “other” biomass is computed as the sum of biomasses
of living branches and (coarse) roots in Eq. (A.12)), i.e.,

mo ‘= myp + McR- (A.40)

ObViOUSly, ABOS = B(*)S — Bos.

Heartwood biomass carbon change of “other”. The new heartwood biomass

carbon of “other” (Bgy) is allometrically defined as

Bow = Ay - B, (A.41)
where i}
mo

=\t = A .42

== (A.42)

is the ratio of “other” biomass to trunk biomass as derived from external

allometries. Obviously, ABoy = B&y — Bon.

Sapwood to heartwood conversion rate of “other”. Heartwood production
must satisfy net heartwood biomass growth (ABoy) and make up for senes-
cence losses (So Bong At), while carbon supply is provided by the sapwood
pool (vo Bos At) and by the labile storage pool (vo ds Bos At) at no heart-

wood construction costs (Cepw = 1.00 ggiue g;‘i). Consequently, following
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(Ogle and Pacalal, 2009, SI, Eq. (1F)),

o (1 4% ) Bos At = ABoy + So Boy At. (A.43)
Cenw
A.4 Physiological tree states

In case a MeanTree is subject to excessive competition for light and its
annual photosynthetic carbon uptake is insufficient to sustain maintenance
respiration and biomass regrowth caused by senescence in leaves, fine roots,
and coarse roots and branches (“other”), the MeanTree changes its physio-
logical status from “healthy” to “static”. In the “static” state, the MeanTree
has no radial trunk growth but only regrows the senescent biomass in leaves
and fine roots from Cjyoc At. The amount of carbon insufficient to regrow
all lost sapwood and heartwood “other” is extracted from the labile storage

pool (Cs) and can be computed by

fos Cs = (So +v0) Bos At Caw %;“

v Cow (A.44)

— Canoc At (1 — fr — fr) Cow 10w

In “healthy” trees, fc, = 0yr~—'. The first part of the right hand side is the
hypothetical amount of carbon required for sapwood regrowth at costs Caw
because of senescence and heartwood construction if all carbon for that came
from Cg. Recall that, other than from Cjy.. At, sapwood construction from
Cs does not involve an additional share (dy) to be stored in labile carbon
(Cs). Some carbon included in the first part of the right hand side, however,
is already provided by Cloe At and is represented by the second part of the
right hand side. This amount does not need to be provided by Cs. By using
fos Cs from the labile storage pool, ABog = ABps = 0 and the tree can
potentially survive in the “static” state for a few years after which the light
situation might improve and allow the tree to return to the “healthy” state.

Labile storage carbon from C's cannot be used for regrowth of leaves and fine
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root biomass.

If Canoc At is not even enough to regrow senescence losses from leaves
and fine roots only, then the tree switches to the “shrinking” state. In this
state, leaves, fine roots, and “other” receive carbon from photosynthesis pro-
portional to their respective demand in the “healthy” state for regrowth
such that all captured carbon is used up. This means that the MeanTree
loses biomass of leaves and fine roots, while the biomass in coarse roots and
branches is regrown with the support from labile storage in C's. When Cg
becomes empty, the MeanTree dies and is removed from the stand. However,
if before death the light situation improves, the MeanTree switches back to

the “healthy” physiological state with no delay.

A.5 Carbon transfers via thinning and cutting and short- and long-lasting

wood products

When a MeanTree in a stand is subject to thinning (partial removal) or
cutting (complete removal), some tree carbon is transferred to the soil and
wood products. Wood products with two different mean life times are con-
sidered: pulpwood or bioenergy (WPg), represented via a short-lasting pool
with fast turnover rate (0.3yr—'); and long-lasting wood products (WPp),
represented by a pool with slow turnover rate (0.02,yr~!). At the end of the
wood product’s lifetime, carbon returns from the wood-product module to
the atmosphere as CO5 emission. The turnover rates are taken from Pukkala;
(2014} Table 4).

The allocation of carbon from trees to soil and wood products depends on
the tree’s species and size and hence its stem shape (taper curve) (Laasase-
naho, (1982, Eq. (33.1), parameters (41.1)). The stem is partitioned into saw
log, fibre and cutting residues depending on stem dimensions. We set the
minimum diameter and length for saw logs as 16.0 cm and 4 m, respectively,
while the minimum dimensions for fibre wood are 8 cm in diameter and 3m

in length. The lowest 0.2m of the stem is considered as stump.
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The carbon in saw logs is considered as long-lasting wood product and
is transferred to WPy, while fibre is considered a short-lasting wood prod-
uct and is transferred to WPg. All other material (residue, stump) from
“other” and the trunk is transferred to the CWD pool in the soil. The de-
cision not to consider harvesting of cutting residues to bioenergy might not
always be in line with current forestry practices and could be easily changed
to include part of residue carbon into the short-lasting wood products (Wg).
While labile storage carbon associated to coarse roots and branches sapwood
(Cs Bos/Bs) is transferred to CWD, labile storage associated to trunk sap-
wood (Cs Bos/Bs) is split up between WP, WPg analogous to Brs. All
carbon in leaves and fine roots (including associated labile storage) and car-

bon from the transient pool is transferred to the Litter pool.
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w3 A.6 MeanTree state variables and parameters

Symbol
-
Ar

TBH
dbh
H

GPP

Calloc
Rap
My,
Mp
Mg
G
GRr
Gos,E

Gos,cg

L
R
nw
NHW
Hry

LA
Vr
Vru

Vs
Cs
Bs
Bg

ds

W
Sw

Br

As
AH

v
vo
fr
fr
fr
fo

fog

Unit

gCyr™
gCyr™
gCyr™
gCyr™
gCyr™
gCyr™
gCyr™
gCyr™
gCyr™

gCyr™

8gluc

[T R

1

Description

tree radius at trunk base

change of tree radius at trunk base
radius at breast height

tree radius at breast height

tree height

carbon uptake by photosynthesis

available gC/yr for allocation to tree organs
whole plant maintenance respiration
maintenance respiration leaves

maintenance respiration fine roots
maintenance respiration sapwood

growth respiration leaves

growth respiration fine roots

growth respiration sapwood from transient
carbon

growth respiration sapwood from labile stor-
age carbon

CUE during leaf tissue growth

CUE during fine root tissue growth

CUE during sapwood production

CUE during heartwood production

height of trunk heartwood section

total leaf area
trunk volume

volume of trunk heartwood section

volume of trunk sapwood

width (or depth) of sapwood at trunk base
maximum amount of labile carbon stored in
sapwood

biomass of ’living’ sapwood

biomass of bulk sapwood

concentration of labile carbon storage of bulk
sapwood

density of newly produced sapwood
maximum labile carbon storage capacity of
newly produced sapwood

biomass of trunk

allometrically derived biomass of tree organ
X

ratio of “other” sapwood to trunk sapwood
ratio of “other” heartwood to trunk heart-
wood

sapwood to heartwood conversion rate of
trunk

sapwood to heartwood conversion rate of
coarse roots and branches

partitioning from transient pool to leaves
partitioning from transient pool to fine roots
partitioning from transient pool to trunk
partitioning from transient pool to coarse
roots and branches

fraction of Cg used to regrow “other” sap-
wood

Source
Section
dynamically solved for

Ogle and Pacalal SI, Eq. (24))

Section [A.3.1]
a ), |Siipilehto and Kangas|

E/At — Ry

Eq. (A.4)

analogous to 7y,

Eq. (A.8)

fixed to 1

SI, Eq. (9)), corrected and
introduced capturing of equalities

SLA By,

9, SI, Eq. (9))
Ogle and Pacalal , SI, Eq. (14)), introduced cap-

turing of equalities
Ogle and Pacalal (2! SI, Eq. (15))

Section [A.3.5} |Helmlsaari et a1.| , |Sellin|
Ogle and Pacala) SI, Eq. (5))

Ogle and Pacalal (2009} SI, Eq. (29))

Bos + Brs

,|Ogle and Pacala SI, Eq. (7))

Eq. (A:36)), Ogle and Pacala SI, Eq. (6))

B
Bty + Brs + BLSS Cs
based on Eq.

,[Ogle and Pacala SI, Eq. (2))
Eq. (A.43)),|Ogle and Pacalal (2009} SI, Eq. (1F))

| SI, Eq. (1A))
. SI, Eq. (1B))
, SI, Eq. (31C))
. SI, Eq. (1E))

Section [A.3.3]
Section [A.3.4
Section [A.3.5} |Ogle and Pacala;
Section m Ogle and Pacala;

Ogle and Pacalal

Ogle and Pacala;

Eq. (A.44)

Table A.2: Tree module variables. Units are per single tree.
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Scots pine

Symbol
SLA

Ry

SL
Sk
So

PRL
nB

nc

Yo
YW
SWa
SW,,

HWgiope
PWmax
W,

min

dbh

3

SR

Value
6.162
0.950

0.750

0.063

0.200

0.811
0.040

0.670

0.045

0.710

0.620

2.650e+-05

6.670e-07

18.800

60.0

0.480
5.500e+-05

2.800e+-05

4.0

0.110

0.080

2.442

1.597

1.0

1.558

<

—8UC

8Bgluc
&dw

Zgluc
&dw

Bgluc
&dw

—

Description
specific leaf area

maintenance respiration rate of
leaves

maintenance respiration rate of fine
roots

maintenance respiration rate of sap-
wood

senescence rate of leaves
senescence rate of fine roots
senescence rate of coarse roots and

branches

fine root-to-leaf biomass ratio

relative height at which trunk
transitions from a neiloid to a
paraboloid

relative height at which trunk tran-
sitions from a paraboloid to a cone
xylem conducting area to sapwood
area ratio

maximum storage capacity of living
sapwood cells

(inverse) density of sapwood struc-
tural tissue

numerator parameter for sapwood
width model
denominator parameter for sap-
wood width model

slope value for heartwood width line
maximum density of newly pro-
duced sapwood

minimum wood density

for dbh < dbhps the allometrically
derived wood density is assumed to
be useless

labile carbon storage capacity of
leaves

labile carbon storage capacity of
fine roots

costs

construction of producing

leaves

construction costs of producing fine
roots

construction costs of converting
heartwood from labile sapwood (ac-
tually: no costs)

construction costs of producing sap-
wood

Source

Goude et al.

Ogle and Pacala’
Ogle and Pacalal l, Table 2)
Lavigne and Ryan Table 5,

northern)

Table 3)
Pukkala 1 Table 2)

Vanninen and Mikeld] (2 Ta-
ble 1); also following simulations for

coarse roots, Eq. (10) leads to 0.06

for branches, we took one of the two

Pukkalal (2014} Table 2)
Ogle and Pacalal (2009, Table 2)

Table 2)

Ogle and Pacalal (2009, Table 2,

called n)

Ogle and Pacalal
Ogle and Pacala) Table 2)
Ogle and Pacalal (2009, Table 2)

, Eq. 2)

Ea. 2

, Fig. 1)
computed to keep dy positive

Table 2)

empirical parameter after some
testing
empirical parameter after some
testing

Ogle and Pacala Table 2)
Ogle and Pacala’
, p.878) states that

leaf construction costs were 28/15 -
0.25 (of leaf NPP)

Table 4) and

some empirical adaptation

missing in [Ogle and Pacalal (2009)

(causing a unit mismatch)

Lavigne and Ryan Table 5,

northern), we add 1.0 because for
us growth is not part of the factor
to multiply with

Table A.3: Scots pine parameters.
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Norway spruce

Symbol
SLA

Ry

SL
Sk
So
PRL
B
nc
ko'
Yo
w
SW,
SWy,

stlope
PWmax
PW,

min

dbh

o

Sr

Value
5.020
0.950

0.750

0.077

0.100

0.868

0.013

0.250

0.045

0.710

0.620

2.650e+-05

6.670e-07

18.800

60.0

0.480
5.500e+05

2.800e+-05

4.0

0.110

0.080

2.442

1.601

1.0

2.202

<

—8UC

Bgluc
&dw
8gluc
&dw
8gluc
&dw

8gluc
gdw

Bgluc
&dw

Bgluc
&dw

—

Description
specific leaf area

maintenance respiration rate of
leaves

maintenance respiration rate of fine
roots

maintenance respiration rate of sap-
wood

senescence rate of leaves
senescence rate of fine roots
senescence rate of coarse roots and
branches

fine root-to-leaf biomass ratio

relative height at which trunk
transitions from a neiloid to a
paraboloid

relative height at which trunk tran-
sitions from a paraboloid to a cone
xylem conducting area to sapwood
area ratio

maximum storage capacity of living
sapwood cells

(inverse) density of sapwood struc-
tural tissue

numerator parameter for sapwood
width model
denominator parameter for sap-
wood width model

slope value for heartwood width line
maximum density of newly pro-
duced sapwood

minimum wood density

for dbh < dbhj; the allometrically
derived wood density is assumed to
be useless

labile carbon storage capacity of
leaves

labile carbon storage capacity of
fine roots

costs

construction of producing

leaves

construction costs of producing fine
roots

construction costs of converting
heartwood from labile sapwood (ac-
tually: no costs)

construction costs of producing sap-
wood

Source

Goude et al.

Ogle and Pacala’
Ogle and Pacalal l, Table 2)
Lavigne and Ryan Table 5,

northern)
Muukkonen and Lehtonen
Pukkala 1 Table 2)

Muukkonen and Lehtonen] (

Table 2)

Pukkalal (2014} Table 2)
Ogle and Pacala

(pine parameter)

Table 2)

Ogle and Pacala Table 2

called 1) (pine parameter)

Ogle and Pacalal (2009, Table 2

(pine parameter)

Ogle and Pacala) Table 2)
(pine parameter)
Ogle and Pacala; Table 2)

(pine parameter)

a2

, Eq. 2)

i 1

computed to keep dy positive

empirical parameter after some
testing
empirical after

parameter some

testing

Ogle and Pacala

(pine parameter)

Ogle and Pacala

(pine parameter)

(1997} p.878) states that

leaf construction costs were 28/15 -
0.25 (of leaf NPP)

(1997, Table 4) and

some empirical adaptation

missing in |Ogle and Pacala)

(causing a unit mismatch)

Table 2)

Table 2)

Lavigne and Ryan| (1997, Table 5,

northern), we add 1.0 because for
us growth is not part of the factor
to multiply with

Table A.4: Norway spruce parameters.
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A.7  Soil module
As described in Section the soil module describes soil carbon dy-

namics in a minimalist way, using a three-pool model representing a fast
decomposing litter pool (Litter), a slowly decomposing coarse woody debris

pool (CWD), and a soil organic carbon pool (SOC) with fixed decomposi-

tion and fraction parameters (Table [A.5) derived from |Hyv6nen and Agren|
(2001)), Peltoniemi et al.| (2004]) and Koven et al. (2013)). A schematic of the
soil component is shown in Fig. and next to it is a description of the

associated natural fluxes, not caused by management actions. The turnover
rate of Litter is set to 0.43 yr~! and 50 % of the decomposed carbon is trans-
ferred to SOC, while the other 50 % return as heterotrophic respiration to the
atmosphere. The CWD pool behaves similarly with a turnover rate equal to
0.056 yr~! with 50 % transfer to SOC and 50 % respiration. Decomposition

1'in order to

of SOC by heterotrophs happens at a rate equal to 0.023 yr—
match SOC stocks in [Peltoniemi et al. (2004, Table 5), and contributes to

COy emissions to the atmosphere.

Symbol Value Unit Description Source

KLitter 0.438 yr71 total Litter turnover rate Hyvonen and Agren Table 2)

fLitter 0.500 yr—1 Litter respiration fraction Koven et al. Fig. 2)

kcwD 0.056 yr*1 total CWD turnover rate Hyvoénen and Agren Table 2)

fewp 0.500 yr— 1 CWD respiration fraction Koven et al. 1, Fig. 2)

ksoc 0.023 yr— 1 respiration rate SOC defined to match SOC stocks in [Peltoniemil

Table )

Table A.5: Soil module parameters.
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External output fluxes

=>

d thter/‘ fLitter ' kLitter - Litter

e CWD " fewp - kewp - CWD

g

[ ] SOC/‘ ksoc - SOC

A4
0
o

Internal fluxes

e > Sp; Bri+Sgi-Br; — Litter
%

Figure A.4: The soil carbon module. e > So.i(Bos,i+Bouni) = CWD
i

e Litter — SOC: (1 — fLitter) -
kLitter . thter

e CWD — SOC: (1 — fCWD) .
kcwp - CWD

Part B Model parameterization and forcing

B.1 FEnvironmental conditions

Climatic conditions refer to those for the years from 2000 to 2019 for
Hyytidlda SMEAR Il-station (retrieved from avaa-database, located in
data/forcing/FIHy_forcing_1997_2019.dat, retrieval date 03/11/2020),
after removal of the linear trends. The conditions are repeated to cover the

whole spinup and simulation periods.

B.2  Carbon dynamics parameters

Parameters for the photosynthesis module, the soil module, and the wood
products were taken from literature (Table , Table , Section. The
species-specific parameters are listed in Tables and [A.4. When species-
specific parameters for spruce were not available, values for pines were used

also for spruce (e.g., labile storage capacities of leaves (d1,) and roots (dg), and
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the sapwood parameters 7). A small number of species-specific parameters
were subject to numerical investigation. Construction costs for producing
fine roots were based Ryan et al.| (1997, Table 4) and adjusted to make the
model match annual radial growth from literature (Repolaj 2009, Table 3;
see Fig. , which is possible because lower root respiration makes more
carbon available for trunk growth. Parameters associated to the density of
newly grown sapwood (pw, .., Pwm.., dbhas) were empirically chosen to keep
the overall wood density close to values reported in (Repola, 2006 Fig. 4),
while making sure that the maximum labile carbon storage capacity (dy)
is nonnegative at all times. The ratio of fine roots to leaves biomass (pgrr)
generally depends on soil fertility. The chosen values (Pukkala, 2014, Table 2)
were subject to major investigation in order to match annual radial trunk
growth (Repolal2009, Table 3; see Fig. and indicate, at least for pine, a
rather low soil fertility (Vanninen and Makelal 2005, Table 1).
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Part C Model spinup

Model spinup initializes the stand structure and tree, soil and wood prod-
uct pools for use in the management scenarios. We used a three-stage spinup
to reach reasonable equilibrium pool sizes. First, a uniform pine stand with
one MeanTree was initiated assuming empty tree, soil and wood-product
pools. Initial tree dbh = 1.0cm and N = 2000ha™'. As the MeanTree
reached a height of 3.0m a pre-commercial thinning was performed, to re-
duce N to 1500ha™'. When the stand basal area (SBA) reached 25 m?ha ™"
the stand was thinned to SBA = 18 m*ha™!. A clear cut was done after 80 yr,
the trees in the stand were replanted and the same simulation ran for another
80 yr. After the second clear cut at 160 yr, the average of photosynthetically
derived carbon input, fluxes between the pools, and the pool sizes relative
to the last 50 yr were used to compute a pseudo-equilibrium of the carbon
stocks in the system (Metzler and Sierra, 2018). These values then served as
initial stocks (soil and wood products) for the second identical 160 yr spinup.
The subsequent pseudo-equilibrium soil and wood-product stocks were then
used as the starting point for the third and last spinup stage, and carbon age
distributions were computed from another pseudo-equilibrium based on the
last 50 yr. The last spinup stage runs for another 160 yr and starts with four
pine MeanTrees, each with dbh = 1.0cm and representing N; = 375 trees
per hectare (i.e., a stand density of N = 1500ha™" ). The first Mean Tree
was cut and replanted after 20 yr and 100 yr, the second one after 40 yr and
120 yr, the third one after 60 yr and 140 yr, and the fourth one after 80 yr.
This creates a mixed-aged pine forest, whose carbon stocks are in a reason-
able equilibrium with a net carbon balance close to zero (—0.8kgCm™2),
as can be seen from Fig. and Table [2] (INCB, mixed-aged pine, Entire
system). The final conditions are used as the common starting point for all

management scenarios.
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Part D Model benchmarking

For a more in-depth test of the model’s biomass predictions, we compare
it to the external allometric functions based on dbh. The statistical allo-
metric relationships for the biomasses of tree organs depend on one single
dbh value. The different presented management scenarios, however, consist
of differently sized MeanTrees with the external allometric relations applied
to each of them separately. Consequently, we ran two ad hoc single-species
(pine, spruce) simulations with a single MeanTree each, comparing the tree
organs’ biomasses from the two simulations with its associated external statis-
tical allometries. In this way we guarantee that leaf biomass follows perfectly
the observations (Fig.|D.2A), which is expected because the MeanTree’s leaf
biomass is directly defined by the allometric equation depending on its di-
ameter at breast height. Fine root biomass is perfectly defined by a fixed
fine root-to-leaf biomass ratio (prr,). We test discrepancies in the modelled
and observed biomasses of other organs.

The density of newly produced sapwood is dynamically adapted in the
model in order to follow the predicted trunk wood biomass, and we can see
a perfect match Fig. [D.2B. Because the biomass of coarse roots and living
branches is linked to trunk biomass via a dynamic factor A (Eq. , this
perfect match carries over to the biomass of living branches and coarse roots
(“other”, Fig. [D.2IC) and in turn to total tree biomass (Fig. [D.2D, without

fine roots).
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Radial growth (dbh/2) over 5 years averaged over all trees
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Figure D.1: Radial growth of the two even-aged single-species scenarios. The dark solid
graph indicates the radial growth (A dbh/2) over the last five years, averaged over all trees
in the stand according to the respective management scenario. The dashed horizontal line
marks the mean value, the dark gray area the standard deviation around the mean, and
the light gray area the range between the minimum and maximum values of the stand
inventory data described in [Repolal (2009, Table 3).
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Figure D.2: Model accuracy with respect to external allometries. Different tree organs’
carbon content over time (solid lines) and their statistical counterparts as derived from
Repola and Ahnlund Ulvcronal (2014)), [Repolal (2009) and Lehtonen| (2005) (dots), based
on the diameter at breast height of the single-tree simulations for benchmarking.
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Figure E.1: Time series of carbon in MeanTrees. Different panels show different manage-
ment scenarios. 70
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Figure E.2: Temporal evolution of short-lasting and long-lasting wood production, car-
bon sequestration and climate change mitigation potential metrics for mixed-aged pine
A) Cumulative short-lasting wood-product
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Figure E.3: Reineke’s rule self-thinning rule (dashed lines) and the thinning in different
management scenarios (solid lines). A) even-aged pine, B) even-aged spruce.
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