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Accounting for forest management in the estimatiorof forest carbon
balance using the dynamic vegetation model LPJ-GUES (v4.0,
r9333710: Implementation and evaluation of simulations forEurope.

Mats Lindeskod Benjamin Smith? Fredrik Lagergreh-Benjamin-Smith1,2 , Ekaterina Syché&yendrej _ - { Formatted:

Not Superscript/ Subscript

77777777777777777777777777777777777777777777777777777 N { Formatted:
N

W

Not Superscript/ Subscript

1Department of Physical Geograp_hy and EcosystermSeieLur)d Ur_1iversity|_ Sweden. _ \?\\\\ { Formatted: Not Superscript/ Subscript
2Hawkesbury Institute for the Environment, Westeydr&y University, Penrith NSW, Australia. W

STUM School of Life Sciences Weihenstephan, TecHnicaversity of Munich, Freising, Germany \t\\\{ Formatted: Superscript
Biotechnical Faculty, University of Ljubljana, Stewia. _ _ __ _ ___ ____________________________ | \\\\ Formatted: Not Superscript/ Subscript

Correspondence to: Mats Lindeskog (mats.lindeskog@nateko.lu.se) \

\
\ \\{ Formatted:

Not Superscript/ Subscript

N { Formatted:
\

Not Superscript/ Subscript
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atmosphere. Dynamic vegetation models offer anagmbr torakingprojectngensef-the development of forest carbon sink
capacity in a future climate. Forest managemenalaitifesare important to includie dynamic vegetation modelis account for
are-impertant-to-ineludthe effects of age and species structure and wandeht on carbon stocks and carbon storage pdtentia

This article describes thetreduetion implementatioof a forest management modualentaining even-age/clear-cut and uneven-

age/continuous-cover management alternativétse dynamic vegetation model LPJ-GUESS. Diffégye- and species-structure

initialisation-setufstrategies and harvest alternatives are introdudeslmodel is applied at stand- and European-sbéferent

from long-term experimental plots—Fhe-modelsdismrepresent-eurrent/Buropearforests scale—anan automatedharvest
thinning and clear-custrategy is applied. Modelled carbon stocks andeuare evaluated agaimdtserved reportedata at the

continent and country levels. Including wood hatvesegrowth forests-in-simiationncreases theimulatedtotal European
carbon sink by 32% in 1991-2015 and improves the fit to the repoffediopean carbon sink, growing stock and net annual
increment (NAI). Growing stock (156%ha') and NAI (5.4m?® ha? y-1) densities in 2010 are close to reported valubgewthe
carbon sink density in 2000-2007 (0.085 kg€ yit) is-equates t63 % of reported valuesost likely reflecting uncertainties in
carbon fluxes from soil given the unaccounted-fimes$t land use history in the simulatioThe fit of modelledvaltesand

ebservations reported valufes individual European countries vary, but NAlgenerally closer teeported values-ebservations
when including wood harvest in simulations.

1 Introduction

Forests globally provide ecosystem services inolgidprovision of timber, fuel and water, regulatiof local climate and
hydrology, carbon sequestration, support of biadiye and recreation (Bona2008; Mori et al., 2017). The effects of climate
change on forest productivity and biodiversity niegypredicted to be negative due to increased enaysgiration and reduced
rainfall in many forested areas, an increase ireex¢ events like drought, wild-fires, storms argkirt attacks and local or regional
extinctions of plant and animal species (Easteréihgl., 2000; Seidl et al., 2011; Anderegg et2015; Urban2015). On the

other hand, productivity may increase due to th#liféng effect of increased nitrogen depositiamdehigher atmospheric GO
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levels (Zaehle and Dalmonec®011; Luyssaert et al., 2008) as well as shifterée species composition and longer growing
seasons at high latitudes caused by higher temypesatSitch et al., 2015; Morin et &9+72018%.

Forests make up the largest portion of the culeertt carbon sink, and are estimated to have abd@®&0 % of C@emitted by
fossil fuel combustion and industry during thetfidgcade of this century (Pan et al., 2011; Le @wéral., 2018; Pugh et al.,
2019). The suggested basis for this carbon uptkieei recent history of the drivers increasing pobdity mentioned above,

: Not Highlight

stand-destroying disturbancd®ugh et al., 2019). The size of the forest carbipk Bas been estimated leyther usingbook-
keeping methods (Pan et al., 2011; Houghton e2@12)e+byandglobal vegetation models (Luyssaert et al., 2@&vliakova

et al., 2009; Pugh et al., 2019) but this sinksisogiated with relatively large uncertainties, l&sg in differing estimates using
different approaches and models. Key uncertaintielsde the magnitude of G@rtilisation — which may be limited by soil
availability of nutrients such as N and P (Zaelmd Balmonech2011; Jiang et al., 2020) — and the extent otisigifcultivation

in the tropics (Heinimann et al., 2017). While tiet atmosphere-to-land flux,(Fs relatively well constrained bgtmospheric _ - { Formatted: Subscript
measurements, large uncertainties in the net ladand land-cover flux (fi.cc) make the size of the residual (land) sinkfF _ - { Formatted: Subscript
itself uncertain (B= Fri-Ruicc) (Arneth etal., 2017). , N { Formatted: Subscript

Forests cover 33 % dfieEurope’s land area (Forest Eurp@815) and store approximately 13 PgC in vegetadith 28 PgC in \\\{ Formatted

: Subscript

soils (Pan et al., 2011). The carbon sink of Euaogferests in 2000-2007 has been estimated afyZ#* or about 12 % of the \\\{ Formatted:

: Subscript

global carbon sink of established forests (Pam €2@11). Europe has been identified as a regibaresrregrowth forests dominate { Formatted: Subscript

o

carbon sequestration (Pugh et al., 2019) and héstary of thousands of years of human impact eadbstructure and species
composition (Perlin2005). Forest management practices of the pashiewired years are relatively well documented (Maksr

et al., 2015). Depending on the region, differeahagement strategies are applied (Cardellini e2@1.8). Theoreponderance of
relatively-young tree ageand the removal of wood in managed forests infleecarbon stocks and fluxes e.g. by increasing
productivity and reducing self-thinningredage-related mortality and litter production congehto pristine forests (Zaehle et al.,
2006). In addition to the effects omdiative forcing byatmospheric C@, forest management influences local climate bygirey
albedo, evapotranspiration and surface roughnesséaert et al., 2014).

Dynamicglebalvegetation models (BVMs) provide a potential framework for predictifgetcombined effects of climate and
forest management scenarios on forest ecosystectist and carbon balance. Based on such informdtie potential of forest
landscapes to contribute to climate change mitigaty maintaining or enhancing carbon sinks, arditeate adaptation through
sustained production of forest products and othesystem services in the face of climate changebeaassessed. Applications
of DGVMs to represent climate responses of potentiaimhtegetation (PNV) have been shown in the dastexample as a
basis for nature conservation planning (Hicklealet2012). Human management of land, includinglenad, pasture and managed
forest, has been introduced in a numbeglobal DEVMs (Bondeau et al., 2007; Bellassen et al., 2Qliijeskog et al., 2013;
Arneth et al., 2017). Key elements required to@spnt managed forests in &M framework include the ability to initialise a
simulation with historical land use, to represege/aize structure of forests stands and their ahargr time, to account for tree
species composition and to apply silvicultural tneents that modify stand composition and structiike,planting, thinning and
harvesting.

LPJ-GUESS (Smith et al., 2001; Smith et al., 20fs4p second-generationd¥M tailored for regional and global scale
applications. It is one of few globally-applicad®/Ms that incorporagesing a detailed representation of forest ecosystem

composition and stand dynamics, suitable for thelémentation of a forest management scheme. luoepthe distribution of
European PNV at species level and can make projectf vegetation shifts under future climate sdesgHickler et al., 2012).

The model has been shown to represemid-levelegetation growth and succession successfully (Setial., 2014). It has been
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used to estimate forest vulnerability to climatarue (Seiler et al., 2015) and carbon mitigatioepiial of regrowth forests and
forests under alternative management scenarioh(Euey., 2019; Krause et al., 2020). Earlier \@rsiof LPJ-GUESS have been
modified to enable analysis elearcutclear-cuforest management and the effects of wind damadénsect outbreaks (Lagergren

et al., 2012; Jonsson et al., 201R).this study, we describe the implementation giamded forest management capabilities

including even-age/clear-cut and uneven-age/coatistcover management in LPJ-GUESS v.4.0. In additialetailed carbon-

and water-cycle processes, this version of the inioderporates a dynamic nitrogen cycle and nitrodjieitation on plant
productivity (Smith et al., 2014). With this, fotesanagement in LPJ-GUESS is for the first timdyfiritegrated in a model

version capable of simulating a landscape contginimosaic of land cover types like PNV, croplgmakture and peatland and

with a sophisticated land-use and land-cover chédngetionality. +r—this—study,—we—deseribe—the—hemplentation—offorest

vhiehsidlers—in—addition—to—de ed ben rd—wejele processes,

Model

species- and age-distribution) and silviculturahagement (detailed and automated harvest stra}egiiepresented in detail.

alternatives for forest stand initialisatid@nd-use history and

Simulations using different forest management météves are evaluated against observations of istavdlume and harvest for

even-aged monospecific European beech and Norwaycepstands in Central Europ®sing an automated thinning and

cleareutclear-cuttingpproach for European forests, we compare mode#ieabn stocks and fluxes with observational dath a

explore thedynamic behaviour of the model under changing dinfarcingperformance-tundera-changing-climate

2 Methods
2.1 General description of LPJ-GUESS and overviewrerof simulated processes

LPJ-GUESS (Smith et al., 200%mith-et-al. 2014) simulates the dynamics of terrestrial vatigh and soils across a regional or

global grid, forced by meteorologicahd land-usénputs and soil physical propertigsthe absence of land use, each grid-cell

encompasses.—in-the-original-implementatieach grid-cell encompasses a landscape of natural, climigticedtermined
vegetation (PNV)A-rumber{(5-100)-of rBplicate patches, nominally 0.1 ha in size, repredisturbance-related variation in
stand age across the wider landscape of a-geitl In each patch, age cohorts of teeel-shrukplant functional types (PFTs) or
species andhrub andgrass PFTs compete for light, water, nitrogen grats (Fig-1). Photosynthesis, respiration, phenology,

soil carbon and nitrogen cycling and hydrology acati a daily time step, while biomass growth altawa and turnover,

establishment and mortality occur at a yearly tstep.In its original version, the model only simuld&PFTs that capture the

major vegetation zones globally. The parameteofsiitese PFTs has been extended to simulate thieimusrtant tree species in
nertheasternnorth-eastddSA (Hickler et al., 2004) and Europe (Koca et2006; Hickler et al., 2012) as distinct PFTs. Tieas
functionality defined in this paper can operateadiguon individual tree species or more generaliB&d's. Hereinafter ‘species’
is thus used synonymously with ‘PFT’. Theestcanopy is represented as a multi-layered struch@@ves, fine roots and stem
heartwood and sapwood are represented as dynamwiE foo each age cohort of each PFT. Branches andse roots are not
explicitly discriminated but are implicit in the wd biomass pool. The patches are subject to stbchagetation-destroying
disturbance events (representing e.g. wind-stormkralslides) with a prescribed retuimterval-time (e.g. 100-400 years).
Disturbance results in the loss of vegetation fratzh, after which a secondary succession of gnaddree PFTs follow&Hickler
et al., 2004). Establishment is affected by forest floor lighhddions and is subject to PFT-specific environraéenvelopes
defined by bioclimatic limits. A slightly differerget of bioclimatic limits goversurvivorship-surviva{Table Al). Growth-
efficiency-, self-thinning-, background- (age-reld} and fire mortality are applied to individualhoots. Establishment and

mortality have a stochastic component. Soil carueh nitrogen cycling are based on the CENTURY m#@aiton et al., 1993)
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and soil hydrology on a two-layered “leaking butkabdel. A soil mineral nitrogen pool is provideg atmospheric deposition,
biological nitrogen fixation and gross nitrogen emalisation of soil organic matter. Plant nitroggriake is driven by the demand
from photosynthesis and biomass growth, and igdidhby the supply from the soil mineral nitrogerpdhe nitrogercycling
scheme is-dyramies-in-the-medeldescribed in detail by Smith et al. (2014).
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Figure 1. Data structures in LPJ-GUESS relevant fotthis study.®Patch number is defined separately for PNV and seadary stands. If
a secondary stand is created from PNV or managedest with intact vegetation, the patch number of tle mether-parent stand is used.
2 Stands belonging to stand types with trees can gnbe reduced in size. Expansion of such stand typessults in new stands.

Different land-use/land-cover types in additionPdV are represented in the model by stand typds aifferent management,
e.g. cropland, pasture and managed forest (Lindeskal., 2013, Fig. 1). Transitions between déférstand types may occur at

any point in time, according tastoericland-use datanputs to recreate land-use histavy effect a future land use scenakdhen

a potentially forested stand type area expands,stamds are created, keeping the soil history fteprevious stand type intact
and allowing vegetation succession to proceed foane ground (in most cases, but cf..2.2In modelled wood harvest events
66 % of wood biomass and 30 % of leaf biomiassre typicallyremoved from the stand and the rest remains as. IRemoved
leaf biomass and part of wood biomass (by defatle®) is oxidised the same year. The remaining woodhbss is put into a
product pool with a turnover rate of 4 % per year.

srmulated as PNV), even- aqed forestry, typicallydeited by stands with prescribed ages starting fomre ground after a \
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derived from prescribed cuttings after startln@ ae ground and a regeneration phase. Alternaiivéese typical setups can be
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specified land-use history, and uneven-aged/coatisicover forestry, typically modelled by a cohsirticture within a patch [Fm’maﬁec' Justified, Space After: 0 pt, Line spacing:

‘{ Formatted: English (United States)

2.2 Forest structure initialisation routines

Forest stand age- and species distributions cacHieved in the model leveral-alternativestilising the structure of a previous
PNV stand oby defining a new age- and species structure at vaitexels of detail.

4



2.2.1 Stand creation

| A managed forest stand may be created in the nigdeVo different options (Fig. 2, B1). By cloninigetparentstandef-erigin,
the complete state with all patches intact is iftéiby the secondary stand. If the origin is poegiwoodland (PNV or secondary

145 forest), a cutting scheme may start with the existree structure, optionally cutting unwanted ggedn the other alternative,

| tree growth starts from bare ground after an ihiieareutclear-cuor when expanding on former cropland or pasturéhis case
(with an even-age stand and if disturbance andifieeturned off), the secondary stand can in masgsbe modelled by a smaller
number of replicate patches since there is usaallsandom variation in the timing of managemennése

2.2.2 Secondary forest age structuyye .- { Formatted: Font color: Auto

150 . L _________ - { Formatted: Font color: Red

Managed forest stands with an uneven age strucamrde represented in the modekliectinadifferent optionsdepending on

the spatial context of the age-classes, i.e. wheltey correspond to tree age cohorts co-occumiitigin local stands thereby

competing with each other, or represent differem¢tfons of a wider landscape, with no local intéions between age coharts

An age structure may be created in individual pegdby thinning (enabling regeneration by incrediggd at the forest floor) at
155  defined intervals during an initialisation peri@dlpwing for both intra- and interspecific competitior-competitbetreen-both

eohoris-and-speci€big. 3a).When competition between different age-classes doeapply, i.e. when the spatial context is that

of a landscape, different age-classes can be neddiell separate patchéRo achieve an age structure among patches within a

stand, the age structure of PNV, achieved duriegrtbdel initialisation or ‘spin-up’ (see Section Z@irupby patch-éestroying

disturbance events, may be conserved after theecsion to managed forest if the cloning functidiyas used, copying the PNV
160 stand with the semi-randomised age structure infféigt B1). Alternatively, multiple patches in aceedary stand may be

elearediclear-cusuccessively at regular intervals during an ihid#ion period (Fig. 3b). In the final approachprascribed age

structure, either representing a specific mometitie, or a historical development, may be crearadng stands representing a

stand type, using land-cover change input data @p

2.2.3 Secondary forest species composition

165 Species mixtures may be defined either at the meamegt type level (Fig. 1), using predefined plagtitensities for individual
species and/or later cuttings to achieve prescriblativebiomassabundances of the different species within a pgih 4a, see
below), or at the landscape level, using land-can@ut data to achieve predefingdoundcover area-basedixtures of

monocultures (Fig. 4b), or a combination of botlhafse options.
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Figure 2. Examples of different histories and initalisations of modelledforest standsin-LPJ-GUESSat a South Swedish site (13.7%,
55.7% N) with CRU-NCEP climate (recycled 1986-2015 clima after 2015). Di-sturbance and fire was turned off in the managed fiest
stands. Vegetation carbon, carbon pools (vegetatiplitter and soil), and cumulative total carbon flux (negative values correspond to an
uptake from the atmosphere) are shown for forest sinds created in 1901 from PNV or grassland. (a) PNstand with 25 patches
cloned, keeping age and species structure from spirp period intact. (b) CleareutClear-cutting of PNV stand. Harvested wood and
branches left as litter. Succession from bare grouh (c) SlearcutClear-cutting of PNV stand. Harvested wood and part of branches
removed. Succession from bare ground. (d) From grakand with 1 patch. (e) From intensively cut meadowith 1 patch, 100% of
leaves cuteach yearin 1800-1900. Species/PFabbreviations: Bet_penBetula pendula, Bet_pubBetula pubescens, Car_bet Carpinus
betulus, Cor_aveCorylusavellana, Fag_sylFagus sylvatica, Fra_excFraxinusexcelsor, Pic_abiPicea abies, Pin_sylPinus sylvestris,
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Figure 3. Examples of age structure setup at thredifferent structural levels, patch, stand and standype. Beech-mMpnocultures of

Stand type

onba®S

B

1900 1950 2000

Tree density (ha-?) Tree density (ha-?)

Tree density (ha-?)

50

Age
distribution
year 2000

288393382888

Age (y)

European beechare created fromeleareuiclear-cutting of PNV. The target in year 2000 was three cohortsf 100, 67 and 33 years. (a)

Within-patch. One secondary stand with 1 patch cre@d in 1901. Thinnings in 1933 and 1967. Age strugie depends on timing of

increased light and subsequent re-establishment etedlings. (b) Among-patch. One secondary stand Wi patches created in 1901.
CleareutClear-cutting in patches 2 and 3 in 1933 and 1967 (evenly spreagle distribution). (c) Among-stand. Three secondarstands
with 1 patch created in 1901, 1933 and 1967. Agewtture from area fraction input. Location, climate input and species in PNV as in

Fig. 2.
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Two types of harvest systems are available in théeh clear-cutting and continuous cutting, which @sed in conjunction with

the even-aged and uneven-aged/continuous-covestagetre systems, respectively (TableOgpending on the level of detail

in historic forest management input data or, inudations of future scenarios, whether the managéestesuld be able to adapt to

a changing climate or other factors, various madternatives are available.



P00 Table 1. Detailed forest management optibns.
Management system
Uneven-aged forestry Even-aged forestry
Regeneration Continuous
Management option phase phase Detailed Automated Simplified
Planting NA PFT (species) selection, densi NA
Re-establishment free/species selection/none free
preference young/old, big/small, unselected PFTSs, young/old, NA
shrubs/shade intolerant, diameter limit big/small
Thinnings | intensity fraction of biomass NA
_ _ S self-thinning rule
timin fraction of rotation time NA
length of time of harves
Rotation time phase cycle harvest demand inpu|
fixed tree density limit
Clear-cuts NA rotation stand selection rules
time primary/secondary,
young/old
Species selection cutting | pre-defined relative species NA
fractions
N fertilisation N amount evenly distributed over the whole year
Irrigation water amount required to avoid water stress ing#tthesis added to soil
Fire/disturbance switch off fire and/or disturbance
suppression
Management change change management type a specific calendar yeto| wait for clear-cu
LAl management options in this table except retdisfament can be defined in separate managemess {gb. Fig. 1), which
may be selected in a stand type rotation schempeealefined calendar years.
A - {Formatted: English (United States)
2.3.1 Simplifiedeleareuiclear-cut forestry

205 A simplified method to represent forestry usingbglbwood harvest input data (e.g. harvested aseaghieved by creating
| secondary forest stands after cleatting either a PNV stand or other secondary fastds, representing cutting of primary or
secondary forest, respectively. In cutting evelotsping through the stands, these are cut accotdis¢gand age rules (cut oldest
or youngest stands first, avoid cutting stands geurthan 15 years old), allowing the allocatiomvebd harvest to primary forest
L and mature or young secondary forest. This methasl wsedy Pugh et al. (2019yith EUH2-reconstructed time series of land
10

use from the Land Use Harmonization Project (LUH@rtt et al., 2017)}input-databy-Pugh-etat—@201
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Figure 4. Examples of species structure setup atéipatch and forest level. Beech-spruce 60-40 % mixare created afterclearcutclear-
cutting of PNV. (a) Within-patch; One secondary stand withlL patch created in 1901. Mixed beech-spruce witkekective thinning

P15 (target cutting to a 60/40 % biomass ratid. (b) Among-stand types; Two secondary stands (befeand spruce monocultures) with 1
patch created in 1901 with 60 % and 40 %roundcoverarea fractions.(c) Relative development of standing volume of bee@nd

spruce in their separate stands in (b)Species abbreviations: Fag_syagus sylvatica, Pic_abiPicea abies; C3_gr Gz grass. Location, ~ _ _ { Formatted: Subscript

climate input and species in PNV as in Fig. 2.

P20 2.3.2 Detailed foresinanagement optionsry

A number of forest management options can be seladtthe stand type or management type levekilBJ-GUESS instruction

text file required to run a simulatiand used with both even-aged and uneven-agedrfp(@sible 1).

2.3.2.1 Species selection . { Formatted: Font color: Auto

A forest stand may contain a full selection of tspecies (as in PNV) or a selection of specienddfin the management type.
1225 After aelearedtclear-cuévent, or after creating a new forest stand framelground/grassland, selected species may beeglant
defined sapling densities with or without the aiddial need to fall within the envelope of the bipdtic limits that govern PFT
establishment in PNV mode (Table Allternatively—the-standard—establishment-method-ba—used—After—the—initial
plantinglestablishment, BRestablishment can be optionally enabled or déshior selected and unselected species. If setveeal
species are selected, it is possiblelédine prescribe target relative abundance for each spegistive-biemassand apply
P30  selestivecutting to regulate the mixing proportion. Relative biomaslues of selected species are then monitorédyaar
intervals and if the values deviate more than 1@éminant species are cut to reach the ta(féigt 4a)-Startand-end-calendar

years-for this-treatment may also-be defined.

2.3.2.2 Clearcutting-forestry

A fixed rotation period is defined, at the end dfigh aclearediclear-cutakes place (Fig. 5a). Alternatively;eleareutclear-cut
235 may be triggered by attainment of a prescribeddstiEmsity limit (Fig. 5b). The timing of a numbédrtbinning events (default 5)
may be defined as fractions of the rotation peiothe case of a fixed rotation period. The hareesount §trengthintensityfor
such thinning events is defined as a fraction ofent biomass, with the option of different settirfgr selected and unselected
species. At each thinning event, trees may be singualternative strategie8vailable -Size/age criteriaare (1) old or big trees
first_(“from _above”} (2) young or small trees firgtfrom below”); (3) a specified harvest amount pertaining tosrakove a
40 specified diameter limit only“threshold diameter thinning’X4) all sizes/ages cut equallyhese may be combined witthe

following species criteria: (1) selected species first; (Belected species first; (3) sepdratiefined harvest amounts for selected
and unselected species; (4) shrubs and shaderariblepecies first; (5) all species cut equallyg(Fa).In (1) and (2), size
overrides age settings.

D45 Table-1-Detailed-forest management-optibns.

Managementoption

Species selection Allow all species/PFTs or define selection of spsci
Re-establishment All-speciesispecies-in-selectionfrone

Harvest system Clearcut/Continuous

Cuttings Fwo-separate-eutting phases-of rotation-time-aimghihgs:




2.3.2.3 Continuous cutting

250  When modelling continuous cutting, it is possildedefine the same harvest parameters and cuttingtpisettings as described

above for thecleareutclear-cuttingase, for two different periods: the first for gesified“ regeneratiok-_time following a
elearediclear-cytand the second for“acontinuous-_phase, in which the cutting cycle is repeated imitefy (Fig. 5¢).
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(C) Selection : B.pubescens, F.sylvatica, P.abies, Q.robur
Rotation period 67
Timing 0.15,0.3,0.5
Strength 0.2,0.2,0.4
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Figure 5. Examples of forest management settings--P3-GUESS, Forestry stands were created frongleareutclear-cutting of PNV in
1901. (a) Detailed cleacut forestry. Spruce monoculture with fixed rotation period and thinning parameters. (b) Automated clar-cut
forestry. Spruce monoculture with automated thinnirg andeleareutclear-cutting. (c) Continuous selection/shelterwood cutting. Spees
selectionB._pubescens, F. sylvatica, P. abies, Q. robur established aftereleareutclear-cutting. Later reestablishment of all species
allowed. Cutting of shade-intolerant species during regeneration phase. Contiuous partial harvest of old trees every 33 yearslalws
establishment of young cohorts while suppressing atle-intolerant species. Species/PFabbreviations: Bet_penBetula pendula,
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Fig. 2.

2.3.2.4 Automated wood harvest

As an alternative to specifyirigethinningresin clearcut forestry in detail, a thinning scheme base®emeke's self-thinning

rule may be chosen (Fig. 5b). The implementatidiovics Bellassen et al. (2010):
Ast

Dgﬁst !

@

densmyax =

wheredens,,q, is stand maximum density before self-thinningggrad), a, andps, are fixed parameters afg is the quadratic

mean diameter (m),

)

wherediam,; is the tree diameter (m) of an individual tree &hthe number of sampled trees
The parametera,, andp,, were calibrated from log-log plots &g and tree densityjens, from LPJ-GUESS simulations of
monocultures without disturbance or re-establishrstarting from bare ground afteleareutclear-cuttingf PNV (Fig. C1):

log a; 1
logDg = — —xlogdens 3)
Bse  Bst
To avoid natural tree mortality occurring due te thodel’s self-thinning functionality, the relatigensity indexrdi, is monitored
dens
rdi= ——— 4
densSmax

and kept close to a target valué,,, ¢, by cutting wherrdi reachesr(di;q,ge¢ + 67di) to reach(rdisg, ger — 6rdi), where

Srdi = 0.05 + (0.05 *1 dens ) ) og (21 Simic (5)
= *
e ' ' 8 denstarget /log denstarget ’

wheredens;,;, is the initial tree density antbns, .4 is the density limit for cleacutiing (see below).

As an alternative to imposing a specified rotatemgth in cleatcut forestrya-eleareuiclear-cunay be triggered by stand density
when it is belowdens;q,q4e; @s in Bellassen et al. (2010).
Tditgrger aNddens,qr g Were selected anel, further adjusted to give rotation times around $88rs in the early 2000s in LPJ-

GUESS simulations (Table A3).

2.3.2.5 Nitrogen fertilisation and irrigation

A specified amount gblant-availablenitrogen may be applied to the seilenly distributed over the whole yearevery-y(Eig.
B2). With irrigation enabled, the amount of watequired to avoid water stress is calculated andleap the soil surfacevery

year.

2.3.2.6 Management change

To capture management changes, a new silvicultteatment of a stand type can be prescribed angifigzbcalenda year,

changing from one specified management type tchanatith the next harvest event as an optionagénigFig. 6).
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Figure 6. Example ofmM-anagement changeluring an ongoing simulationinEP3-GUESS Spruce monoculture changed to mixed
broadleaved, both with automated thinning andsleareutclear-cutting. Management change is activated after first manageent has
completed by aeleareutclear-cut event. Location, climate input and species in PN¥s in Fig. 2.

300
2.4 Demonstration simulation protocol

To demonstrate the implemented forest managemantifmality and its effects on simulated stand cttrce, composition and
| productivity, we performed demonstration simulasidar a-representative locatigr(grid--cells) in Europe, and across Europe as
a whole. PNV stands were modelled using 25 regipatches and a disturbance return time of 40Gy&tanaged forest stands
fOS contained only one patch except where explicittet (section 2.5)disturbance and fire were turned off and mostalias
deterministic. In managed forest stands createzt afearing the previous vegetation, this setuppsaomputational time and

produces almost identical results compared to usintjiple patches and adding the stochastic comptaioeestablishment and
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| mortality. Parameters forFhEuropean speciesere adopted from-as-deseribedHigkler et al. (2012)ere-usedvith updated
parameters (Table A1-A2) and with the additioriafix decidua (Scherstjanoi et al., 2018)ppulus tremula andUImus glabra.

Flo Historic (1901-2015) monthly temperature, radiatiom precipitation data at 0;5x 0.5 resolution were taken from the station- — { Formatted: Superscript

,,,,,,,,,,,,,,,,,,, gt

based CRU-NCEP climate data set (Wei et al., 2@ihd)atmospheric C@oncentration data from the global carbon projeet ( { Formatted: Superscript

Quéré et al., 2018). Nitrogen deposition data B5@2009 were taken from Lamarque et @011). Simulations began with a
1300-year spitup, to initialise PNV species composition and soitl plant carbon pools. Detrended 1901-1930 climee
recycled and 1901 G@oncentration was prescribed throughout the-spirNitrogen deposition data for 1850-1859 werdiagp

315 before 1860 after which the historic data were wsedorcing. After 2015, the 1986-2015 climate datd the 2015 CQvere

| recycled and after 2009, the 2000-2009 nitrogerosiéipn data ratesvere assumed.
In future climate scenario simulations, monthly parature, radiation and precipitation data for 28500 were adopted from the

| general-eireulation-medeHHGEMIPSLCM5A-MR (Dufresne et al., 2018 CM projections from the CMIP5 ensemble (Taylor et
al., 2011). Projections forced by the RCP 4.5 agd@ure radiative forcing scenarios were useck fidw GCM climate output

20 fields were interpolated 1©.5° x 0.5°-6.56-x-8-5resolution and bias-corrected on a monthly basssnsgthe CRU-NCEP 1961-

1990 observational climate, following the approatAhistrém et al.(2012). Atmospheric C&oncentration data for 1850-2100
consistent with the CMIP5 GCM forcing were usedriBgia 1250-year spinp, the detrended 1850-1879 climate was recycled
and the 1850 C&and nitrogen deposition data (Lamarque et al., POkte used. After 2100, the 2071-2100 detrendiedatd
data were recycled and the 2100@@ta and the 2090-2099 nitrogen deposition date weed.

325 In future forest projections, either the histonvigonmental drivers were recycled after 2015 ¢urfe climate, C@and nitrogen

projections were used to demonstrate model behavinder a time-span of several forest rotations.

2.5 Site-level simulations

A grid-cell in southern Sweden (137%, 55.75° N) was selectefb+to demonstrating forest development under different forest
stand histories and initialisation and managemeategjies. Setup and CRU-NCEP climate was as destimn 2.4, except that
B30  threepatches were used in secondary forest stands Whetnating among-patch age structure setup.

Four data sets of European beech and Norway spmooeculture stand time series (1-21 points in tinfegtanding volume and

harvested volume in central and southern GermarBR{Bav, GER-C, GER-CS) and northern Slovenia (Sh€ech only)

(Appendix D, Table D1) were used in simulationiitialise species and age structure, assumingdstzape distribution of even-
aged stands. Model setup and input climate date e®described in 2.4. Three different harvestesjies were used: no harvest,
B35 detailed harvest from observations and automatieditty and clear-cutting (2.3.2). The setup of de¢ailed harvest was done

differently for stands from the different data eglions, depending on the number of harvest datagpd-or the stands from the
GER-Bav, GER-C and SLO data sources (3-21 datagppar stand), mean harvest intensities for the period that contained
harvest data points were used during the time deior to the first harvest data point, in theeeaSGER-S and GER-C converted

to a 5-year harvest interval, in the case of SLéplg the 10-year intervals used in the samplimg.tke GER-CS data source

B40  (containing only one harvest data point for the lgtstand lifetime prior to the standing volume sénpat a stand age of 100

years), harvests were performed at 5-year intersating the whole simulation using the calibratextviest intensity values

required to obtain a cumulative harvest fractionado the reported harvest fraction for the wHd}@-year period. Thinnings in

the detailed harvest simulations were performedakgfor the different cohorts to obtain some regrtion of saplings. The

automated thinning and clear-cutting method used#rameter settings in Table A3 and thinnings fomtow started at a stand

B45 age of 10 years.
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2.6 European simulations
2.6.1 Forcing data

To constrain European secondary forest age andespgtcucture in the model to the actual statbeforests, we used the global
forest age dataset GFAD (Poulter et al., 2019; Raigth., 2019), describing tle5° x 0.5°-6-56-x08-5grid-cell fraction coverage
of fourteen 10-year cohorts of tesrforest types needleleaf evergreen (NE), needleleaiduous (ND), broadleaf evergreen
(BE) and broadleaf deciduous (BD) forest in yeat®0For Europe, the data were basedlbr European Forest Information
SCENario Model EFISCEN_European Forest Institute (EFi}) the 2000s. European forests (excluding Russisiade of the
Kaliningrad oblast, Georgia, Iceland and Cypruthia study) consisted of 0.6 million Krald-growth forests (> 140 yeaenoted

together making up about 43 % of the European &ed. This is higher than other estimates (e.gestdturope (2015), 35 %)
and is a result of the construction of the GFADabase from MODIS 5.0, with the inclusion of shrullaln GFAD, regrowth

forests are the result of both natural disturbameeshuman interventions, but since only-0470f European forests are pristine

(Sabatini et al., 2018), the whole regrowth for@sta was assigned to secondary forest in this sidy oldest forest class in

GFAD (>140 years) contains artefacts manifestedas @E occurrences in northern Europe, so thaetfdype information in this

part of the dataset was not used.

The EFI Tree species map describes the spatialbdison (fraction of land area) of 20 tree spegesups at 1 x 1 km resolution
(Brus et al., 2011). The map is based on ICP-Fdregel-l plot data combined with National Foresténtory (NFI) data of 18
countries. In areas with NFI data, spatial intesioh of the plot data was used, whereas in aré@®wi NFI data, statistical
relationships between tree species and covariatels fiogegraphy and bioindicators) were used (Brus et 8l113. The EFI
Tree species map was aggregate@.f x 0.5°-8-56-x-0-5cesolution in this study and was used to furthéineethe species
distribution derived from GFAD.

The structure of European forests in 2010 was 1goacted by using a combination of tieGFAD age database and the EFI
Tree species map. For each geill, the most common species or species grougmitie GFAD NE and BD forest typegere

was obtained from the EFI Tree species map and thpseies—greupwere then mapped to LPJ-GUESS tree species/species
groups (Table C1, Fig. C2). In the multi-specieddGUESS groups, species compete with each otheesources (cf. above,

functional tree classes. h { Formatted: Font: Italic

2.6.2 Modelling current and future European managedorests

Secondary forest stands were created in the moztal £871 to 2010 to obtain the GFAD age (1-140 s)edistribution in 2010
and species selections were planted (without cémestrictions for NE and ND stands to bypass éstabent temperature limits
used in PNV). The oldest forest class in GFAD (>%d@rs) was modelled as PNV and was not subjemmtyananagemertf.
2.6.1) In secondary stands, automated thinning @adrediclear-cuttingcf. 2.3.2) were implemented using the parameters
Table A3. Thinningérom belowstarted at a stand age of 10 ydgmsing-and-shrubsishade-tolerantfimtlicleareutsclear-cutting
started after year 201@learcutsClear-cutsf stands that passed below the tree density ligfitre 2011 were distributed over the
years 2011-2020. In an alternative simulation vdt#mtical stand structure setup, thinning and eteating were turned off.

To perform alimited sensitivity test of some o tincertainties in land-use and residue removahaggons, additional alternative

simulations were performed: a simulation whereaatfon (as in standard harvest) of the biomassliefdktrees in disturbance
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events in old-growth forests was removed from V&1, simulating an extensive wood harvest schénmesimulations where

the leaf removal fraction in harvest events wass&0% and 0%, respectively, instead of the stah88% value.

2.6.3 Calculation of output variables

Growing stock, net annual increment (NAI) and hated volume were calculated from vegetation carhenecosystem exchange
(NEE) andkiled—vegetation-carbontotal carbon of harvestegd, respectiveby,—during-harvdst multiplying with expansion

factors for each country, ranging from 1.1 to 3reén 2.7) mtC-2, derived from vegetation carbon and growingckvolumes

reported by Forest Europe (2015). Carbon sink-(8EE) is defined as the difference in the sum ofetation and soil carbon
pools between two consecutive years plus the rethbaevested carbon, not taking into accamtreductions-inthe fate wfood
products and residues following removal from the.Similarly, NAl is defined as the differencegirowing stock volume between
two consecutive years plus the removed harvestieong Harvested carbon is not included in the togabon pool and includes
both wood products and removed wood residues. dtested area in 2010 as defined by GFAD and Fémesipe (2015) was
2.4 and 2.0 million ki respectively, excluding Georgia, Iceland, CypearsiMaltaand Russigbut including Kaliningrad oblast
and European part of Turkey. The forest area adailtor wood supply (FAWS), for GFAD defined as gexondary forest area
in 2010, was 1.8 and 1.6 million Rrifor GFAD and Forest Europe (2015), respectively.

3 Results
3.1 Implications of secondary forest initialisationand land-use history

Secondary forest stand initialisation and land-hiséory have long-term effects on the developmérite® species distribution,
productivity and carbon fluxes in the model (Fiy. @hen the age distribution and species compawsftium spinup is retained

in each patch (i.e. cloning PNV), both the warmitimate in the 20th century and the preventioniresfand other disturbances
result in an increase in tree biomass and a treeiep shift from @.robur-P.sylvestris-dominated forest landscape to a forest
increasingly dominated by the shade-tolerant spétabies andF.sylvatica in an example forest simulated at a Southern Sshedi
site (Fig. 2a). Older patches contribute to anyeamisetstagnation of the carbon sink. A forest standtexkaftera—cleareutclear-
cutting-ef PNV displays a mixed broad-leaf forest with a lagtablishment and dominance Bybies (Fig. 2b&c). Leaving
harvested biomass on site results in an extentted-ilnduced carbon source (Fig. 2b). When the iptevland-use history is
grassland, the initial dominance by shade-intolesprcies is more pronounced and the slow accuinwlat the litter pool results
in a stronger and mogeersistent-protractechrbon sink (Fig. 28, e). Soil carbon and nitrogen depletion due to isitenharvest
of the previous grassland influences productivstyccession of tree species and carbon sink capafcitye secondary forest
itnitial tree growth is delayed by several decades,dominant shade-intolerant specieB.®lvestris rather tharB.pubescens,
andQ.robur competes more successfully than under normahgailgen (Fig. 2e). Also, the long-term carbon sibkarger than

in any other option. Theotable-bigdifferences in tree species succession and thadiamd magnitude of the carbon sink using
the different stand creation options illustrate ithportance of land-use history for modelling setamy forest stands.

3.2 Choosing between different model age/speciesusture and harvest alternatives

The choice between the different age- and spetiestsre setup options depends on whether compretitetween species and
cohorts within patches is required or not (Fig.)3Also, the desired level of detail of the ageistire might decide whether to
use a simplified setup or a detailed structure witiny separate stands, increasing computation 8eteips using separate stands
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for each species-age combination offer the podsiluif reflecting regional distributions based oweéntory data, butight will

not represent competition correctly e.g. in mixeck$ts.

Although management changes during the coursesohalation may be prescribed, using detailed, batics harvest methods

would not reflect foresters’ choice of gradual ad#ipn of harvest parameters under changing/@ihate conditions in future

scenarios. In these cases, the simplified dynamwedst methods might be a better option (Fig. 5b).
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Eigure 7. Modelled and observed standing volume (a&nd cumulative harvest fraction during the measurenent period (b) for Euopean

beech and Norway spruce stands in Germany (Bavari@aSER-Bav, central Germany: GER-C and central and sothern Germany:
GER-CS) and Slovenia (SLO). Simulations were perfaned without harvest, with detailed harvest and withautomated thinning and
clear-cutting. Data points from the automated harvet simulation after clear-cutting occurred are ploted with unfilled symbols

(“Automated harvest post cc”).
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3.3 Central European site simulations of managed fest “. {Formatted: Heading 2, Left, Line spacing: single

Central European beech and Norway spruce stands mvedelled with three harvest alternatives: no éstrvdetailed harvest
based on reported harvested volumes and automiaiuing and clear-cutting. The model was not ablgdach the high
productivity of beech and spruce stands in Germahg.modelled standing volume of these stands vedaigvely accurate at low

standing volumes but about 2-3 times underestimateigh observed standing volumes (Fig. 7a). Toreetation between

modelled and observed German standing volume waeralty good: #=0.64 and 0.86 for pooled detailed harvested beach _ - {Formatted: Superscript

spruce stands, respectively, afer51 and 0.79 for the corresponding unharvesteatist The Slovenian spruce standing volume

levels were better represented by the model, leutdhrelation with observations was weak&r@r36 for detailed harvested stands

and 0.21 for unharvested stands). The additiohiohing in the simulations produced the largesfedéince in standing volume

in some of the beech stands while the spruce staadsless affected. The modelled cumulative haimésnsities in the detailed
harvest alternative were close to or slightly higfdue to thinning before the period with harveatad than reported harvest
intensities (Fig. 7b). Although the cumulative heswin the automated harvest alternative was alalastys more extensive over

the modelled stand life time compared to the dedailarvest alternative (Fig. 7b), the standing m@uvas only moderately
affected (Fig. 7a). The automated harvest standimgme correlations with observations were, as ebgue weaker than for the
detailed harvest simulationg=0.39 and 0.76 for German beech and spruce stegs{sectively, and 0.17 for Slovenian spruce

stands. Both harvest alternatives increased thmnaink at most sites and reduced mortality atitds compared to a simulation

without harvest (Fig. 8). The automated harvestdedery low levels of mortality.
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Figure 8. Modelled carbon sink (a) and cumulative rortali
and automated harvest compared to a simulation withut harvest of European beech and Norway spruce gtds in Germany (Bavaria:

. B in simulations with detailed

b) for the same time periods as in Fi

GER-Bav, central Germany: GER-C and central and sothern Germany: GER-CS) and Slovenia (SLO). Data paits from the

automated harvest simulation after clear-cutting ocurred are plotted with unfilled symbols (“Automated harvest post cc”).

3.3-4 European-wide simulations of managed forest
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Dominant tree species in managed forests baseaeoBRI species map differ from PNV simulationsargk parts of Europe. In
central and eastern Europe, broadleaved speciet adarge degree replaced by needleleaved speciemnaged forests,

especially byP. sylvestris, but since old-growth forest is modelled as PNVhis studybecause of artefacts in the >140 year data

(cf. 2.6.1) the dominance by needleleaves in this region geéme original EFI data is moderated in the tétaest landscape

(Fig. C3, C4).

Table 2. Modelled and observed forest vegetatioharastock in Europe
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LPJ- Liu etal. 201%  Panetal. 2011  Forest Europe + { Formatted Table

GUESS

(this study)
Veg C (PL)
Europe®
2000 13.8 (14.3) 111 11.8 10.2
2007 14.1 (14.7) 11.6 13
2010 14.3 (15.0) 11.8
2015 14.2 (15.8) 12.5
EU-28 + Switzerland*
2000 11.3 (11.7) 8.3
2010 11.6 (12.2) 9.4
2015 11.4(12,9) 10.0
Veg C (kgC m?)
Europe®
2000 5.5 (5.7) 55 5.9 53
2007 5.7 (5.9) 5.7 6.4
2010 5.7 (6.0) 5.9
2015 5.7 (6.4) 6.3
EU-28 + Switzerland?
2000 5.8 (6.0) 5.3
2010 5.9 (6.2) 5.9
2015 5.9 (6.6) 6.2

1Values in parentheses are for a simulation withoedd harvest in secondary forés8G biomass = 79 % of total biomass;
3 -ExcludingGeorgia,celand, Cyprus-andMalta and Russialncluding Kaliningrad oblast and European partofkey in LPJ-
GUESS data*Cyprus and Malta are excluded.

For the European continent, the modelled mean aigetcarbon density (5.7 kgC3nand growing stock (156 hina) in 2010
and NAI (5.4 ni ha' y?) in 2001-2010 in a simulation with thinning is toto observations (Tables 2,4). The total cartomi p
(24.2-24.3 kgC M) and soil/litter pool in 2000-2010 (18.5-18.6 kg&?) is 21-64 % and 34-80 % higher thamported
valuesebservationsespectively, while NEE in 2000-2007 (c8.08 kgC n? y%) is a sink63 %the sizeof ebserved reported
values (Table 3). Fellings includirgeareutsclear-cutsf old-growth forests and thinnings in regrowthefts (5.0 rhha' y*) and
thinnings in regrowth forests only (3.Gimat y*) in 2001-201C:an-beareompaableedwith-to observed fellings (3.4 frha' y°

1) (Table 4). Simulated results for the EU-28 + Seitand countries were closertmorted values-ebservatietian for the whole
of Europe for most of the above variables (Tabld3.2

Table 3. Modelled and observed total carbon steak/litter carbon and net bosystem exchange (NEE) in European fofests

LPJ-GUESS  Panetal. 201% Forest - { Formatted Table
EurepéEurop
e
Total C stock (PdC)
Europe
2000 60.3 (62.3) 39.3
2007 60.4 (62.8) 40.9
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2010°2010° 60.5 (63.1) 29.3
EU-28 + Switzerland

2016°2010° 48.6 (50.7) 255
Total C stock (kgC m?)

Europe

2000 24.2 (25.0) 19.7

2007 24.2 (25.2) 20.0

2016%2010° 24.3 (25.6) 14.8
EU-28 + Switzerland

20106°2010° 24.9 (26.1) 15.9
Soil+Litter C stock (PgC)

Europe

2000 46.5 (48.0) 27.6

2007 46.3 (48.1) 28.0

2010°2010° 46.2 (48.2) 17.5
EU-28 + Switzerland

20106°2010° 37.0 (38.6) 16.1
Soil+Litter C (kg C m?)

Europe

2000 18.6 (19.2) 13.9

2007 18.5 (19.3) 13.7

2016°2010° 18.5(19.3) 10.3
EU-28 + Switzerland

2016°2010° 19.0 (19.8) 10.8
NEE (PgCLy)

Europe

1990-1999 -0.188 (-0.141) -0.30

2000-2007 -0.212 (-0.153) -0.27

NEE (kgC m?y?)

Europe

1990-1999 -0.075 (-0.056) -0.154

2000-2007 -0.085 (-0.061) -0.134

180  !Values in parentheses are for a simulation withaad harvest in regrowth forestLitter includes dead wood:? Forest
Europe soil and litter carbon data missing for Bas@roatia, Greece, Hungary, Macedonia, Moldoventdnegro, Norway and
Portugal. Forest Europe total carbon and soilfliterbon data for 2000 and 2015 are excluded demter countries with data.
Europe area definition as in Table 2.

485

490

| Table 4. Modelled and observed growing stock (@uropean forests in 2010 and Net annual mergasgNAI) and fellings
in forests available for wood supply (FAWS) in Epedfor 2001-2019

LPJ-GUES$S Forest Europe
GS (million m3)
Europe 38136 (39859) 31225
EU-28 + Switzerland 31794 (33385) 25357
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GS (n? ha)

Europe 156 (163) 157
EU-28 + Switzerland 163 (171) 158
NAI (million m 3 yY)

Europe 966 (484) 841
EU-28 + Switzerland 781 (401) 732
NAI (m?3 haty?)

Europe 5.4 (2.7) 5.1
EU-28 + Switzerland 5.4 (2.8) 54
Fellings (million m? y1)

Europe 896 (380) 562
EU-28 + Switzerland 746 (333) 527
Fellings (m® hat y?)

Europe 5.0 (2.0) 3.4
EU-28 + Switzerland 5.2(2.3) 3.9

1Values in parentheses are for a simulation witheedd harvest in regrowth forest. As FAWS, secopdiarest in 2010 is
considered in LPJ-GUESS simulatioA#4ean of the years 2001-2010, AG biomass = 80 %taf biomass for Europe, using
AG fractions from Forest Europe data for EU-28+3eiiland, values in brackets are for a simulatioihetit wood harvest in
regrowth forest® Mean of the years 2000, 2005 and 2010, or foatizdable data for these years, except for Greece (1990
value). Europe area definition as in Table 2.

Modelled vegetation carbon, total carbon pool, gngwstock, NAI and fellings for individual Europeapuntries show varying

of produced wood over the whole rotation periodtandsslearedtclear-cuin 2011-2020 were 0.4 for BD and 0.5 for NE (not
shown). Total thinning fractions of NAI for individl countries in 2001-2010 were between 0.35 addviith a total European
mean of 0.53 (Figp4E4-D5ED). The corresponding annual thinning fractionsrofging stocks were 0.8 % to 3.3 %, with a mean
of 1.9 % (FigD3E3 D5ES).

24



With automated thinning Without thinning

150 150
s 2= < s R¥=0.49
£ 100 =049 £ 100
o o
c c
L 2
5 . g
& &
o by
> >
2 50 T S0
= . =
E 2
s . % =

.
0 0 T T J
0 50 100 150 0 50 100 150
Observed Vegetation C (ton ha?) Observed Vegetation C (ton ha?)
() (d)
With automated thinning Without thinning

600 1 600 -

500 500 4
2 2 Ri=
' 400 R?=0.24 < 400 4 . =0.23
e . e .
Q * Q
£ 300 . £ 300 4 ¢
2 2
° °
2 2
E 200 E 200 4 .
S o
s . s . %

100 100 A

0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Observed Total C (ton ha) Observed Total C (ton ha)

Figure 79. Modelled and observed (Forest Europe 2015) valuésr individual European countries, excluding Georgia, Iceland, Cyprus,
Malta and Russia,in 2010. Vegetation carbon: (a) Simulation with atomated thinning. (b) Simulation without thinning. Total carbon

10 pool: (c) Simulation with automated thinning. (d) Smulation without thinning. In (c) and (d), also countries missing Forest Eume soil
data, Bosnia, Croatia, Greece, Hungary, Macedoniddoldova, Montenegro, Norway and Portugal, are exclded.
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Figure 810 Modelled and observed (Forest Europe 2015) valuésr individual European countries. Growing stock (GS) in 2010: (a)
simulation with automated thinning. (b) simulationwithout thinning. Net annual incrementase(NAI) in 2001-2010: (c) simulation with
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Figure 911 Modelled and observed (Forest Europe 2015) yearfgllings for individual European countries in 2001-2010. (a) Simulation
520 with automated thinning. (b) Simulation without thinning (eleareutsclear-cuttingat creation of secondary forest)included countries as
in Fig. 9a.

Carbon pools and fluxes were partitioned into oldwgh and regrowth forest components (modelled a¢ B\ secondary forest
stands, respectively) (Fig-912 Tables 5-6). Modelled European old-growth androeth forests have about equally sized
525 vegetation carbon pools in 2000 (about 7 PgC edmh)with a downward trend for old-growth forests2@01-2010because
ofdriven bya reduction in area. The vegetation carbon deitsityd-growth forests, increasing from 8.5 to RgC m2between
2000 and 2015, is about twice the value in regrofetbsts, increasing from 4.0 to 4.5 kgC between 2000 and 2015. This
vegetation carbon difference is reflected in thféedgnce between old-growth and regrowth foresdltoarbon pool density (ca.
27 and 23 kgC i, respectively), while the soil/litter carbon igsitly higher (1.5 %) in regrowth forests (Table Bhe modelled
530 forest carbon sink (= -NEE) (2001-2010: 0.23 Pg¥ ig dominated by regrowth forests (0.20 Pg€oy 0.12 kgC 1t y?),
compared to 0.03 PgChor 0.04 kgC n? y* in old-growth forests (Table 6).

For the European continent, including thinninghie simulation reduced total forest vegetation caytsoil/litter carbon, total
carbon pool and growing stock in 2010 by 3-5 %reased the magnitude of NEE in 2000-2007 by 39 eébimcreased NAI in
| 2001-2010 by 100 % compared to a simulation withbirnning (Fig.11131214 Tables 2-4). In regrowth forests, including
535 thinning reduced vegetation carbon by 6-7 %, stéflcarbon and the total carbon pool by 5-6 %000-2010 and increased the
magnitude of NEE in 1991-2010 by 41 % (Tables 5¥je average thinning rate on regrowth forest laad 1.9 % of wood
biomass/year in 2001-2010. Including thinning gatigrimproved the match of simulations with obsehdata. The increased
| regrowth forest carbon sink seen in a simulatioth wiinning (0.12 kgC rAy™) (Fig. 1012 is correlated associatavith a strong
reduction of natural mortality (-80 % in 1991-2015)egrowth forest stands, induced by thinning,aafter 2010, rejuvenation
40 of regrowth forest stands resulting frasteareutsclear-cuttingFig. B6EE). The reduced natural mortality following thinning
results in a lower soil respiration (FIigZE7).

A ______ - = ‘{ Formatted: Font color: Red

In a simulation with removal of biomass during difiance events in the old-growth stands (not shotle)carbon sink in this

forest class increased to 0.04 PgE€oy 0.05 kgC nf y* in 2001-2010 compared to a standard simulatiorre@msing the total

b45 forest carbon sink in the same period by 7% to ®86 y*. Soil/litter carbon in the old-growth forest wasluced by 2.4% in
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2010 and by 0.7% in the regrowth forest, reducirggtbtal soil/litter pool by 1.3%. Total vegetatioarbon increased by 0.24%
in 2010.

Simulations with alternative settings of leaf rembfractions during harvests of 10% or 0%, inste&®0% in the standard
simulation (not shown), decreased the total cagtiok in 2001-2010 by 0.9% and 1.3%, respectivedgulting from an increased
soil respiration of 0.3% and 0.4% respectivelyfi offset by an increase in NPP by 0.06% arfi®@b, respectively. Vegetation

carbon increased by 0.08% and 0.13% and soil/li@ebon increased by 0.07% and 0.10% in these ation$.

a ) d )
( ) Vegetation C ( ) Forest C sink
12 0.25
10 02
8
. o 0.15
&h € lé
a 01
4
2 0.05
[ 0
2000 2010 2015 1991-2000 2001-2010 2011-2015
mOld-growth m Regrowth m Regrowth harv mOld-growth mRegrowth ® Regrowth harv
b ) e )
( ) Vegetation C ( ) Forest C sink
10 0.14
0.12
8
. 01
T € < 008
E
L%
2 $ 0.06
0.04
e 0.02
0 0
2000 2010 2015 1991-2000 2001-2010 2011-2015
mOld-growth m Regrowth m Regrowth harv mOldgrowth mRegrowth m Regrowth harv
(C) Forest area (f) Forest area
2 2
o L 15
£ £
s 51
E E
05 0.5
0 0
2000 2010 2015 1991-2000 2001-2010 2011-2015
mOld-growth m Regrowth = Old-growth = Regrowth

Figure 2012 Modelled European forest vegetation carbon for 200, 2010 and 2015 and carbon sink (= -NEE) for theeriods 1991-2000,
2001-2010 and 2011-2015, separated into old-growsmd regrowth forest (with and without wood harvestin regrowth forest). (a)
Vegetation carbon. (b) Vegetation carbon per aregc) Old-growth and regrowth forest area in 2000, 200 and 2015. (d) Total forest
carbon sink. (e) Mean forest carbon sink per aregf) Old-growth and regrowth forest area in 1991-200, 2001-2010 and 2011-2015.
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Table 5. Vegetation carbon and total carbon stodkiiropean forestsseparated into regrowth and old-growth forest.
Total forest Regrowth forest Old-growth forest

Veg C (Pg)
2000 13.8 (14.3) 6.6 (7.1) 7.2
2007 14.1 (14.7) 7.8 (8.3) 6.4
2010 14.3 (15.0) 8.3 (9.0) 6.0
2015 14.2 (15.8) 8.2 (9.8) 6.1
Veg C (kg m?)
2000 5.5(5.7) 4.0 (4.3) 8.5
2007 5.7 (5.9) 4.4 (4.7) 8.8
2010 5.7 (6.0) 4.5 (4.9) 9.1
2015 5.7 (6.4) 4.5 (5.3) 9.2
Soil+Litter C (Pg)
2000 46.5 (47.6) 30.9 (32.4) 15.6
2007 46.3 (48.1) 33.1 (34.9) 13.2
2010 46.2 (48.2) 34.0 (36.0) 12.2
2015 46.1 (48.1) 34.0 (35.9) 12.2
Soil+Litter (kg m-?)
2000 18.6 (19.2) 18.8 (19.6) 18.4
2007 18.5 (19.3) 18.6 (19.6) 18.3
2010 18.5 (19.3) 18.6 (19.7) 18.3
2015 18.5 (19.3) 18.6 (19.6) 18.3
Total C stock (Pg)
2000 60.3 (62.3) 37.5(39.5) 22.7
2007 60.4 (62.8) 40.9 (43.2) 19.5
2010 60.5 (63.1) 42.3 (45.0) 18.2
2015 60.6 (64.0) 42.1 (45.7) 18.2
Total C stock (kg n1?)
2000 24.2 (25.0) 22.8 (24.0) 26.9
2007 24.2 (25.2) 23.0 (24.3) 27.2
2010 24.3 (25.3) 23.1(24.6) 27.4
2015 24.3 (25.6 23.0 (25.0 27.t

1Values in parentheses are for a simulation witheedd harvest in regrowth forest. Harvest produase not included in the

calculations of total carbon. Total Europe areanitédn as in Table 2.
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580

$85 Table 6. Net daosystem exchange (NEE), harvested carbon and hatortality in European forestsseparated into regrowth
and old-growth forest.

Total forest Regrowth forest Old-growth forest
NEE (PgC y?)
1991-2000 -0.187 (-0.140) -0.158 (-0.111) -0.028
2000-2007 -0.212 (-0.153) -0.188 (-0.129) -0.024
2001-2010 -0.234 (-0.178) -0.204 (-0.148) -0.030
2011-2015 -0.211 (-0.159) -0.200 (-0.148) -0.011
NEE (kgC m2y?)
1991-2000 -0.075 (-0.056) -0.106 (-0.072) -0.030
2000-2007 -0.085 (-0.061) -0.110 (-0.075) -0.031
2001-2010 -0.094 (-0.071) -0.117 (-0.085) -0.040
2011-2015 -0.085 (-0.064) -0.109 (-0.081) -0.016
Harvest (PgC y%)
1991-2000 0.196 (0.102) 0.094 (0) 0.102
2001-2010 0.210 (0.093) 0.117 (0) 0.093
2011-2015 0.241 (0) 0.241 (0) 0
Harvest (kgC m2y?)
1991-2000 0.079 (0.041) 0.061 (0) 0.109
2001-2010 0.084 (0.037) 0.067 (0) 0.125
2011-2015 0.097 (0) 0.132 (0) 0
Mortality (PgC y )
1991-2000 0.104 (0.201) 0.025 (0.123) 0.079
2001-2010 0.099 (0.227) 0.032 (0.159) 0.067
2011-2015 0.100 (0.240) 0.035 (0.176) 0.064
Mortality (kgC m 2 y%)
1991-2000 0.042 (0.081) 0.016 (0.079) 0.084
2001-2010 0.040 (0.091) 0.018 (0.091) 0.090
2011-2015 0.040 (0.096) 0.019 (0.096) 0.096

1Values in parentheses are for a simulation witheedd harvest in regrowth forest. Total Europe atefinition as in Table 2.
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1590 Figure 2113 Simulated forest (a) vegetation carbon 2010 insimulation with thinning, (b) vegetation carbon 200 difference between

simulations with and without wood harvest in regrovih forest. (c) Mean 2001-2010 harvested carbon dung thinning on secondary
forest.
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Figure 1214 Simulated forest (a) total carbon pool 2010 in aimulation with thinning, (b) total carbon pool 2010 difference between
simulations with and without wood harvest in regrovih forest, (c) Mean 2001-2010 NEE in a simulationigh thinning, (d) Mean 2001-
2010 NEE difference between simulations with and wiout thinning.

3.4-5Robustness of automated harvest methods under futarclimates

To demonstrate the automated harvest methods, ichwhinning intensity and rotation times are atgdsto maintain standing
stock when stand productivity changes in respoméerting conditions, we used GElimate projections in extended simulations
with an otherwise identical setup as in the Europea@e historic simulations. A significant modellédcrease in NAl is
accompanied by shorter rotation periods (BI§E8), while a stable vegetation pool in managed faeestaintained (Figh9E9).
The mean thinning fraction of the total harvestratve rotation for NE and BD stands increased ohertte21st and 22nd
centuries from 0.50 to 0.53 and 0.40 to 0.46, resyay, for both the RCP4.5 and RCP8.5 simulations $hown).

4 Discussion

LPJ-GUESS representations of unmanaged forest pasxéously beershown tocompare favourably with observed forest
vegetation succession, growth, stand structuren&ss and regrowth timescales (Smith et al., 280dith-et-al. 2014; Pugh et

al., 2019) and land use and land-cover change (LULf@@}tionality has been included in the model simeesion 4.0 (Lindeskog
etal., 2013). In a recent global study that ubedhtodel to analyse the carbon stocks of old-granthregrowth forests (modelled
as primary and secondary forest stands, respegtiweithoutapplyingwood harvestrregrowth-stanrd@Pugh et al., 2019), the
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total forest carbon sink was found to be about 56f #alues reported by Pan et al. (20ba¥yed on upscaled inventory datkee

absenee Disregarding-wiood harvest has been identifiedsasimpertantfacter causingfonder-estimatinagof carbon sinks in

vegetation models (Zaehle et al., 2006; Ciais.e2808). In an effort to improve the ability torsilate carbon pools and fluxes
on managed land, wiereintroducel new forest management options into LPJ-GUESS w4d provide a comprehensive
description of forest initialisation and wood hawalternatives. The initialisation and harvestralativesn the modelusedre

eonstrained tailored to enable-by-#nilable forest inventory data and harvest infdiomato be used to initialise and guide

simulations Ideally, both age and species structure as wd#red-use history and euent wood harvest strategy should be taken
into account, but this is not always possible fianidations with a large spatial extent becausdritéd data availability. To
demonstrate a possible workaround, we used an attonthinning andlearedtclear-cuttin@lternative to represent European
regrowthforests, initialised on the basis of inventory-tzhage- and species data, but without wood haree$t) LCC data input.

In simulations of central European beech and spstareds, the automated thinning method was showastdt in similar modelled

standing volume but often in a higher carbon simkipared to a more detailed harvest scheme basegoried harvest intensities

(Fig. 7). The harvested volume was generally sultistéy higher in the automated thinning simulagopas the optimum harvested

volume required to completely avoid self-thinningymot be realised in real managed forest stadéslly, automated thinning

should be just enough to avoid self-thinning mdstah the model, so the biomass should not bere#yveeduced, but in old beech

stands, self-thinning is very low in the model (F4.), so in these stands, both detailed and auéshiervest results in a relatively

large reduction in biomass compared to unharvestsutls (Fig. 7).

The modelled mean vegetation carbon density in fieao forests in 2000-2010 is close to observafimms several published
sources (Pan et al., 2011; Liu et al., 2015; FOREBROPE 2015). Including thinning in the simulation hasther small impact
on vegetation carbon (<5 %), but after cleatting starts in regrowth stands after 2010, sitiohs with and without harvest in
regrowth stands diverge strongly (RB#E7). Also, the modelled mean European growing stock is dlmsbservations. Modelled
carbon sink density (= -NEE) for European forestssimulatiors without thinning in the present study is abou#46f the 2000-
2007 value reported by Pan et al. (2011). Thigwsélar to the global carbon sinkedicted by-value-fea simulation with a similar
setup without thinning, which is 49 % of the glolalue from the Pan et al. study. The differencenimdelled carbon sink in
2001-2010 between old-growth forest (0.04 kg€ym) and regrowth forest without thinning (0.085 kg€ y), is similar to the
difference reported for global old-growth and regto forests by Pugh et al. (2019). Adding thinninghe Europearegrowth
forest setup increases the carbon sink3®8% for the total forest area and by 46 % for theoeuth forest area, reachig 64
% and 82 %ot the reperted-Pan-etal—va)uespectivelyof the Pan et al. (2011) valuEhinning reduces natural mortality due to

relaxed competition between trees, and since & lpagt of harvested biomass is removed from fa®stds, litter input to the

soil, and the resulting heterotrophic respiratisralso reduced (Figp6E6-D7E7), increasing the carbon sink.

Details in the simplified European setup might ekplthe remainder of tHémissing-_carbon sink, relative to reported values.
Onepotentialcause is that old-growtt»140 year)forestsin this studyare represented by unmanaged PNV (withegehlow_er

carbon sink, cf. Table 6)a-this-study-&s in Pugh et al. (2019)missing effects of land-use history ir-which-is—nkisely
nappropriate-foEurope but preferred by us to the alternative of intreidg arbitrary assumptions of age structierthermore,

the GFAD >140 year forest type data contain artefamanifested in the BE distributidmcludinga basic extensiwwood harvest
methodin old-growth forestsvould-be-expected-increasd thetotalcarbon sinky only 4 %., resulting in a value of 66 % of the
Pan et al. (2011) valuwVildfires also contribute to a lower carbon sinkmiodelled PNV. A further likely cause of the diggancy

between the modelled and reported carbon balartbatisecondary forests are created from PNV stavitieout taking land-use

history into account. Reforestation of croplandjchitgenerally has a much lower soil carbon corifesm forests in Europe (Guo

et al., 2002), has a higher carbon storage poteh&iaregrowth afteclearing of existing forests. Also, soils of exigtiEuropean
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forests havgsrebablybeen depleted of carbon historically because didriparvest rates, fuel-wood collection and liteing

(Ciais et al., 2008; McGrath et al., 2015). Higlrgtial soil carbon pools will increase the releageCO; in regrowth forests,

especially under rising temperatures. Alternativethnods to initialise secondary forests (fate ofudd wood, land-use history)

have large implications for simulated carbon pawld fluxes as seen in the example Swedish sitesrstudy, e.g. a mean carbon
655 sink over 150 years spanning from 0.078 to 0.188 k¢’ y* (Fig. 2). This has also been shown at the gloteles(Pugh et al.,
2019). The high value of modelled European soiboardensity in 2000-2010 (34-80 % higher thaported valuesebservatigns
supports the possibility that the lack of consitieraof LULCC lard-use-and-fand-covercharistory is a main source of the
missing carbon sink in this study. The similarifytkoe modelled mean NAI of European forests innawdation with thinning to
observed values (a 10 increase compared to a simulation without thighiralso suggests that the missing carbon sink
660  component could be found in heterotrophic resgimgthot in vegetation productivity.

The automated thinning/clear-cutting modelling tetgy applied in the model in the present studyisrnided as an example for

demonstrating the new forest management capabibiiel an improvement on the age-structure setiuoh et al. (2019) and

does not include all available possibilities in thedel. In addition to the shortcomings in the petlieady noted concerning land-

use history, many central European forests are geghby continuous wood harvest and not by cledinguand also consist of

65 species mixes (Pretzsch et al., 2021). Estimatuegeffect of such different wood harvest strategied monoculture/mixed-

species alternatives on carbon stocks and fluxesus possible and will be done in further studiBise self-thinning and tree

density-based harvest method is less successtihleimorthernmost and southernmost parts of Eurepere productivity is

strongly limited by temperature and precipitati@spectively, and the self-thinning relationshipAsen biomass and tree density

in the model is weaker. The low simulated produttiof forests in the Mediterranean points to theea for a review of the

670 parameterisation of tree species to reflect Meditezan managed forests or the introduction ofdpeeies that are not currently

represented in the model (Fig. E8). While the matielvs good skills to reproduce reported mean sedlreEurope’s vegetation

carbon and productivity, the correlation betweerdslled results and observations for the individimintries show a large spread

with no simple pattern for the deviations (Fig. E3}. However, it is obvious that countries in thalkBns, except Albania and

Greece, have modelled thinning fractions highen tihe@ reported total harvest fractions. These e@sméalso show a poorer fit to

675 observed NAI values in a simulation with thinningngpared to a simulation without thinning. In angeaincluding thinning in

simulations improves the fit to observed nationAl Malues in most other countries. = {Commented [ML1]: Moved from further down

Our simulation results using LPJ-GUE8$hibit similarity -are-censistentith results from the ORCHIDEE DVM, which was
applied with the same automated thinning methiod central European sitBellassen et al., 2010). The ORCHIDEE simulation
with automated thinning, compared to a simulatiotheut thinning, gave a similaredestvegetation reduction (7 %), thinning
680 fraction (0.55), reduced heterotrophic respiraficen 20 %) and carbon sink increase (67 %). ThestdlPP reduction over time
in ORCHIDEE simulations (ca. 10 %) is also seethimaverage value for unharvested regrowth foirdEsiropean simulations
with LPJ-GUESS,-while-in-simulations-with-clearcuts in-regrowitirests —a balance between stands with-differeatiageen
after-eleareut-starts-in-204(Fig. B7bE7D. The decline of NPP directly after thinnings ifiROHIDEE is notireltded-in-this
versien-efsimulated byPJ-GUESS, but both models display a short-liveniéase in heterotrophic respiration after thingifrgpt
685 shown). The recovery time aftereeareutclear-cufwhen the stand turns into a carbon sink) is Gyéathe example south
Swedish site with a standard harvest removal, Butehrs if the harvested biomass is left on sitg. (). This is similar to the
ORCHIDEE results with a stand recovery time of D0yRars after alearcuiclear-cutA similar recovery time, 7-11 years, after
eleareutsclear-cuttinas beemliagnosed based en-decumentedd@s flux measurements in Sweden (Lindroth et al., 2009)

A - {Formatted: Font color: Red, English (United States)
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690 Responses of soil carbon and nitrogen cycling twes and fertilisation can be complex and quaviedy different in clear-cut
and continuous-harvest systems (Parolari et al6R00he coupled carbon-nitrogen cycling in LPJ-GI$ESmith et al. 2014)

at QOID/ - {Formatted: Font color: Text 1

stand and regional scale in future studies. Nitnodepletion of the soil in previous land-use higt@duces forest productivity { Formatted: Font color: Text 1

and causes a shift in species succession in thelrtféid. 2¢). At the European scale, removing alenfiaction of residues (0 %

695 of leaves rather than 30 %) makes a small positiyeact on productivity (0.1%, cf. 3.4). Howevema many European forests

receive large amounts of atmospheric nitrogen dépesother nutrients such as Ca, Mg, K and P im@ymore important for

limiting productivity, and acidification of the ddiy N and S deposition may further decrease theglahility of these nutrients

(Sverdrup et al. 2006.). Especially Ca is closertdelow the limit of sustainability in current &st management systems in

southern Sweden (Sverdrup et al. 2006). Thus, aggdévelopment of limitation and cycling of additid nutrient species into

700 LPJ-GUESS may be beneficial for capturing thedtfiécts of different harvest regimes. Also releviadchieving a better model

of nutrient uptake is an improved representatiothefsoil profile.

While mean productivity of European forests is oapd well by the model (Table 4) and productivifyfarests in individual

European countries reasonably well (Fig. 10, F#&), Ehe inability to reproduce observed producitéivels in high-productivity

beech and spruce stands in Germany (Fig. 7) higfslidne need for allowing a wider range of produititis.

705 The emergent competition between PFT:s with sinsteade tolerance values in the model, e.g. beedispnuce, can deviate

from actual dynamics, as seen in the poor perfoomafispruce compared to beech in a successibe akample site in southern

Sweden (Fig. 5).

The management systems covered b

y10

15

y20

im ions-improves-the fit to-observed-nationAl es-in-mostother countries

Nnew forest management functidlity in LPJ-GUESS include the most importantequirements features requiréatr the

V25 improvement of modelling carbon pools and fluxes as welthee development of forest stands under futureatks, but a few
important additions will be desirable to includehe future. These include e.g. automated contiswmod harvesting and coppice
management. For a good representation of coppittiegmodel should also be improved to include ptambohydrate storage.
For better representations of European forestd;lese history, including litter raking, should Ineludedin-the-setufo generate
more realistic soil carbon poolsy adapting-usirfunctionality already available in the model.
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Appendix A: Supplementary model parameterisation téles.

Table A1Pft PFTparameters used in this study. Values in bold varsixt are updated compared to Hicldeal (2012).

Species/PFT Phenology Geographic Shade Growth TGin __ TGmax_ _ TWmin __ GDDs
rangé tolerancé form!

Abies alba EG temperate tolerant tree -6.5(-7.5) 2 6 1600
Betula pendula SG temperate intolerant tree -30 7 5 700
Betula pubescens SG boreal intolerant tree -30 3 5 350
Carpinus betulus SG temperate intermediate  tree -8 5 5 1200
Corylus avellana SG temperate intermediate  tree -11 7 5 800
Fagus sylvatica SG temperate tolerant tree -6(-8) 6 5 1500
Fraxinus excelsior SG temperate intermediate  tree -16 6 5 1100
Juniperus EG temperate intolerant tree 1(0) - - 2200
oxycedrus

Larix decidua SG boreal intermediate  tree -30 -2 5 300
Picea abies EG boreal tolerant tree -30 -1.5 5 600
Pinushalleipensis  EG temperate intolerant tree 3 9 21 3000
Pinus sylvestris EG boreal intermediate  tree -30 -1 5 500
Populustremula SG temperate intolerant tree -30(-31) 6 - 500
Quercus coccifera EG temperate intermediate  shrub 0 11 21 2200
Quercusilex EG temperate intolerant tree 3 7 5 1800
Quercus pubescens  SG temperate intermediate  tree -5 6 - 1900
Quercus robur SG temperate intermediate  tree -9(-10) 6 5 1100
Tilia cordata SG temperate intermediate  tree -11(-12) 5 5 110¢
Ulmus glabra SG temperate intermediate  tree -9.5(-10.5) 6 5 850
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750

755

760

765

Boreal evergreen EG boreal intolerant* shrub - -1 - 200
shrub

Mediterranean RG temperate intolerant shrub 1(0) - - 2200
raingreen shrub
C3 grass SG/RG temp-boreal - herb - - -

'See group parameter table A2; Phenology: everge&gncummergreen(SG), raingreen(RGud CTgnax= minimum and -~ { Formatted: Subscript

maximum temperature of the coldest month for esstaivlent, value in brackets are minimum temperdtrsurvival, if ~ -
different from value for establishment; fiw= minimum warmest month mean temperature for éstabent, GDIQ = | { Formatted: Subscript

minimum degree-day sum above 5°C for establishment; oo \[ Formatted: Subscript

Table Al cont.

Species/PFT Katom1  Kiasa gmin Chilling fAWC CAnax z fire  Olieaf ainda  fRstorage
(mm sY) requiremertt (m? (y) )
Abies alba 150 4000 0.3 - 0.35 40 06 01 3 350 0.05
Betula pendula 250 5000 0.5 intermediate 0.42 40 06 01 05 200 0.15
Betula pubescens 250 5000 0.5 intermediate 0.5 40 06 01 05 200 0.15
Carpinus betulus 250 5000 0.5 high 0.33 40 06 01 05 350 0.15
Corylus avellana 250 4000 0.5 intermediate 0.3 40 06 01 05 100 0.15
Fagus sylvatica 250 5000 0.5 high 0.3 40 06 01 05 500 0.15
Fraxinus excelsior 250 5000 0.5 low 0.4 40 06 01 05 350 0.15
Juniperus 150 1500 0.5 - 0.01 10 05 04 15 200 0.05
oxycedrus
Larix decidua 150 5000 0.3 low 0.3 40 06 02 1 500 0.05
Picea abies 150 4000 0.3 - 0.43 40 08 01 3 500 0.05
Pinus hatleipensis 150 3000 0.3 - 0.05 40 06 02 2 350 0.05
Pinus sylvestris 150 3000 0.3 - 0.25 40 06 02 2 350 0.05
Populustremula 250 5000 0.5 intermediate 0.4 40 07 02 05 160 0.15
Quercus coccifera 100 2500 0.5 - 0.1 10 05 03 15 350 0.3
Quercusilex 250 3000 0.5 - 0.1 40 05 03 2 350 0.05
Quercus pubescens 250 5000 0.5 low 0.2 40 06 02 05 500 0.15
Quercus robur 250 5000 0.5 low 0.25 40 0.6 02 05 500 0.15
Tilia cordata 250 5000 0.5 high 0.33 40 08 01 05 350 0.15
Ulmus glabra 250 5000 0.5 low 0.4 40 06 01 05 350 0.15
Boreal evergreen 20 500 0.3 - 0.25 3 08 01 2 50 0.3
shrub
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775

780

785

790

Mediterranean 100 1500 0.5 - 0.01 10 09 03 05 100 0.3
raingreen shrub
C3 grass - - 0.03 - 0.01 - 09 05 05 - 0.3

1See group parameter table 2iok: = constant in allometry equations (Sméthal., 2001); k.sa= leaf area to sapwood cross-
sectional area ratio; gmin = minimum canopy conauice; fAWC = minimum growing-season (daily temperature > 5°C)
fraction of available soil water holding capacitythe first soil layerCAmax = maximum woody crown arez; = fraction of roots
in first soil layer;rsre = fraction of individuals surviving fireaer = leaf longevity;aing = maximum, non-stressed longevity;
fnstorage: fraction of sapwood (root for herbacg@b$pfis) that can be used as a nitrogergtermlong-ternstorage scalar

Table A2. Common PFT parameters for shade toleraygzgraphic range, growth form and chilling regmient categories in
Table AlValues in bold cursive text are updated comparedic&ler et al 2012.

Shade tolerance tolerant intermediate intolerant

Sapwood to heartwood conversion rate (Yar 0.05 0.075 0.1

Growth efficiency parameter (kg Chyear?) 0.04 0.06 0.08

Max. establishment rate (saplings ykar?) 0.05 0.15 0.2

Min. PAR at forest floor for establishment (MJrday?) 0.35 2.0 25

Recruitment shape parameter 3 7 10

*Boreal evergreen shrub: 0.05

Geographic range boreal temperate temperate-
boreal grass

Base respiration rate atm(gC gN! day+) 1 1 1

Optimum temperature range for photosynthe¥i3 ( 10-25 15-25 10-30

pstemp_min -4 -2 -5

pstemp_max 38 38 45

Growth form tree shrub herbaceous

kaiomz(@allometric parameter) 40 5 -

wooddens 200 250 -

Irmax Non water-stressed leaf to fine root mass ratio 1 1 0.5

Fine root turnover rate (yedr 0.7 0.7 0.7

Chilling requirement low intermediate _high
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k_chilla 0 0 0
k_chillb 100 350 600
k_chillk 0.05 0.05 0.05

Table A3. Parameters for automated thinning ana-deting.

Qg Bst Tdigrger densgrger
(trees ha) log(trees ha) (log m)* (trees had)
Needleleaf (NL) 65 1.6 0.7 250
Broadleaf (BL) 40 1.6 0.85 100
795
Appendix B: Supplementary model initialisation andmanagement options figures.
800

NATURAL MAN. FOREST  Keep patch structure  Harvest trees Kill grass

Clone stand —» Yes Yes/No ! Yes/No !
—_

e © o o o New stand

from bare

ground. —_— No Yes Yes
e © o o o Copy only

soil state.

Figure B1. Options when creating managed forest stals from PNV. ! For the cloning alternative, tree harvest and grassilling is
fOS optional.
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820

Rotation period: dynamic

Selection P.abies
Reineke’s rule thinning
Clearcut at 300 trees/ha

110y 83y 83y

Rotation period: dynamic

86y 74y 78y Selection P.abies

Reineke’s rule thinning

12 Clearcut at 300 trees/ha
‘g 10 N Fertilisation 50 kg/ha/y
P s
Y s
g a4 Pic_abi fert

2 Pic_abi
o 4 - - — C3_gr
_ 1800 1850 1900 1950 2000 2050 2100 2150 2200
Rotation period: dynamic
Selection P.abies
110y 83y 83y Reineke’s rule thinning
Clearcut at 300 trees ha*
Rotation period: dynamic
86y 74y 78y Selection P.abies
Reineke’s rule thinning
12 Clearcut at 300 trees ha*
E 10 N Fertilisation 50 kg hay?
¥ s
G 6
E’o 4 Pic_abi fert
2 Pic_abi
0+ =

— C3_gr

e e
1800 1850 1900 1950 2000 2050 2100 2150 2200

Figure B2. Effect of nitrogen fertilisation (50 kgha'* year™) on modelled productivity and rotation length in goruce monoculture with

automated thinning and clearcutting. Abbreviations: Pic_abi fert: Picea abieswith N fertilisation, Pic_abi: Picea abies without N

fertilisation, C3_gr: Cg grass. Forestry stands were created from cleagutting of PNV in 1901. Location, climate input and specgein

PNV as in Fig. 2.

Appendix C: Supplementary European simulation setugiables and figures.
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825 Table C1. Mapping of EFI tree groups to LPJ-GUEB&s selectiods

EFI species group LPJ-GUESS selection

Broadleaf deciduous (BD

Alnus, Betula B. pendula, B. pubescens

BroadleafMisc, Castanea, Robinia B. pendula, B. pubescens, C. avellana, Q. pubescens, T. cordata, U. glabra
Carpinus C. betulus

Fagus F. sylvatica

Fraxinus F. excelsior

Populus P. tremula

QuercusRobPet Q. robur

Noné B. pubescens, F. sylvatica, Q. robur, C.avellana

Undet? B. pendula, B. pubescens, C. betulus, C. avellana, F. sylvatica, F.excelsior,

P. tremula, Q. pubescens, Q. robur, T. cordata, U.glabra
Broadleaf evergreen (BE
QuercusMisc, Eucalyps Q. ilex

Needleleaf deciduous (NL
Larix L. decidua

Needleleaf evergreen (NE)

Abies A. alba

Conifers, Pseudotsuga P. abies, P. sylvestris, P. halepensis
Picea P. abies

PinusSylv P. sylvestris

PinusMisc, PinusPin P. sylvestris, P. halepensis

Noné P. abies, P. sylvestris

Undet? A. alba, P. abies, P. sylvestris

1 Abbreviations of EFI species/species groups: Abdges ssp.), AlnusAlnus spp.), BroadleafMisc (Other broadleaves),
Betula Betula spp.), CarpinusGarpinus spp.), Castane&gstanea spp.), Conifers (Other conifers), Eucalyptisdalyptus
spp.), FagusHagus spp.). FraxinusRraxinus spp.), Larix Larix spp.), PiceaRicea spp.), PinusPinR. pinaster), PinusSylv P.
sylvatica), PinusMisc Pinus spp., other thaR. pinaster andP. sylvestris)), Populus Populus spp.), PseudotsugB.(menziesii),
830  QuercusRobPet. robur, Q. petraea), Robinia Robinia spp.).
| 2 Grid-cells without EFI forest
3 Undetermined, equal fractions of all EFI tree goup
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835 Figure C1. Self-thinning log-log plots of quadraticmean diameter (Dg) and tree density (dens) for sinhations of (a) Picea abiesand (b)
Fagus sylvatica monoculture at 16 European sites used for automadethinning in the model.
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EFI dominant species LPJ-GUESS species selection LPJ-GUESS dominant species

Abi_alb
B Pic_avi
B Fosy
NE B Po_syvpinna
[ Pic_abi Pin_sylenal |
[
None
|
| s
|
| I eeia [ eet_penspub
[l Broadearmisc B oot
| Il caminus o
BD [l castanca Frax e
| [ Faous i
Fraxinus
Que_rob
[l Popuius E MVSC"
I QuercusRobPet
[l Robinia tone
! e W e
W vnoer

Figure C2. Mapping of dominant EFI tree species graps in the needleleaf evergreen (NE) and broadledgciduous (BD) GFAD forest

840 classes to LPJ-GUESS species selections and theutiisg dominant species (LAI) in 1986-2015 in an LB-GUESS simulation with
automated thinning. Abbreviations of EFI species/sgcies groups: AbiesAbies ssp.), Alnus Alnus spp.), BroadleafMisc (Other
broadleaves), BetulaBetula spp.), Carpinus Carpinus spp.), CastaneaCastanea spp.), Conifers (Other conifers), Eucalyptus
(Eucalyptus spp.), Fagus Fagus spp.). Fraxinus Eraxinusspp.), Larix (Larix spp.), PiceaRicea spp.), PinusPin P. pinaster), PinusSylv
(P. sylvatica), PinusMisc (Pinus spp., other thanP. pinaster and P.sylvestris), Populus Populus spp.), PseudotsugaR. menziesi),

845 QuercusRobPet Q. robur, Q. petraea), Robinia (Robinia spp.). Abbreviations of LPJ-GUESS species/specigsoups: Abi_alb (A.alba),
Pic_abi (P.abies), Pin_syl P.sylvestris), Pin_hal (P.halipensis), Pin_syl+hal P.sylvestris+P.halipensis), Bet_pen B.pendula), Bet_pub
(B.pubescens), Bet_pen+pub B.pendula+B.pubescens), Car_bet (C.betulus), Cor_ave C.avellana), Fag_syl F.sylvestris), Frax_exc
(F.excelsor), Pop_tre (P.tremula), Que_rob Q.robur), Que_pub Q.pubescens), Til_cor (T.cordata), Ulm_gla (U.glabra). The EFI
groups BroadleafMisc, Castanea and Robinia are mapgal to the LPJ-GUESS selection "Misc”B.pendula, B.pubescens, C.avellana,

850 Q.pubescens, T.cordata and U.glabra. For the mapping of the EFI groups None and Undet,ee Table C1.

EFl dominant species LPJ-GUESS dominant species
Abies
W Conifers Abi_alb
W Picea B et pen
[ Pinussylv B eetowo
[l PinesMisc B corver
W PinusPin -
W Pseudotsuga . Fag_syl
B Lo Fra_exc
B Anus B Ler_cec
= Betla B Pic_abi
BroadiealMisc )
W capinus Il posy
. oo B e
B Feous W cueie
Fraxinus I cue_pub
B Populus 1 que_rob
7] QuercusRobPet W Ticor
[l Robinia
Bl Cuscusiese B um_ga
W Eucaiypius Il vore

Figure C3. Comparison of dominant EFI tree speciegroups (area) and modelled LPJ-GUESS managed foredbminant tree species
(LAI) in 1986-2015 in an LPJ-GUESS simulation withautomated thinning. Abbreviations of LPJ-GUESS speies as in Fig. C2.
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855

B60

(a) (b) (c)

PNV dominant species Managed forest dominant species Total forest dominant species

Figure C4. Modelled LPJ-GUESS dominant species (LAl(including grass) in A. Primary forest (modelledas PNV), B. secondary

forest (managed with automated thinning) and C. tal forest landscape in 1986-2015. Abbreviations &PJ-GUESS tree species as in

Fig. C2, BES (Boreal evergreen shrub), MRS (Mediteanean raingreen shrub), C3_gr (C3 grass).

Appendix D: Supplementary Central European site infomation.

Table D1
Dataset Location Source No. No. Sand Last No. M Repli- Mean
stands sites age(y) sampling  sanplings  sampling cate harvest
year interval (y)  stands' intensi
Beect
GER-Bav  Bavarie This pape 4 3 44-13¢ 201z 5-1C 57 1-2 0.05-0.15¢
2014
GER-C Central Nagel, 6 3 35-16¢ 201« 6-21 5-6 2 0.014-0.033,
Germany pers.com. 2015 0.098-0.134
GER-CS Central & Pretzsclt 27 9 10C 190%- 1 10C 3 0.08¢-0.213,
South 2005 1995 0.294-0.392,
Germany 0.396-0.595
Spruce
GER-Bav  Bavarie This pape 3 3 3C-10% 2015 7-11 57 1 0.07£-0.152
2016
GER-C Central Nagel, 9 5 23-12¢  200%- 4-1¢ 5 1-2 0.00¢-0.038,
Germany pers.com. 2018 0.063-0.149
GER-CS Central & Pretzsct 2€ 9 10C 1947 1 10C 2-3 0.26£-0.357,
South 2005 1986 0.303-0.433,
Germany 0.316-0.518
SLO Slovenie This pape 27 1 24-14t  201% 4(37 ic 1 0.03¢-0.24¢

?Harvest reported for the three last observatiorig on
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Species
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500 - = ® Spruce

Source
0 n - ® GER-Bav
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B GERCS
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Latitude

50 75 10.0 125 15.0 175
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Figure D1. Location of the beech and spruce sitesrfthe four stand data sets.

The GER-Bav dataset contains pure European beesite6} and pure Norway spruce (3 sites) and conoes the Database of
Chair of Forest Growth and Yield Science TUM Schafdlife Sciences Technical University of Munich. Meannual temperature

is 6-7.7 °C, mean annual precipitation is 800-180@ and elevation is 400-820 m.a.s.l.. Site quaditaverage to very good.

Applied management is light, moderate or heavyrtinig.

The GER-C dataset contains pure European beechssfarsites) and pure Norway spruce stands (5 siteg)}comes from the

Database of Long term research plots from Nordveessthe Forstliche Versuchsanstalt, Abteilung Waldvetum. Site guality

and heavy) and selective thinning.

The GER-CS dataset (Pretzsch 2005, Pretzsch and BiB8) is derived from long-term thinning experirtgeim pure stands of

Norway spruce (8 sites) and European beech (9 sitesstly in the lowlands or sub-alpine parts ofidern and Central Germany.

Plot sizes were 0.25-0.5 ha. The spruce plots a@neentrated on the South German pleistocene inaheal habitat of Norway

spruce and were artificially established in re-afftation after clear-cutting or afforestation odgland and pastures The site

fertility was excellent (class | and Il). The plotere subjected to light, moderate and heavy thipas for the GER-Bav data set.

The beech plots represented sites with averagertogood fertility on red marl and red sandstorits $o Central Germany and

were the result of natural regeneration followindting according to a compartment shelterwood systesulting in consistently
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even-aged stands despite natural reqenerathnft@ltlegghipiloitsi ‘mean annual temperaturg is 6.5@.8mean 7agr1ual ‘{Formatted: Font color: Auto
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below with thinning intensities A, B and C gradeschihcorrespond to light, moderate and heavy thigrind defined accordi ng‘ {Formatted: Font color: Auto

to the Assaciation of German Forest Research Stfidarein Deutscher Forstlicher Versuchsanstalt802) and is describ ed' \\ {Formatted: Font color: Auto

by Pretzsch (2005).
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The SLO dataset consisted of 27 forest sub-comeatsrof an average size of 25.6 ha from the higst kdateau Pokljuka in the
Alps (46.35 °N, 13.96 °E, Slovenia, 1312 m.a.sTlhe area is characterized by pure Norway spruce-aged stands in the timber
phase (on average 120 + 20 years old and withrtheigg stock of 568 + 118 m3/ha). Climate is alpivi¢h the annual range of

precipitation 1900 to 2300 mm and mean annual teatpe 3 °C. Site productivity is around § ha?. The forests are now parts - ‘[Formatted

: Superscript

of the Triglav National Park but were intensivelgrested in the 18th and 19th centuries for the inalustry with the clear-

\( Formatted: Superscript

cutting and shelterwood systems. The current famestagement system is a combination of variousestnelod and group

selection systems. In the last 30 years mean debadeesting intensities in the selected sub-comnpemts were 14 % of the
growing stock.

Appendix BE: Supplementary European simulation evaluation figues.

Vegetation C European countries 2010

.¥|||II|h|I|||IM||iili | “"uh"

. N
«&o“\o & @c\ SESE ®°¢®‘\\\°v
i \r" Q'”‘b " 0' @4 Q& <b \& (,& & \ + ‘;\e\b & & \9 Qo @’M., ,1\0 4"' a‘? & W
TN

Vegetation C (ton ha)
= = =
5 3 8 8 8 8

N
S

W Forest Europe M LPJ-GUESS  ® LPJ-GUESS thin

Figure BAEL Modelled and observed (Forest Europe 2015) vegéitan carbon for individual countries in 2001-2010LPJ-GUESS:
simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.
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| Figure B2E2. Modelled and observed (Forest Europe 2015) totahrbon pool for individual countries in 2001-2010LPJ-GUESS:
simulation without thinning, LPJ-GUESS thin: simulation with automated thinning. *Soil and litter carbon data missing for Bosnia,
910 Croatia, Greece, Hungary, Macedonia, Moldova, Monteegro, Norway and Portugal.
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Figure B3E3. Modelled and observed (Forest Europe 2015) growgnstock (GS) for individual countries in 2001-2010.PJ-GUESS:
simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.
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Figure BEE6. Simulation of European old-growth and regrowth faests with (Regrowth harv) and without (Regrowth) wood harvest in
regrowth forests using historic CRU-NCEP climate, ecycling the last 30 data years after 2015. (a) Hegsted carbon. Old-growth
harvests areeleareutsclear-cuttingsat the creation of secondary (regrowth) stands ithe period 1870-2010. The spike in regrowth

forest harvest in 2011-2020 is due to delayetkarcutsclear-cutting of stands passing the tree density limit for cleacutting before
2010. (b) Vegetation carbon lost in natural mortaty.
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Figure B7E7. Simulation of European old-growth and regrowth faests with and without wood harvest in regrowth foests using
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49



(a) 2060 2160

Rotation time

(v)
RCP4.5 5773 T e | 250

RCP 8.5

(b)

NAI
(m3haly?)
RCP4.5

RCP 8.5
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recycling thethe-last 30 climate data years after 2100. (a) Mean ration time for the latesteleareutclear-cut events in each stand in
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from total vegetation carbon to wood volume, a wooudolume/vegetation carbon ratio of 2.7 tC* was used.
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