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Abstract. Global forests are the main component of the mron sink, which acts as a partial buffer to,@®issions into the
atmosphere. Dynamic vegetation models offer anagmbrto projecting the development of forest carkink capacity in a future
climate. Forest management capabilities are impbttainclude in dynamic vegetation models to actdar the effects of age
and species structure and wood harvest on carbbekssand carbon storage potential. This articleriess the implementation
of a forest management module containing even-bgafcut and uneven-age/continuous-cover manageattenhatives in the
dynamic vegetation model LPJ-GUESS. Different aged species-structure initialisation strategies lzardest alternatives are
introduced. The model is applied at stand- and geein-scale. Different management alternatives ppéea in simulations of
European beechFagus sylvaticus) and Norway spruceP{cea abies) even-aged monoculture stands in Central Euroge an
evaluated against above-ground standing stem volunddarvested volume data from long-term experiaigots. At European
scale, an automated thinning and clear-cut straitegpplied. Modelled carbon stocks and fluxesesaduated against reported
data at the continent and country levels. Includitogd harvest in regrowth forests increases thelsited total European carbon
sink by 32 % in 1991-2015 and improves the fithte teported European carbon sink, growing stockreatcannual increment
(NAI). Growing stock (156 rhha?) and NAI (5.4 nd ha' y') densities in 2010 are close to reported valuédievthe carbon sink
density in 2000-2007 (0.085 kgC%w?) equates to 63 % of reported values, most likefiecting uncertainties in carbon fluxes
from soil given the unaccounted-for forest land hiséory in the simulations. The fit of modellecdereported values for individual

European countries vary, but NAI is generally citdsereported values when including wood harvesitnulations.

1 Introduction

Forests globally provide ecosystem services inolgidprovision of timber, fuel and water, regulatiofilocal climate and
hydrology, carbon sequestration, support of biodite and recreation (Bonan, 2008; Mori et al., 20IThe effects of climate
change on forest productivity and biodiversity nteeypredicted to be negative due to increased esapsgiration and reduced
rainfall in many forested areas, an increase ireex¢ events like drought, wild-fires, storms argeit attacks and local or regional
extinctions of plant and animal species (Easteréihgl., 2000; Seidl et al., 2011; Anderegg et2015; Urban, 2015). On the
other hand, productivity may increase due to thligng effect of increased nitrogen depositiardahigher atmospheric GO
levels (Zaehle and Dalmonech, 2011; Luyssaert.e28D8) as well as shifts in tree species comijoosénd longer growing
seasons at high latitudes caused by higher tempesafSitch et al., 2015; Morin et al., 2018).
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Forests make up the largest portion of the cutegmt carbon sink, and are estimated to have abd@®&0 % of CQemitted by
fossil fuel combustion and industry during thetfidecade of this century (Pan et al., 2011; Le @wéral., 2018; Pugh et al.,
2019). The suggested basis for this carbon uptakieei recent history of the drivers increasing pobtidity mentioned above,
especially increased GQand the recovery of carbon pools in regrowthdteéforests regrowing after natural or anthropagen
stand-destroying disturbances; Pugh et al., 2009. size of the forest carbon sink has been estiinay using book-keeping
methods (Pan et al., 2011; Houghton et al., 20@#)gobal vegetation models (Luyssaert et al., 2@evliakova et al., 2009;
Pugh et al., 2019) but this sink is associated wethtively large uncertainties, resulting in diffey estimates using different
approaches and models. Key uncertainties incluelentgnitude of Cglertilisation —-which may be limited by soil availability
of nutrients such as N and P (Zaehle and Dalmorgfd,; Jiang et al., 2020) — and the extent ofisigifcultivation in the tropics
(Heinimann et al., 2017). While the net atmosphierkand flux (k) is relatively well constrained by atmospheric swwaments,
large uncertainties in the net land-use and langcBiux (FuLcc) make the size of the residual (land) sink jFtself uncertain
(FL= Rre-FLuice) (Arneth et al., 2017).

Forests cover 33 % of Europe’s land area (Foresifg) 2015) and store approximately 13 PgC in \a&iget and 28 PgC in soils
(Pan et al., 2011). The carbon sink of Europeasstsrin 2000-2007 has been estimated at 0.27 Pg€about 12 % of the global
carbon sink of established forests (Pan et al.1@Hurope has been identified as a region whemeweh forests dominate carbon
sequestration (Pugh et al., 2019) and has a histbthousands of years of human impact on forestcgtre and species
composition (Perlin, 2005). Forest management jwexbf the past few hundred years are relativelly documented (McGrath
et al., 2015). Depending on the region, differeahagement strategies are applied (Cardellini e2@18). The preponderance of
young trees and the removal of wood in managedteiafluence carbon stocks and fluxes e.g. byeeing productivity and
reducing self-thinning, age-related mortality aiti@t production compared to pristine forests (Zaed al., 2006). In addition to
the effects on radiative forcing by atmospheric .Crest management influences local climate bynghey albedo,
evapotranspiration and surface roughness (Luysstalt, 2014).

Dynamic vegetation models (DVMs) provide a potdntiamework for predicting the combined effectsatifnate and forest
management scenarios on forest ecosystem struatutecarbon balance. Based on such informationpttential of forest
landscapes to contribute to climate change mitgdby maintaining or enhancing carbon sinks, arditoate adaptation through
sustained production of forest products and othesgstem services in the face of climate changebeaassessed. Applications
of DVMs to represent climate responses of potentéliral vegetation (PNV) have been shown in thss, flar example as a basis
for nature conservation planning (Hickler et aD12). Human management of land, including croplarasture and managed
forest, has been introduced in a number of gloBAMB (Bondeau et al., 2007; Bellassen et al., 2Q1leskog et al., 2013;
Arneth et al., 2017). Key elements required to @epnt managed forests in a DVM framework includeability to initialise a
simulation with historical land use, to represayg/aize structure of forests stands and their ahangr time, to account for tree
species composition and to apply silvicultural tmeants that modify stand composition and structiikke,planting, thinning and
harvesting.

LPJ-GUESS (Smith et al., 2001; Smith et al., 204 4)second-generation DVM tailored for regional global scale applications.
It is one of few globally-applicable DVMs that imporates a detailed representation of forest etesysomposition and stand
dynamics, suitable for the implementation of a $brmanagement scheme. It captures the distribofi@uropean PNV at species
level and can make projections of vegetation shifider future climate scenarios (Hickler et al120 The model has been shown
to represent stand-level vegetation growth andession successfully (Smith et al., 2014). It hasnbesed to estimate forest
vulnerability to climate change (Seiler et al., 2pand carbon mitigation potential of regrowth &iseand forests under alternative

management scenarios (Pugh et al., 2019; Krauak, €2020). Earlier versions of LPJ-GUESS have bmedlified to enable
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analysis of clear-cut forest management and trectsffof wind damage and insect outbreaks (Lagergirah, 2012; Jonsson et
al., 2012). In this study, we describe the impletaton of expanded forest management capabilitielsiding even-age/clear-cut
and uneven-age/continuous-cover management in WSS v.4.0. In addition to detailed carbon- andewaycle processes,
this version of the model incorporates a dynamimgen cycle and nitrogen limitation on plant proiikity (Smith et al., 2014).
With this, forest management in LPJ-GUESS is fa finst time fully integrated in a model versionpeale of simulating a
landscape containing a mosaic of land cover tyjgesANV, cropland, pasture and peatland and wibphisticated land-use and
land-cover change functionality. Model alternativies forest stand initialisation (land-use histoepd species- and age-
distribution) and silvicultural management (detdiiBnd automated harvest strategies) are presentetail. Simulations using
different forest management alternatives are etetli@against observations of standing volume andesarfor even-aged
monospecific European beech and Norway spruce stam@€entral Europe. Using an automated thinning elear-cutting
approach for European forests, we compare mode#idabn stocks and fluxes with observational dathexplore the dynamic

behaviour of the model under changing climate fayci

2 Methods
2.1 General description of LPJ-GUESS and overviewfeimulated processes

LPJ-GUESS (Smith et al., 2001, 2014) simulatesdmeamics of terrestrial vegetation and soils aceossgional or global grid,
forced by meteorological and land-use inputs arildpbysical propertiesn the absence of land use, each grid-cell encosesas
each grid-cell encompasses a landscape of natlimatically determined vegetation (PNV). Replicptgches, nominally 0.1 ha
in size, represent disturbance-related variaticstand age across the wider landscape of a gridiecedach patch, age cohorts of
tree plant functional types (PFTs) or species dmdisand grass PFTs compete for light, water, génoand space (Fig. 1).
Photosynthesis, respiration, phenology, soil caroweh nitrogen cycling and hydrology occur at aydtihe step, while biomass
growth allocation and turnover, establishment arwtatity occur at a yearly time step. In its origfirversion, the model only
simulated PFTs that capture the major vegetatiorezglobally. The parameter set of these PFTs &&s éxtended to simulate
the most important tree species in north-easterA (#8ckler et al., 2004) and Europe (Koca et a0@&; Hickler et al., 2012) as
distinct PFTs. The new functionality defined instpiaper can operate equally on individual treeisper more generalised PFTSs.
Hereinafter ‘species’ is thus used synonymousihWRET'. The forest canopy is represented as aiffaylered structure. Leaves,
fine roots and stem heartwood and sapwood aresepied as dynamic pools for each age cohort of B&Fh Branches and
course roots are not explicitly discriminated bte amplicit in the wood biomass pool. The patches subject to stochastic
vegetation-destroying disturbance events (reprasgatg. wind-storms or landslides) with a presadilbeturn time (e.g. 100-400
years). Disturbance results in the loss of vegmtdti a patch, after which a secondary succesdignass and tree PFTs follows
(Hickler et al., 2004). Establishment is affectedforest floor light conditions and is subject t&TRspecific environmental
envelopes defined by bioclimatic limits. A slightiijfferent set of bioclimatic limits govern surviahip (Table Al). Growth-
efficiency-, self-thinning-, background- (age-reldt and fire mortality are applied to individualhoots. Establishment and
mortality have a stochastic component. Soil cardoeh nitrogen cycling are based on the CENTURY m@@atton et al., 1993)
and soil hydrology on a two-layered “leaking bu¢kabdel. A soil mineral nitrogen pool is provideg &tmospheric deposition,
biological nitrogen fixation and gross nitrogen emalisation of soil organic matter. Plant nitroggrake is driven by the demand
from photosynthesis and biomass growth, and igdidhby the supply from the soil mineral nitrogerlpdhe nitrogen-cycling
scheme is described in detail by Smith et al. (2014
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Figure 1. Data structures in LPJ-GUESS relevant fothis study.! Patch number is defined separately for PNV and seodary stands. If
a secondary stand is created from PNV or managedrest with intact vegetation, the patch number of tie parent stand is usec® During
land-cover change events-¢8nds belonging toforest stand typeswith-trees-can only be reduced in size. Expansion of such stitypes
results in new stands.

Different land-use/land-cover types in additionPfdV are represented in the model by stand typds aviferent management,

e.g. cropland, pasture and managed forest (Lindeskal., 2013, Fig. 1). Transitions between défdrstand types may occur at

any point in time, according to land-use data iapt recreate take into accoul@nd-use history oeffectafuture land use
scenarig. When a potentially forested stand type area edpamew stands are created, keeping the soil fiftmm the previous
stand type intact and allowing vegetation succesgig@roceed from bare ground (in most cases, b@tz.1). In modelled wood
harvest events 66 % of wood biomass and 30 % bbleeass are typically removed from the stand thiedrest remains as litter.
Removed leaf biomass and part of wood biomass ébgudt 67 %) is oxidised the same year. The remginiood biomass is put
into a product pool with a turnover rate of 4 % pear.

The typical forest management types covered inntbeel and presented in this paper are: no manadefpestine forests,
simulated as PNV), even-aged forestry, typicallydelted by stands with prescribed ages starting flare ground after a
specified land-use history, and uneven-aged/cootisicover forestry, typically modelled by a cohstructure within a patch
derived from prescribed cuttings after startingpae ground and a regeneration phase. Alternaiivéisese typical setups can be

used to achieve age structures at other spatidss@&g. landscape level and will be describedvbel

2.2 Forest structure initialisation routines

Forest stand age- and species distributions cathieved in the model by utilising the structureagirevious PNV stand or by
defining a new age- and species structure at vaufexels of detail.

2.2.1 Stand creation

A managed forest stand may be created in the ngd®lo different options (Fig. 2, B1). By cloninget parent stand, the complete
state with all patches intact is inherited by theandary stand. If the origin is previous woodlg@RNV or secondary forest), a

cutting scheme may start with the existing treecstire, optionally cutting unwanted species. Indtieer alternative, tree growth



140

145

150

155

160

starts from bare ground after an initial clear-@utvhen expanding on former cropland or pastur¢hicase (with an even-age
stand and if disturbance and fire are turned o}, secondary stand can in many cases be modsfleadsmaller number of

replicate patches since there is usually no randanation in the timing of management events.

2.2.2 Secondary forest age structure

Managed forest stands with an uneven age structurde represented in the model by selecting difteoptions, depending on
the spatial context of the age-classes, i.e. whettey correspond to tree age cohorts co-occumiitigin local stands thereby
competing with each other, or represent differeattfons of a wider landscape, with no local intéicms between age cohorts.
An age structure may be created in individual peddiny thinning (enabling regeneration by incrediggd at the forest floor) at
defined intervals during an initialisation periallpwing for both intra- and interspecific compietit-(Fig. 3a). When competition
between different age-classes does not applywhen the spatial context is that of a landscapiéerént age-classes can be

modelled in separate patches. To achieve an agetiste among patches within a stand, $heni-randomise@ge structure of

PNV —achieved-during—themodenitialisationor—spip (see Section 21) bypateh-destrovingdisturbanrce—evemmy be
conserved after the conversion to managed foretsteifcloning functionality is usedepyirg-thePNV-stand-with-the-semi-

rahdemisedagestrueture-intdEig. B1). Alternatively, multiple patches in aceadary stand may be clear-cut successjvwaig
by one,at regular intervals during an initialisation peti(Fig. 3b). In the final approach, a prescribge atructure, either

representing a specific moment in time, or a hisgbdevelopment, may be created among standssemieg a stand type, using

land-cover change input data (Fig. 3c).

2.2.3 Secondary forest species composition

Species mixtures may be defined either at the nemagt type level (Fig. 1), using predefined plagtiensities for individual
species and/or later cuttings to achieve prescrhibletive biomass abundances of the different sgewithin a patch (Fig. 4a, see
below), or at the landscape level, using land-camput data to achieve predefined groundcover bessd mixtures of

monocultures (Fig. 4b), or a combination of bothhafse options.
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Figure 2. Examples of different histories and initalisations of modelled forest stands at a South Swish site (13.78E, 55.73 N) with
CRU-NCEP climate (recycled 1986-2015 climate afte?015). Disturbance and fire was turned off in the ranaged forest stands.
Vegetation carbon, carbon pools (vegetation, litteand soil), and cumulative total carbon flux (negate values correspond to an uptake
from the atmosphere) are shown for forest stands eated in 1901 from PNV or grassland. (a) PNV standith 25 patches cloned,
keeping age and species structure from spin-up perd intact. (b) Clear-cutting of PNV stand. Harvestd wood and branches left as
litter. Succession from bare ground. (c) Clear-cuthg of PNV stand. Harvested wood and part of brancés removed. Succession from
bare ground. (d) From grassland with 1 patch. (e) om intensively cut meadow with 1 patch, 100% of l@ves cut each year in 1800-
1900. Species/PFT abbreviations: Bet_ped®etula pendula, Bet_pub Betula pubescens, Car_bet Carpinus betulus, Cor_aveCorylus
avellana, Fag_sylFagus sylvatica, Fra_excFraxinus excelsior, Pic_abiPicea abies, Pin_sylPinus sylvestris, Pop_tre Populus tremula,
Que_rob Quercusrobur, Til_cor Tilia cordata, Uim_glaUIlmusglabra; C3_gr Cs grass.
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Figure 3. Examples of age structure setup at thredifferent structural levels, patch, stand and standype. Monocultures of European

175 beech are created from clear-cutting of PNV. The t@et in year 2000 was three cohorts of 100, 67 a3 years. (a) Within-patch. One
secondary stand with 1 patch created in 1901. Thirings in 1933 and 1967. Age structure depends on fiing of increased light and
subsequent re-establishment of seedlings. (b) Amoipagtch. One secondary stand with 3 patches creatéd 1901. Clear-cutting in
patches 2 and 3 in 1933 and 1967 (evenly spread atigtribution). (c) Among-stand. Three secondary stnds with 1 patch created in
1901, 1933 and 1967. Age structure from area fractn input. Location, climate input and species in PN as in Fig. 2.

180
2.3 Forest management routines

Two types of harvest systems are available in tbdeh clear-cutting and continuous cutting, which ased in conjunction with
the even-aged and uneven-aged/continuous-covestaggtre systems, respectively (Table 1). Dependmthe level of detalil
in historic forest management input data or, inudations of future scenarios, whether the managéstesuld be able to adapt to

185 a changing climate or other factors, various matternatives are available.

190



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 PFTs, young/old, NA

shrubs/shade intolerant, diameter limit big/small
Thinnings | intensity fraction of biomass NA
self-thinning rule
timing fraction of rotation time NA
length of time of harvest
Rotation time phase cycle harvest demand input
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 inggyoithesis added to soll
Fire/disturbance switch off fire and/or disturbance
suppression
Management change change management type a specific calendar yetiofafly wait for clear-cuf)

LAl management options in this table except retdislament can be defined in separate managemees {gb. Fig. 1), which
may be selected in a stand type rotation schempeealefined calendar years.

195 2.3.1 Simplified clear-cut forestry

A simplified method to represent forestry usingbglowood harvest input data (e.g. harvested asearhieved by creating
secondary forest stands after clear-cutting eg@h@NV stand or other secondary forest stands, septieag cutting of primary or
secondary forest, respectively. In cutting evelotgping through the stands, these are cut accotdisgand age rules (cut oldest
or youngest stands first, avoid cutting stands geuthan 15 years old), allowing the allocatiomwobd harvest to primary forest

200 and mature or young secondary forest. This methexiwged by Pugh et al. (2019) with reconstructed Series of land use from
the Land Use Harmonization Project (LUH2, Hurtakt 2017)
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Figure 4. Examples of species structure setup atétpatch and forest level. Beech-spruce 60-40 % mixare created after clear-cutting
of PNV. (a) Within-patch; One secondary stand withl patch created in 1901. Mixed beech-spruce withleetive thinning (target
cutting to a 60/40 % biomass ratio). (b) Among-stah types; Two secondary stands (beech and spruce namultures) with 1 patch
created in 1901 with 60 % and 40 % groundcover arefractions. (c) Relative development of standing Yome of beech and spruce in

their separate stands in (b). Species abbreviationBag_sylFagus sylvatica, Pic_abiPicea abies; C3_gr Csz grass. Location, climate
input and species in PNV as in Fig. 2.

2.3.2 Detailed forest management options

A number of forest management options can be salexttthe stand type or management type levebih BJ-GUESS instruction

text file required to run a simulation and usedwiibth even-aged and uneven-aged forestry (Table 1)

2.3.2.1 Species selection

A forest stand may contain a full selection of tspecies (as in PNV) or a selection of speciesddfin the management type.
After a clear-cut event, or after creating a nere$o stand from bare ground/grassland, selectesiespmay be planted at defined
sapling densities with or without the additionaledeto fall within the envelope of the bioclimatieits that govern PFT
establishment in PNV mode (Table Al). Re-establshintan be optionally enabled or disabled for $ettand unselected
species. If several tree species are selectepdssible to prescribe a target relative abundémaach species and apply cutting
to regulate the mixing proportion. Relative biomaakies of selected species are then monitoredyabbintervals and if the
values deviate more than 10 %, dominant speciesian® reach the target (Fig. 4a).



2.3.2.2 Clear-cutting

A fixed rotation period is defined, at the end dfigh a clear-cut takes place (Fig. 5a). Alterndgiva clear-cut may be triggered
by attainment of a prescribed stand density liffig.(5b). The timing of a number of thinning eve(dsfault 5) may be defined
as fractions of the rotation period in the casa @iked rotation period. The harvest amount (initgh$or such thinning events is
225 defined as a fraction of current biomass, withdpgon of different settings for selected and uastdd species. At each thinning
event, trees may be cut using alternative stradedieailable size/age criteria are: (1) old or biges first (“from above”); (2)
young or small trees first (“from below”); (3) aesified harvest amount pertaining to trees abospegified diameter limit only
(“threshold diameter thinning”); (4) all sizes/agag equally. These may be combined with the follgaspecies criteria: (1)
selected species first; (2) unselected species (8sseparately defined harvest amounts for seteand unselected species; (4)

230  shrubs and shade-intolerant species first; (5pdkies cut equally (Fig. 5a). In (1) and (2), sizerrides age settings.

2.3.2.3 Continuous cutting

When modelling continuous cutting, it is possildelefine the same harvest parameters and cuttiogtpisettings as described
above for the clear-cutting case, for two differpatiods: the first for a specified ‘regeneratitime following a clear-cut, and
the second for a ‘continuous’ phase, in which thitirg cycle is repeated indefinitely (Fig. 5c).
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Figure 5. Examples of forest management settingsoFestry stands were created from clear-cutting of RV in 1901. (a) Detailed clear-
cut forestry. Spruce monoculture with fixed rotation period and thinning parameters. (b) Automated clar-cut forestry. Spruce
monoculture with automated thinning and clear-cutting. (c) Continuous selection/shelterwood cutting.f&cies selectio8. pubescens,

240 F. sylvatica, P. abies, Q. robur established after clear-cutting. Later reestablisment of all species allowed. Cutting of shade-intetant
species during a regeneration phase. Continuous pél harvest of old trees every 33 years allows egilishment of young cohorts while
suppressing shade-intolerant species. Species/PHiIbeeviations: Bet_penBetula pendula, Fag_sylFagus sylvatica, Pic_abiPicea abies,
Que_rob Quercusrobur, C3_gr Gz grass. Location, climate input and species in PN¥s in Fig. 2.
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2.3.2.4 Automated wood harvest

As an alternative to specifying thinning in cleat-forestry in detail, a thinning scheme based eimé&ke's self-thinning rule may

be chosen (Fig. 5b). The implementation followsl&eden et al. (2010):
€Y)

wheredens,,,, is stand maximum density before self-thinninggtrbd), a, andg,, are fixed parameters abqgj is the quadratic

mean diameter (m),

(2)

wherediam; is the tree diameter (m) of an individual tree &hthe number of sampled trees
The parametera,, andpf,; were calibrated from log-log plots &g and tree densityjens, from LPJ-GUESS simulations of

monocultures without disturbance or re-establishyratarting from bare ground after clear-cuttind?dfV (Fig. C1):

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

and kept close to a target valwej,,, 4., by cutting whemrdi reachesr(di,qyge¢ + 07di) to reach(rdisg,ger — 67di), where

Srdi = 0.05 + [ 0.05 *1 Aens ) /jog (NSt O
=0. .05 * -_— prpwu—
rat o8 denseqrget /log densSiarget

wheredens;,;, is the initial tree density antens,q, g is the density limit for clear-cutting (see below)

As an alternative to imposing a specified rotatemgth in clear-cut forestry, a clear-cut may bggered by stand density when
it is belowdens,q, 4. as in Bellassen et al. (2010).

Tditarger anNddens,q, g Were selected ane; further adjusted to give rotation times around $€4rs in the early 2000s in LPJ-

GUESS simulations (Table A3).

2.3.2.5 Nitrogen fertilisation and irrigation

A specified amount of plant-available nitrogen niieyapplied to the soil evenly distributed overwile year (Fig. B2). With
irrigation enabled, the amount of water requiredvoid water stress is calculated and applieddéctil surface every year.
2.3.2.6 Management change

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

changing from one specified management type toh@notith the next harvest event as an optionagénidFig. 6).
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Figure 6. Example of management change during an gning simulation. Spruce monoculture changed to med broadleaved, both
with automated thinning and clear-cutting. Managemaet change is activated after first management hasoenpleted by a clear-cut
event. Location, climate input and species in PNVsan Fig. 2.

2.4 Demonstration simulation protocol

To demonstrate the implemented forest managemantifuality and its effects on simulated stand cttrce, composition and
productivity, we performed demonstration simulatidar representative locations (grid-cells) in Engpand across Europe as a
whole. PNV stands were modelled using 25 replipattehes and a disturbance return time of 400 ydéaimaged forest stands
contained only one patch except where explicithtest (section 2.5), disturbance and fire were tiroié and mortality was
deterministic. In managed forest stands createzt afearing the previous vegetation, this setupsaomputational time and
produces almost identical results compared to usinljiple patches and adding the stochastic commutaioeestablishment and
mortality. Parameters for European species wergtaddrom Hickler et al. (2012) with updated paréene (Table A1-A2) and
with the addition otf_arix decidua (Scherstjanoi et al., 2018ppulus tremula andUImus glabra.

Historic (1901-2015) monthly temperature, radiatéom precipitation data at 0.5° x 0.5° resoluticgrevtaken from the station-
based CRU-NCEP climate data set (Wei et al., 2@hd)atmospheric C@oncentration data from the global carbon projket (
Quéré et al., 2018). Nitrogen deposition data #8502009 were taken from Lamarque et al. (201Ihugitions began with a
1300-year spin-up, to initialise PNV species conifpms and soil and plant carbon pools. Detrende@119930 climate was
recycled and 1901 C@oncentration was prescribed throughout the spirNitppgen deposition data for 1850-1859 were agapli
before 1860 after which the historic data were usedorcing. After 2015, the 1986-2015 climate datd the 2015 CfQwvere
recycled and after 2009, the 2000-2009 nitrogerosipn rates were assumed.

In future climate scenario simulations, monthly pamature, radiation and precipitation data for 28500 were adopted from the
IPSLCM5A-MR (Dufresne et al., 2013) GCM projectidnem the CMIP5 ensemble (Taylor et al., 2011).j&stions forced by
the RCP 4.5 and 8.5 future radiative forcing sdesawrere used. The raw GCM climate output fieldsenaterpolated to 0.5° x
0.5° resolution and bias-corrected on a monthlysbagainst the CRU-NCEP 1961-1990 observationatati, following the
approach of Ahlstrom et al. (2012). Atmospheric;€a@ncentration data for 1850-2100 consistent wiehGMIP5 GCM forcing
were used. During a 1250-year spin-up, the detiki880-1879 climate was recycled and the 1850a2@ nitrogen deposition
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data (Lamarque et al., 2011) were used. After 2t 2071-2100 detrended climate data were recyabeldthe 2100 CQlata
and the 2090-2099 nitrogen deposition data werd.use
In future forest projections, either the histonivieonmental drivers were recycled after 2015 duffe climate, C@and nitrogen

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

2.5 Site-level simulations

A grid-cell in southern Sweden (13.75° E, 55.75ds selected to demonstrate forest developmerrudifierent forest stand
histories and initialisation and management stiatedsetup and CRU-NCEP climate was as describ@#inexcept that three
patches were used in secondary forest stands Whstnating among-patch age structure setup.

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

harvested volumén

beech-only)
{Appendix-bB;TFable-Blyvere used in simulations to initialise species agel structure, assuming a landscape distributieweri-
aged standg.he stands were located in central and southerm&wy (GER-Bav, GER-C, GER-CS) and northern Slovéi&D,

beech only) (Appendix D, Table DIMlodel setup and input climate data were as destiib2.4. Three different harvest strategies

were used: no harvest, detailed harvest from obiens and automated thinning and clear-cuttin8.22. The setup of the
detailed harvestvas-done-differentifor stands from the different datallectionssets differed slightldepending on the number
of harvest data points. For the stands from the &%, GER-C and SLO data sources (3-21 data poertstangl, the harvest
data (fraction of biomass) were used in the sinmatat the reported timingsDuring the time period prior to the first harvest
data pointmean harvest intensitiés-from thethe-time-period-thatcontainearvest datpeirtswere usegduringthe-time-period
priorto-the-first-harvest-datapoinin the case of GER-Bavand GER-Cconverted tdit a 5-year harvest intervalhile in the
case of SLO keeping the 10-year intesuaded in the samplm@eHThe GER-CS datasuree-¢ontainng only one harvest data

point for the whole stand lifetimgsi

grel@f100 years )1 this caseharvests were
performed at 5-year intervals during the whole sdation using the calibrated harvest intensity valuequired to obtain a
cumulative harvest fraction equal to the reportedsést fraction for the whole 100-year period. Himgs in the detailed harvest
simulations were performed equally for the différephorts to obtain some regeneration of saplingsd standsThe automated
thinning and clear-cutting method used the paramnsstings in Table A3 and thinnings from belowtstd at a stand age of 10

years.

2.6 European simulations
2.6.1 Forcing data

To constrain European secondary forest age andespgtcucture in the model to the actual statéefforests, we used the global
forest age dataset GFAD (Poulter et al., 2019; Ragth., 2019), describing the 0.5° x 0.5° grid-&elction coverage of fourteen
10-year cohorts of the forest types needleleafggreen (NE), needleleaf deciduous (ND), broadleafgreen (BE) and broadleaf
deciduous (BD) forest in year 2010. For Europe, dbhta were based on The European Forest Inform&@ENario Model
(EFISCEN, European Forest Institute (EFI)) in tH80@s. European forests (excluding Russia outsid¢hefKaliningrad
oblastregionGeorgia, Iceland and Cyprus in this study) cdedi®f 0.6 million km old-growth forests (> 140 years; denoted as
‘old-growth’ forest henceforth, not implying prisé forests) and 1.8 million Khmegrowth forests in 2010 according to GFAD,
together making up about 43 % of the European &ard. This is higher than other estimates (e.gegtdturope (2015), 35 %)
and is a result of the construction of the GFADatlase from MODIS 5.0, with the inclusion of shrullain GFAD, regrowth

forests are the result of both natural disturbameceshuman interventions, but since only 0.7 % wfolgean forests are pristine
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(Sabatini et al., 2018), the whole regrowth fore®a was assigned to secondary forest in this sitlty oldest forest class in
GFAD (>140 years) contains artefacts manifestedas. @8E occurrences in northern Europe, so thatftype 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 spedesups at 1 x 1 km resolution
(Brus et al., 2011). The map is based on ICP-Fdaregtl-I 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 aréout NFI data, statistical

relationships between tree species and covariatéls ifiogeography and bioindicators) were usedi¢Bet al., 2011). The EFI
Tree species map was aggregated to 0.5° x 0.5hutiEspin this study and was used to further refihe species distribution
derived from GFAD.

The structure of European forests in 2010 was toocted by using a combination of the GFAD agablase and the EFI Tree
species map. For each grid-cell, the most commecisp or species group within the GFAD NE and Bi2dbtypes was obtained
from the EFI Tree species map and these were tlagped to LPJ-GUESS tree species/species groupke(TabFig. C2). In the

multi-species LPJ-GUESS groups, species compekteaaith other for resources (cf. above, 2.1). BEmasped tdQuercusilex

and ND toLarix decidua, the only available PFTs in the model to reprefigede two functional tree classes.

2.6.2 Modelling current and future European managedorests

Secondary forest stands were created in the momtel £871 to 2010 to obtain the GFAD age (1-140g)edistribution in 2010
and species selections were planted (without ckmedtrictions 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 subjeemhyananagement (cf.
2.6.1). In secondary stands, automated thinningcleat-cutting (cf. 2.3.2) were implemented using parameters in Table A3.
Thinnings from below started at a stand age ofdd@ryand clear-cutting started after year 201Gar&iats of stands that passed
below the tree density limit before 2011 were disired over the years 2011-2020. In an alternaiweulation with identical
stand structure setup, thinning and clear-cuttiegewurned off.

To perform a limited sensitivity test of some of tincertainties in land-use and residue removahagtons, additional alternative
simulations were performed: a simulation whereaatfon (as in standard harvest) of the biomagsHef-treeskilled in natural
disturbance events in old-growth forests was remiovem year 1871, simulating an extensive wood éstscheme; two
simulations where the leaf removal fraction in lestvevents was set to 10% and 0%, respectiveligdd<of the standard 30%

value.

2.6.3 Calculation of output variables

Growing stock, net annual increment (NAI) and hated volume were calculated from vegetation carbenecosystem exchange
(NEE) and total carbon of harvested trees, resgagtiby multiplying with expansion factors for éacountry, ranging from 1.1

to 3.5 (mean 2.7) #tC™, derived from vegetation carbon and growing stamlkimes reported by Forest Europe (2015). Carbon
sink (=-NEE) is defined as the difference in the sum ofetation and soil carbon pools between two conseeytars plus the
removed harvested carbon, not taking into accoumtfate of wood products and residues following aeah from the site.
Similarly, NAI is defined as the difference in griog stock volume between two consecutive years fllagemoved harvested
volume. Harvested carbon is not included in thaltoarbon pool and includes both wood productsrantbved wood residues.
The forested area in 2010 as defined by GFAD amdgtd-urope (2015) was 2.4 and 2.0 million’knespectively, excluding
Georgia, Iceland, Cyprus, Malta and Russia, butiding Kaliningradeblast regiorand European part of Turkey. The forest area
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available for wood supply (FAWS), for GFAD definasithe secondary forest area in 2010, was 1.8.@ndillion kn¥ for GFAD
and Forest Europe (2015), respectively.

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

Secondary forest stand initialisation and land-iseory have long-term effects on the developmérntee species distribution,
productivity and carbon fluxes in the model (Figy. \&/hen the age distribution and species compasftiam spin-up is retained
in each patch (i.e. cloning PNV), both the warmifigphate 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 anyestdgnation of the carbon sink. A forest standite@ after clear-cutting PNV
displays a mixed broad-leaf forest with a late l@&ghment and dominance Byabies (Fig. 2b&c). Leaving harvested biomass on
site results in an extended litter-induced carbource (Fig. 2b). When the previous land-use histsrgrassland, the initial
dominance by shade-intolerant species is more prorer and the slow accumulation of the litter pesults in a stronger and
more persistent carbon sink (Fig. 2d,e). Soil carbod nitrogen depletion due to intensive harvéshe previous grassland
influences productivity, succession of tree spearas$ carbon sink capacity of the secondary foiesial tree growth is delayed
by several decades, the dominant shade-intolepmties isP.sylvestris rather tharB.pubescens, and Q.robur competes more
successfully than under normal soil nitrogen (Rg). Also, the long-term carbon sink is larger timmny other option. The
notable differences in tree species successiotentiming and magnitude of the carbon sink ushegdifferent stand creation

options illustrate the importance of land-use hmigfor modelling secondary 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 ageisture might decide whether to
use a simplified setup or a detailed structure witiny separate stands, increasing computation 8eteps using separate stands
for each species-age combination offer the podsilwf reflecting regional distributions based awéntory data, but will not
represent competition correctly e.g. in mixed ftges

Although management changes during the coursesghalation may be prescribed, using detailed, batics harvest methods
would not reflect foresters’ choice of gradual adtipn of harvest parameters under changing/€liate conditions in future

scenarios. In these cases, the simplified dyna@aredst methods might be a better option (Fig. 5b).
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Figure 7. Modelled and observed standing volume (&nd cumulative harvest fraction during the measureent period (b) for Euopean
beech and Norway spruce stands in Germany (Bavarid@GER-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 harvst simulation after clear-cutting occurred are ploted with unfilled symbols
(“Automated harvest post cc”).

3.3 Central European site simulations of managed fest

Central European beech and Norway spruce stands medelled with three harvest alternatives: no éstrvdetailed harvest
based on reported harvested volumes and automaiteting and clear-cutting. The model was not abledach the high
productivity of beech and spruce stands in Germ&hg.modelled standing volume of these stands vedmévely accurate at low
standing volumes but about 2-3 times underestimateigh observed standing volumes (Fig. 7a). Téreetation between
modelled and observed German standing volume wasrgity good: #=0.64 and 0.86 for pooled detailed harvested baech
spruce stands, respectively, afex51 and 0.79 for the corresponding unharvesteutist The Slovenian spruce standing volume
levels were better represented by the model, Butdirelation with observations was weaké&r@r36 for detailed harvested stands
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and 0.21 for unharvested stands). The additiomiahing in the simulations produced the largediedénce in standing volume
in some of the beech stands while the spruce staadsless affected. The modelled cumulative hainésnsities in the detailed
harvest alternative were close to or slightly hig{due to thinning before the period with harveata) than reported harvest
intensities (Fig. 7b). Although the cumulative testin the automated harvest alternative was alalastys more extensive over
the modelled stand life time compared to the dedalarvest alternative (Fig. 7b), the standing m@duvas only moderately
affected (Fig. 7a). The automated harvest standbhgme correlations with observations were, as etquk weaker than for the
detailed harvest simulationg=0.39 and 0.76 for German beech and spruce steegfsectively, and 0.17 for Slovenian spruce
stands. Both harvest alternatives increased thmnagink at most sites and reduced mortality atitds compared to a simulation
without harvest (Fig. 8). The automated harvestdecery low levels of mortality.
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Figure 8. Modelled carbon sink (a) and cumulative rartality (b) for the same time periods as in Fig. i in simulations with detailed
and automated harvest compared to a simulation withut harvest of European beech and Norway spruce stds in Germany (Bavaria:
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”).
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3.4 Europe-wide simulations of managed forest

Dominant tree species in managed forests baseldeoBR| species map differ from PNV simulationsarge parts of Europe. In
central and eastern Europe, broadleaved specieto aadarge degree replaced by needleleaved spetiemnaged forests,
especially byP. sylvestris, but since old-growth forest is modelled as PNYhiis study because of artefacts in the >140 yata d
(cf. 2.6.1), the dominance by needleleaves inrdggon seen in the original EFI data is moderatethe total forest landscape
(Fig. C3, C4).

Table 2. Modelled and observed forest vegetationarastock in Euroge

LPJ- Liu etal. 2015 Panetal. 2011  Forest Europe
GUESS
(this study)
Veg C (PgC)
Europe®
2000 13.8 (14.3) 11.1 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 n)
Europé®
2000 5.5 (5.7) 5.5 5.9 5.3
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 withatd harvest in secondary foresAG biomass = 79 % of total biomass;
3 Excluding Georgia, Iceland, Cyprus, Malta and Rudscluding Kaliningradblast regiorand European part of Turkey in
LPJ-GUESS daté&.Cyprus and Malta are excluded.

For the European continent, the modelled mean atigatcarbon density (5.7 kgC¥nand growing stock (156 hina') in 2010
and NAI (5.4 m ha? y!) in 2001-2010 in a simulation with thinning is stoto observations (Tables 2,4). The total carlmm 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 than reported &lue
respectively, while NEE in 2000-2007 (ca. -0.08 kg€&y?) is a sink 63 % the size of reported values (Tapl&ellings including
clear-cuts of old-growth forests and thinningsegrowth forests (5.0 #rha? y!) and thinnings in regrowth forests only (3.6 m
hat y') in 2001-2010 are comparable to observed fell@gsn? ha' y') (Table 4). Simulated results for the EU-28 + Qwitand

countries were closer to reported values thanhiemthole of Europe for most of the above variabledbles 2-4).
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Table 3. Modelled and observed total carbon steaijitter carbon and net ecosystem exchange (NEEuropean forests

LPJ-GUESS Panet al. 2017 Forest Europe

Total C stock (PgC)

Europe

2000 60.3 (62.3) 39.3

2007 60.4 (62.8) 40.9

20103 60.5 (63.1) 29.3
EU-28 + Switzerland

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

Europe

2000 24.2 (25.0) 19.7

2007 24.2 (25.2) 20.0

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

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° 46.2 (48.2) 17.5
EU-28 + Switzerland

20103 37.0 (38.6) 16.1
Soil+Litter C (kgC m™)

Europe

2000 18.6 (19.2) 13.9

2007 18.5 (19.3) 13.7

20103 18.5 (19.3) 10.3
EU-28 + Switzerland

2010° 19.0 (19.8) 10.8
NEE (PgC y?)

Europe

1990-1999 -0.188 (-0.141) -0.30

2000-2007 -0.212 (-0.153) -0.27

NEE (kgC m?y1)

Europe

1990-1999 -0.075 (-0.056) -0.154

2000-2007 -0.085 (-0.061) -0.134

1Values in parentheses are for a simulation withroatd harvest in regrowth foreétLitter includes dead wood.Forest Europe
soil and litter carbon data missing for Bosnia, &, Greece, Hungary, Macedonia, Moldova, Montemeggorway and

460 Portugal. Forest Europe total carbon and soilfliteebon data for 2000 and 2015 are excluded dfenter countries with data.
Europe area definition as in Table 2.
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Table 4. Modelled and observed growing stock (@Suropean forests in 2010 and Net annual increifhAl) and fellings in
forests available for wood supply (FAWS) in Eurdpe2001-2016.

LPJ-GUESS Forest Europe
GS (million m3)
Europe 38136 (39859) 31225
EU-28 + Switzerland 31794 (33385) 25357
GS (m* ha?)
Europe 156 (163) 157
EU-28 + Switzerland 163 (171) 158
NAI (million m 3y?)
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) 5.4
Fellings (million m3y™?)
Europe 896 (380) 562
EU-28 + Switzerland 746 (333) 527
Fellings (m® hatly?)
Europe 5.0 (2.0) 3.4
EU-28 + Switzerland 5.2 (2.3) 3.9

! Values in parentheses are for a simulation withaad harvest in regrowth forest. As FAWS, secopdarest in 2010 is
considered in LPJ-GUESS simulatiohs/ean of the years 2001-2010, AG biomass = 80 %taf biomass for Europe, using
AG fractions from Forest Europe data for EU-28+3eiitand, values in brackets are for a simulaticthevit wood harvest in
regrowth forest® Mean of the years 2000, 2005 and 2010, or foatteélable data for these years, except for Greta@((
value). Europe area definition as in Table 2.

Modelled vegetation carbon, total carbon pool, gngwstock, NAI and fellings for individual Europeanuntries show varying
levels of agreement with reported values, withidbst fit for vegetation carbon and growing stoék@49 and 0.72, respectively)
and the least for NAI {=0.06) (Fig. 9-11, Fig. E1-E5). Modelled mean Ewap total thinning fractions of produced wood over
the whole rotation period in stands clear-cut in222020 were 0.4 for BD and 0.5 for NE (not showilrgtal thinning fractions
of NAI for individual countries in 2001-2010 weretlveen 0.35 and 0.6, with a total European medh5¥# (Fig. E4-E5). The
corresponding annual thinnimgtensitiesfraetionsf growing stocks were 0.8 % to 3.3 %, with a meah.9 % (Fig. E3, E5).

21



(a) (b)
With automated thinning Without thinning
150 150 1
p P
c c s+ R2=0.49
R?=0.4 Ry
£ 100 . 0.49 £ 100 -
2 ‘ 2 ¢ s
2 ** .. 6" N 2 .0., s . *
s »” . . e >
% ISR B Yo % .'.,z»"
2 o ¥ o 2 . e
= 50 ° ,?" * * = _‘.0 .
> - o * o 50 1 > ¢
3 . bt 3 o &7 *
° at °
Eo < % § . ¢ *
*
0 T T ! 0 T T 1
50 100 150 0 50 100 150
Observed Vegetation C (ton ha?) Observed Vegetation C (ton ha?)
(c) (d)
With automated thinning Without thinning
600 600 ~
500 500 A
B . e
= 400 R?=0.24 = 400 . =0.23
S ° ] .
S ‘ S .
© © 4 °
g 300 . . . g 300 s \ % .
- :“_.__0. o e 2 o :‘ .
3 200 . T 200 - - N
g “ g s
100 100 4
0 r r x v . ) 0 : : . : : )
100 200 300 400 500 600 0 100 200 300 400 500 600

Observed Total C (ton ha?)

Observed Total C (ton ha?)

485 Figure 9. Modelled and observed (Forest Europe 20)5alues for individual European countries, excludig Georgia, Iceland, Cyprus,
Malta and Russia, in 2010. Vegetation carbon: (a)i®ulation with automated thinning. (b) Simulation without thinning. Total carbon
pool: (c) Simulation with automated thinning. (d) Smulation without thinning. In (c) and (d), also caintries missing Forest Europe soil
data, Bosnia, Croatia, Greece, Hungary, Macedonidoldova, Montenegro, Norway and Portugal, are exclded.
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Figure 11. Modelled and observed (Forest Europe 26} yearly fellings for individual European countries in 2001-2010. (a) Simulation
with automated thinning. (b) Simulation without thinning (clear-cutting at creation of secondary fore§. Included countries as in
Fig. 9a.

Carbon pools and fluxes were partitioned into alolgh and regrowth forest components (modelledNi¢ Bnd secondary forest
stands, respectively) (Fig. 12, Tables 5-6). MaateEEuropean old-growth and regrowth forests hawvetadgually sized vegetation
carbon pools in 2000 (about 7 PgC each), but witbvanward trend for old-growth forests in 2001-2@t®en by a reduction in
area. The vegetation carbon density in old-growtiedts, increasing from 8.5 to 9.2 kg@ between 2000 and 2015, is about
twice the value in regrowth forests, increasingrfré.0 to 4.5 kgC mbetween 2000 and 2015. This vegetation carbonrdiifee
is reflected in the difference between old-growtt eegrowth forest total carbon pool density (Gaad 23 kgC m, respectively),
while the soil/litter carbon is slightly higher §1%) in regrowth forests (Table 5). The modellece$b carbon sink (= -NEE)
(2001-2010: 0.23 PgC% is dominated by regrowth forests (0.20 Pgoy 0.12 kgC nt y%), compared to 0.03 PgC yr 0.04
kgC m? y! in old-growth forests (Table 6).

For the European continent, including thinning hie simulation reduced total forest vegetation carlsoil/litter carbon, total
carbon pool and growing stock in 2010 by 3-5 %réased the magnitude of NEE in 2000-2007 by 39 écilmcreased NAI in
2001-2010 by 100 % compared to a simulation withbumning (Fig. 13-14, Tables 2-4). In regrowthdsts, including thinning
reduced vegetation carbon by 6-7 %, soil/litteboarand the total carbon pool by 5-6 % in 2000-281dincreased the magnitude
of NEE in 1991-2010 by 41 % (Tables 5-6). The agertninning rate on regrowth forest land was 1.6f%oo0d biomass/year
in 2001-2010. Including thinning generally improwbe@ match of simulations with observed data. Hoegased regrowth forest
carbon sink seen in a simulation with thinning 2kiiC m? yY) (Fig. 12) is associated with a strong reductibnatural mortality
(-80 % in 1991-2015) in regrowth forest standsuicet by thinning and, after 2010, rejuvenation efrowth forest stands
resulting from clear-cutting (Fig. E6). The reducedural mortality following thinning results in@wer soil respiration (Fig. E7).
In a simulation with removal of biomass during dilance events in the old-growth stands (not shotle)carbon sink in this
forest class increased to 0.04 Pg€ay 0.05 kgC n? y! in 2001-2010 compared to a standard simulaticereimsing the total
forest carbon sink in the same period by 7% to ®8& y*. Soil/litter carbon in the old-growth forest waluced by 2.4% in
2010 and by 0.7% in the regrowth forest, reduchegtotal soil/litter pool by 1.3%. Total vegetaticarbon increased by 0.24%
in 2010.
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Simulations with alternative settings of leaf rerabfractions during harvests of 10% or 0%, inste&d0% in the standard
simulation (not shown), decreased the total caddokin 2001-2010 by 0.9% and 1.3%, respectivelgulting from an increased

525 soil respiration of 0.3% and 0.4% respectivelytiply offset by an increase in NPP by 0.06% arti®@6, respectively. Vegetation
carbon increased by 0.08% and 0.13% and soil/litkelbon increased by 0.07% and 0.10% in these atioos.
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Figure 12. Modelled European forest vegetation cadn for 2000, 2010 and 2015 and carbon sink (= -NEE)r the periods 1991-2000,
530 2001-2010 and 2011-2015, separated into old-growéimd 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 stodkuiropean 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 m2)
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 nT?)
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) 27.5

1 Values in parentheses are for a simulation withatd harvest in regrowth forest. Harvest produetse not included in the
calculations of total carbon. Total Europe areanitédn as in Table 2.
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Table 6. Net ecosystem exchange (NEE), harvestdorand natural mortality in European forésteparated into regrowth
and old-growth forest.

Total forest

Regrowth forest

Old-growth forest

NEE (PgC y?)
1991-2000
2000-2007
2001-2010
2011-2015

NEE (kgC m2y1)

1991-2000
2000-2007
2001-2010
2011-2015

Harvest (PgC y')
1991-2000
2001-2010
2011-2015

Harvest (kgC nr2 yt)

1991-2000
2001-2010
2011-2015

Mortality (PgC y 1)

1991-2000
2001-2010
2011-2015

Mortality (kgC m 2 y™?)

1991-2000
2001-2010
2011-2015

-0.187 (-0.140)
-0.212 (-0.153)
-0.234 (-0.178)
-0.211 (-0.159)

-0.075 (-0.056)
-0.085 (-0.061)
-0.094 (-0.071)
-0.085 (-0.064)

0.196 (0.102)
0.210 (0.093)
0.241 (0)

0.079 (0.041)
0.084 (0.037)
0.097 (0)

0.104 (0.201)
0.099 (0.227)
0.100 (0.240)

0.042 (0.081)
0.040 (0.091)
0.040 (0.096)

-0.158 (-0.111)
-0.188 (-0.129)
-0.204 (-0.148)
-0.200 (-0.148)

-0.106 (-0.072)
-0.110 (-0.075)
-0.117 (-0.085)
-0.109 (-0.081)

0.094 (0)
0.117 (0)
0.241 (0)

0.061 (0)
0.067 (0)
0.132 (0)

0.025 (0.123)
0.032 (0.159)
0.035 (0.176)

0.016 (0.079)
0.018 (0.091)
0.019 (0.096)

-0.028
-0.024
-0.030
-0.011

-0.030
-0.031
-0.040
-0.016

0.102
0.093

0.109
0.125

0.079
0.067
0.064

0.084
0.090
0.096
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Figure 14. Simulated forest (a) total carbon pool @10 in a simulation with thinning, (b) total carbonpool 2010 difference between
simulations with and without wood harvest in regrowh forest, (¢c) Mean 2001-2010 NEE in a simulation i thinning, (d) Mean 2001-
2010 NEE difference between simulations with and Wiout thinning.

3.5 Robustness of automated harvest methods undentfire climates

To demonstrate the automated harvest methods, ichwhinning intensity and rotation times are atjdsto maintain standing
stock when stand productivity changes in respoméerting conditions, we used G@limate projections in extended simulations
with an otherwise identical setup as in the Europeale historic simulations. A significant modellégcrease in NAI is
accompanied by shorter rotation periods (Fig. B8jle a stable vegetation pool in managed forestamtained (Fig. E9). The
mean thinning fraction of the total harvest over tbtation for NE and BD stands increased ovelflst and 22nd centuries from
0.50 to 0.53 and 0.40 to 0.46, respectively, fahttbe RCP4.5 and RCP8.5 simulations (not shown).

4 Discussion

LPJ-GUESS representations of unmanaged forest peagously been shown to compare favourably witlsesbed forest
vegetation succession, growth, stand structurené$s and regrowth timescales (Smith et al., 20014;2Pugh et al., 2019) and
land use and land-cover change (LULCC) functiopdlds been included in the model since versior{ldr@leskog et al., 2013).
In a recent global study that used the model tdyaaahe carbon stocks of old-growth and regrowties$ts (modelled as primary

and secondary forest stands, respectively), witlapplying wood harvest (Pugh et al., 2019), thaltfirest carbon sink was
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found to be about 50 % of values reported by Pah. €2011) based on upscaled inventory data. Béscéng wood harvest has
been identified as causing under-estimation of @arkinks in vegetation models (Zaehle et al., 2@&js et al., 2008). In an
effort to improve the ability to simulate carborofmand fluxes on managed land, we introduced eest management options
into LPJ-GUESS v4.0 and provide a comprehensiverggi®n of forest initialisation and wood harvedternatives. The
initialisation and harvest alternatives in the miade tailored to enable available forest inventaya and harvest information to
be used to initialise and guide simulations. Idedbth age and species structure as well as laadiistory and current wood
harvest strategy should be taken into accountthisiis not always possible for simulations wittagge spatial extent because of
limited data availability. To demonstrate a possiaorkaround, we used an automated thinning arat-clgting alternative to
represent European regrowth forests, initialisedhenbasis of inventory-based age- and species lolatavithout wood harvest-
or LULCC data input. In simulations of central Epean beech and spruce stands, the automated thimathod was shown to
result in similar modelled standing volume but ofte a higher carbon sink compared to a more atdiarvest scheme based on
reported harvest intensities (Fig. 7). The hargestelume was generally substantially higher in #ngomated thinning
simulations, as the optimum harvested volume requio completely avoid self-thinning may not belised in real managed
forest stands. Ideally, automated thinning showdust enough to avoid self-thinning mortality eetmodel, so the biomass
should not be severely reduced, but in old beeahdst self-thinning is very low in the model (F&1), so in these stands, both
detailed and automated harvest results in a relgtlarge reduction in biomass compared to unh&edestands (Fig. 7).

The modelled mean vegetation carbon density in [ian 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 simulativas a rather small impact
on vegetation carbon (<5 %), but after clear-cgtstarts in regrowth stands after 2010, simulatigit and without harvest in
regrowth stands diverge strongly (Fig. E7). Al$ee tnodelled mean European growing stock is closdbservations. Modelled
carbon sink density (= -NEE) for European foresta simulation without thinning in the present stiglabout 46 % of the 2000-
2007 value reported by Pan et al. (2011). Thisnslar to the global carbon sink predicted by awliaion with a similar setup
without thinning, which is 49 % of the global valintem the Pan et al. study. The difference in miedietarbon sink in 2001-2010
between old-growth forest (0.04 kgC?r#) and regrowth forest without thinning (0.085 kg€ ), is similar to the difference
reported for global old-growth and regrowth fordsgsPugh et al. (2019). Adding thinning to the Eagan regrowth forest setup
increases the carbon sink, by 38 % for the totadbarea and by 46 % for the regrowth forest aesching 64 % and 82 %,
respectively, of the Pan et al. (2011) value. Tiigmeduces natural mortality due to relaxed coitipatbetween trees, and since
a large part of harvested biomass is removed famest stands, litter input to the soil, and theiltesy heterotrophic respiration,
is also reduced (Fig. E6-E7), increasing the cadiok

Details in the simplified European setup might eipthe remainder of the ‘missing’ carbon sinkatiele to reported values. One
potential cause is that old-growth (>140 year) $tgén this study are represented by unmanaged (RN a low carbon sink, cf.
Table 6), as in Pugh et al. (2019), missing effettand-use history ifeurope, but preferred by us to the alternativensbducing
arbitrary assumptions of age structure. Furtherptbee GFAD >140 year forest type data contain adisf manifested in the BE
distribution. Including a basic extensive wood festvmethod in old-growth forests increased thd t@ebon sink by only 4 %,
resulting in a value of 66 % of the Pan et al. @Odalue. Wildfires also contribute to a lower aamtsink in modelled PNV. A
further likely cause of the discrepancy betweemtloelelled and reported carbon balance is that skeegriorests are created from
PNV stands, without taking land-use history intoamt. Reforestation of cropland, which generadly B much lower soil carbon
content than forests in Europe (Guo et al., 2003%, a higher carbon storage potential than regraeftén clearing of existing
forests. Also, soils of existing European foresasehbeen depleted of carbon historically becaudsgifer harvest rates, fuel-

wood collection and litter raking (Ciais et al. ) McGrath et al., 2015). Higher initial soil carbpools will increase the release
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of COzin regrowth forests, especially under rising tenapumes. Alternative methods to initialise secondargsts (fate of cleared
wood, land-use history) have large implicationsdionulated carbon pools and fluxes as seen inxample Swedish site in this
study, e.g. a mean carbon sink over 150 years ampftom 0.078 to 0.188 kgC Ay (Fig. 2). This has also been shown at the
global scale (Pugh et al., 2019). The high valuenofielled European soil carbon density in 2000-2(B4380 % higher than
reported values) supports the possibility thatltioi of consideration of LULCC history is a mairusoe of the missing carbon
sink in this study. The similarity of the modellsatan NAI of European forests in a simulation witimhing to observed values
(a 100 % increase compared to a simulation witlloiining), also suggests that the missing carbnk somponent could be
found in heterotrophic respiration, not in vegetatproductivity.

The automated thinning/clear-cutting modelling tetgg applied in the model in the present studyisrided as an example for
demonstrating the new forest management capabibiiel an improvement on the age-structure setiugh 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 gehhy continuous wood harvest and not by cledirguaind also consist of
species mixes (Pretzsch et al., 2021). Estimatiegeffect of such different wood harvest strategied monoculture/mixed-
species alternatives on carbon stocks and fluxesus possible and will be done in further studiEse self-thinning and tree
density-based harvest method is less successtileimorthernmost and southernmost parts of Eurapere productivity is
strongly limited by temperature and precipitati@spectively, and the self-thinning relationshipA@Een biomass and tree density
in the model is weaker. The low simulated prodiittief forests in the Mediterranean points to theed for a review of the
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 gdlreEurope’s vegetation
carbon and productivity, the correlation betweermelied results and observations for the individwwalntries show a large spread
with no simple pattern for the deviations (Fig. E&}. However, it is obvious thatodelled thinning intensities faountries in

the Balkans, except Albania and Gredeese are-modeled-thinning-fractiohigher than theorrespondingeported total harvest
fractionsintensitiesThese countries also show a poorer fit to obgskeNAIl values in a simulation with thinning compareda

simulation without thinning. In any case, includitignning in simulations improves the fit to obsasvnational NAI values in
most other countries.

Our simulation results using LPJ-GUESS exhibit Enitiy with results from the ORCHIDEE DVM, which wapplied with the
same automated thinning method at a central Europiéa (Bellassen et al., 2010). The ORCHIDEE satioh with automated
thinning, compared to a simulation without thinniggve a similar vegetation reduction (7 %), thigniraction (0.55), reduced
heterotrophic respiration (ca. 20 %) and carbork $icrease (67 %). The forest NPP reduction ovaetin ORCHIDEE
simulations (ca. 10 %) is also seen in the avevayee for unharvested regrowth forests in Europsdamulations with LPJ-GUESS
(Fig. E7b). The decline of NPP directly after thimgs in ORCHIDEE is not simulated by LPJ-GUESS, limth models display a
short-lived increase in heterotrophic respiratifterahinnings (not shown). The recovery time afietlear-cut (when the stand
turns into a carbon sink) is 6 years in the exarapleh Swedish site with a standard harvest rembuall8 years if the harvested
biomass is left on site (Fig. 2). This is similarthe ORCHIDEE results with a stand recovery tih&®20 years after a clear-
cut. A similar recovery time, 7-11 years, afteracleutting has been diagnosed based on flti® measurements in Sweden
(Lindroth et al., 2009).

Responses of soil carbon and nitrogen cycling tods and fertilisation can be complex and qualiedy different in clear-cut
and continuous-harvest systems (Parolari et al600he coupled carbon-nitrogen cycling in LPJ-GI3ESmith et al. 2014)
should enable the investigation of the effect dfedent management practices on forest productatgl sustainability at both

stand and regional scale in future studies. Nitnogepletion of the soil in previous land-use higteaduces forest productivity

31



665

670

575

80

685

690

695

700

and causes a shift in species succession in thelrffeid. 2c). At the European scale, removing alemfaction of residues (0 %
of leaves rather than 30 %) makes a small positiygact on productivity (0.1%, cf. 3.4). Howevema many European forests
receive large amounts of atmospheric nitrogen dgposother nutrients such as Ca, Mg, K and P fp@ynore important for
limiting productivity, and acidification of the $ddy N and S deposition may further decrease tlalahility of these nutrients
(Sverdrup et al. 2006.). Especially Ca is closerdelow the limit of sustainability in current &st management systems in
southern Sweden (Sverdrup et al. 2006). Thus, oggibévelopment of limitation and cycling of additéd nutrient species into
LPJ-GUESS may be beneficial for capturing the ééfécts of different harvest regimes. Also relevardchieving a better model
of nutrient uptake is an improved representatiothefsoil profile.

While mean productivity of European forests is aagtl well by the model (Table 4) angtanproductivity of forests in individual
European countries reasonably well (Fig. 10, F&), Ehe inability to reproduce observed producyilévels in high-productivity

beech and spruce stands in Germany (Faghighlights the need for allowing a wider rangepodductivities.The lack of certain

physiological processes in the model, e.q. hardgd@hardening (Bergh et al. 1998), could explaiy wioductivities along the

whole temperature gradient in European forestsataven fully represented in the model. Model turtimat aims for correct mean

values of e.g. biomass and carbon fluxes over laeggraphic areas compensates for an overestin@tmoductivity in northern

Europe by lowering average productivity along thkole temperature gradient. This could partially lakp e.qg. why the

productivity of some south German sites is undamesed, while average productivity for Germany ashwle is in line with

inventory data. Additionally, the selected indivadiGerman Norway spruce and European beech sitbssistudy were generally

of above average site quality, and are not fullyresentative of German forests, which includesstsref other tree species,

especially Scots pine (Pinus sylvestris) and oacigs (Quercus robur/Quercus petraea), on lowergsitlity sites. This is

likewise in line with the smaller gap between mdetkland observed growing stock (ca. 20%, Fig. E&nsat country level,

compared to individual spruce and beech sites im@ey (Fig. 7a).

The emergent competition between PFT:s with sinsfede tolerance values in the model, e.g. beedtspmuce, can deviate
from actual dynamics, as seen in the poor perfoomani spruce compared to beech in a successibe akample site in southern
Sweden (Fig. 5).

The management systems covered by the new forestgaeent functionality in LPJ-GUESS include the nmagortant features

required for the improvement of modelling carborolgoand fluxes as well as the development of foséstds under future
climates, but a few important additions will be id&lsle to include in the future. These include ewgtomated continuous wood
harvesting and coppice management. For a goodsemtiaion of coppicing, the model should also berawved to include plant

carbohydrate storage. For better representatiobsiafpean forests, land-use history, includingiitaking, should be included

to generate more realistic soil carbon pools, aptidg functionality already available in the madel
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Appendix A: Supplementary model parameterisation téles.

Table A1 PFT parameters used in this study. Valuésld cursive text are updated compared to Hroftlal (2012).

Species/PFT Phenology Geographic Shade Growth TCmin TCrmax 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
Pinus halepensis 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 1100
Ulmus glabra SG temperate intermediate  tree -9.5(-10.5) 6 5 850
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 - - - -

1See group parameter table A2; Phenology: everge&nummergreen(SG), raingreen(RG)uif,cT Gmax = minimum and

maximum temperature of the coldest month for eitaflent, value in brackets are minimum temperdtursurvival, if
different from value for establishment; w= minimum warmest month mean temperature for éstabent; GDR =

minimum degree-day sum above 5°C for establishment;
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Table Al cont.

Species/PFT Katiom1 Kia:sa gmin Chilling fAWC CAnax 2z lfire  Olleaf and fNStorage
(mmsh) requirementt (m?) (y) (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 0.1 05 200 0.15
Betula pubescens 250 5000 0.5 intermediate 0.5 40 06 01 0.5 200 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 0.1 05 100 0.15
Fagus sylvatica 250 5000 0.5 high 0.3 40 06 01 0.5 500 0.15
Fraxinus excelsior 250 5000 0.5 low 0.4 40 06 0.1 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 halepensis 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 0.7 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 0.2 05 500 0.15
Quercus robur 250 5000 0.5 low 0.25 40 06 0.2 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 0.5 350 0.15
Boreal evergreen 20 500 0.3 - 0.25 3 08 01 2 50 0.3
shrub
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 condace;-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;rse = fraction of individuals surviving fireaer = leaf longevity;aing = maximum, non-stressed longevity;
fnstorage: fraction of sapwood (root for herbacd®b3s) that can be used as a nitrogen long-terragecscalar
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745
Table A2. Common PFT parameters for shade tolerayamgyraphic range, growth form and chilling regmient categories in
Table AlValues in bold cursive text are updated comparddickler et al 2012.
Shade tolerance tolerant intermediate _intolerant
Sapwood to heartwood conversion rate (yar 0.05 0.075 01
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 (M3 rday?) 0.35 2.0 2.5
Recruitment shape parameter 3 7 10
750  *Boreal evergreen shrub: 0.05
Geographic range boreal temperate temperate-
boreal grass
Base respiration rate at@(gC gN*! day?) 1 1 1
Optimum temperature range for photosyntheXis ( 10-25 15-25 10-30
pstemp_min -4 -2 -5
pstemp_max 38 38 45
Growth form tree shrub herbaceous
Kaomz(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
k_chilla 0 0 0
k_chillb 100 350 600
k_chillk 0.05 0.05 0.05
755 Table A3. Parameters for automated thinning anaratatting.
At ﬁst rditarget denstarget
(trees hd) log(trees hd) (log my* (trees ha)
Needleleaf (NL) 65 1.6 0.7 250
Broadleaf (BL) 40 1.6 0.85 100
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Appendix B: Supplementary model initialisation andmanagement options figures.

NATURAL MAN. FOREST  Keep patch structure  Harvest trees Kill grass

—_—Te @ o o o
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.
765 R

Figure B1. Options when creating managed forest stals from PNV. 1 For the cloning alternative, tree harvest and graskilling is
optional.

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
Clearcut at 300 trees ha

‘é‘ N Fertilisation 50 kghaly?
¥
3]
oo
3 —— Pic_abi fert
Pic_abi
e —b— w3 Br

1950 2000 2050 2100 2150 2200

770

Figure B2. Effect of nitrogen fertilisation (50 kgha? y'1) on modelled productivity and rotation length in gpruce monoculture with
automated thinning and clear-cutting. Abbreviations Pic_abi fert: Picea abies with N fertilisation, Pic_abi: Picea abies without N
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fertilisation, C3_gr: Cs grass. Forestry stands were created from clear-ctibg of PNV in 1901. Location, climate input and spcies in
PNV as in Fig. 2.

Appendix C: Supplementary European simulation setugables and figures.

Table C1. Mapping of EFI tree groups to LPJ-GUEB&&s selectiofs

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, Eucalyptus Q.ilex

Needleleaf deciduous (ND)
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. sylvedtris, P. halepensis

Non¢€ P. abies, P. sylvestris

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

1 Abbreviations of EFI species/species groups: AbMuses ssp.), AlnusAlnus spp.), BroadleafMisc (Other broadleaves),
Betula Betula spp.), CarpinusQarpinus spp.), Castane&éstanea spp.), Conifers (Other conifers), Eucalyptisdal yptus
spp.), FagusHagus spp.). FraxinusHraxinus spp.), Larix Larix spp.), PiceaRicea spp.), PinusPinR. pinaster), PinusSylv P.
sylvatica), PinusMisc Pinus spp., other thaR. pinaster andP. sylvestris)), Populus Populus spp.), PseudotsugR.(menziesii),
QuercusRobPety. 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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Figure CL1. Self-thinning log-log plots of quadraticmean diameter (Dg) and tree density (dens) for sinfations of (a) Picea abies and (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

Abies
B coniters Abi_alb Abi_alb
. Picea . Pic_abi . Pic_abi
[ Pinussyiv B Pin_sy [ Pin_syt
NE Pin_syl+Pin_h i
B Pinesmisc B Pin_syl+Pin_hai W Fin_ba
B PinusPin [l Pic_abi Pin_syl+hal M Pin_syienal
B Pseuvdotsuga W uncer [ None
None 4 None
W uncer
[ Anus B eet pen
. . . Bet_pen+pub . Betpud
. BroadieafMisc . Car_bet . Car_bet
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Figure C2. Mapping of dominant EFI tree species graps in the needleleaf evergreen (NE) and broadledeciduous (BD) GFAD forest

classes to LPJ-GUESS species selections and theutisg 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

800 (Eucalyptus spp.), Fagus Fagus spp.). Fraxinus Eraxinus spp.), Larix (Larix spp.), PiceaRicea spp.), PinusPin P. pinaster), PinusSylv
(P. sylvatica), PinusMisc (Pinus spp., other thanP. pinaster and P.sylvestris), Populus Populus spp.), PseudotsugaR. menzesii),
QuercusRobPet Q. robur, Q. petraea), Robinia (Robinia spp.). Abbreviations of LPJ-GUESS species/specigoups: 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

805 (F.excelsior), Pop_tre P.tremula), Que_rob Q.robur), Que_pub Q.pubescens), Til_cor (T.cordata), UIm_gla (U.glabra). The EFI
groups BroadleafMisc, Castanea and Robinia are mapgal to the LPJ-GUESS selection "Misc”B.pendula, B.pubescens, C.avellana,
Q.pubescens, T.cordata and U.glabra. For the mapping of the EFI groups None and Undet,ee Table C1.

EFI dominant species LPJ-GUESS dominant species

Abies
B coniters Abi_alb
B Picea [l et pen
[ PinusSyiv . Bet_pub
B PinesMisc B cover
B PinusPin N
B Pseudotsuga . Fag_syl
. Larix Fra_exc
[ Ainus B Ler_cec
B eewia . Pic_abi
B ecoadieatMisc Il Pin_sy
W capinus B
[ castanea . Pop_e
W Fagus B cueie

Fraxinus . Que_pub
I Populus 7] que_rob
[ QuercusRobPet Bl o
W Robinia -
o B um_ga
B Eucayptus . None

810 Figure C3. Comparison of dominant EFI tree speciegroups (area) and modelled LPJ-GUESS managed foredbminant tree species

(B.pubescens), Bet_pen+pub B.pendula+B.pubescens), Car_bet (C.betulus), Cor_ave C.avellana), Fag_syl F.sylvestris), Frax_exc

(LAI) in 1986-2015 in an LPJ-GUESS simulation withautomated thinning. Abbreviations of LPJ-GUESS spees as in Fig. C2.
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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. tadl forest landscape in 1986-2015. Abbreviations &PJ-GUESS tree species as in
815 Fig. C2, BES (Boreal evergreen shrub), MRS (Mediteanean raingreen shrub), C3_gr (C3 grass).

Appendix D: Supplementary Central European site inbrmation.

Table D1
Dataset Location Source No. No. Sand Last No. Mean Repli- Mean
stands sites age(y) sampling  samplings  sampling cate harvest
year interval (y)  stands'  intensity*
Beech
GER-Bav Bavaria This paper 4 3 44-139  2012- 5-10 5-7 1-2 0.05-0.154
2014
[ GER-C Central Nagel, 6 3 35-169 2014- 6-21 5-6 2 0.014-0.033,
German'  pers.corr 201t 0.09¢-0.13¢
GER-CS Central & Pretzsch 27 9 100 1905- 1 100 3 0.086-0.213,
South 2005 1995 0.294-0.392,
Germany 0.396-0.595
Spruce
GER-Bav Bavaria This paper 3 3 30-105 2013- 7-11 5-7 1 0.075-0.152
201¢
| GER-C Central Nagel, 9 5 23-124  2005- 4-19 5 1-2 0.006-0.038,
Germany  pers.com. 2018 0.063-0.149
GER-CS Central & Pretzsch 26 9 100 1947- 1 100 2-3 0.265-0.357,
South 2005 1986 0.303-0.433,
Germany 0.316-0.518
SLO Slovenia  This paper 27 1 24-145 2015 4(37 10 1 0.039-0.249

IMean harvest intensity range of one, two or thiferént thinning intensities in replicate standsidg a sampling interval.
820  2Harvest reported for the three last observatiomg on
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Figure D1. Location of the beech and spruce sitesifthe four stand data sets.

The GER-Bav dataset contains pure European beesite€d and pure Norway spruce (3 sites) and cdroesthe Database of
Chair of Forest Growth and Yield Science TUM Schafdlife Sciences Technical University of Munichelsh annual temperature
is 6-7.7 °C, mean annual precipitation is 800-120@ and elevation is 400-820.a.s.l.. Site quality is average to very good.

Applied management is light, moderate or heavyntinig.

The GER-C dataset contains pure European beectiss(arsites) and pure Norway spruce stands (5) sites comes from the
Database of Long term research plots from Nordveegsthe Forstliche Versuchsanstalt, Abteilung Walthgtum. Site quality
is from average to above average, mean annual tampeis 6.5-8.5 °C, mean annual precipitatiof8i@-1100 mm and elevation
is 310-610metres above sea level (m.a.s.l.). Thinning methegle: thinning from above, thinning from belowgfit, moderate

and heavy) and selective thinning.

The GER-CS dataset (Pretzsch 2005, Pretzsch arat Bi®5) is derived from long-term thinning expegirts in pure stands of
Norway spruce (8 sites) and European beech (9 sitestly in the lowlands or sub-alpine parts ofithern and Central Germany.
Plot sizes were 0.25-0.5 ha. The spruce plots s@meentrated on the South German pleistocene inatuzal habitat of Norway
spruce and were artificially established in re-edftation after clear-cutting or afforestation ofptand and pasture3he site
fertility was excellent (class | and II). The pletere 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 sandstons o Central Germany and

were the result of natural regeneration followinigtiog according to a compartment shelterwood systesulting in consistently
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even-aged stands despite natural regenerakon.the beech plots, mean annual temperature i$8.8.5C, mean annual
precipitation is 660-1080 mm and elevation is 310-@.a.s.1.. For the spruce plots, mean annual terhyrerss 6.2-8 °C, mean
sum of annual precipitation is 1010-1200 mm andetlegation is 340-840 m.a.s.l.. The main thinningtmod was thinning from
below with thinning intensities A, B and C graddsieth correspond to light, moderate and heavy tinigr@ind defined according

to the Association of German Forest Research $&{derein Deutscher Forstlicher VersuchsanstaltéA?) and is described
by Pretzsch (2005).

The SLO dataset consisted of 27 forest sub-compeatsrof an average size of 25.6 ha from the higét 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 withrihweigg stock of 568 + 118 m3/ha). Climate is alpwiéh the annual range of
precipitation 1900 to 2300 mm and mean annual teatpe 3 °C. Site productivity is around 8 hat. The forests are now parts
of the Triglav National Park but were intensivelgrested in the 18th and 19th centuries for the inalustry with the clear-
cutting and shelterwood systems. The current famemagement system is a combination of varioustesfndod and group

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

Appendix E: Supplementary European simulation evalation figures.
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Figure E1. Modelled and observed (Forest Europe 26} vegetation carbon for individual countries in 201-2010. LPJ-GUESS:
simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.
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Figure E2. Modelled and observed (Forest Europe 28]} total carbon pool for individual countries in 2001-2010. LPJ-GUESS:
865 simulation without thinning, LPJ-GUESS thin: simulation with automated thinning. *Soil and litter carb on data missing for Bosnia,
Croatia, Greece, Hungary, Macedonia, Moldova, Monteegro, Norway and Portugal.
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Figure E3. Modelled and observed (Forest Europe 28) growing stock (GS) for individual countries in 201-2010. LPJ-GUESS:
870 simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.
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Figure E4. Modelled and observed (Forest Europe 26) net annual increment (NAI) for individual countries in 2001-2010. LPJ-
GUESS: simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.
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Figure E5. Modelled and reported (Forest Europe 208) yearly fellings for individual countries in 200:2010. LPJ-GUESS: simulation
without thinning (clear-cutting at creation of secandary forest), LPJ-GUESS thin: simulation with automated thinning. Reported
values are missing for Belarus and Luxembourg.
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Figure E6. Simulation of European old-growth and rgrowth forests with (Regrowth harv) and without (Reggrowth) wood harvest in

regrowth forests using historic CRU-NCEP climate, ecycling the last 30 data years after 2015. (a) Heested carbon. Old-growth

harvests are clear-cuttings at the creation of seodary (regrowth) stands in the period 1870-2010. Téaspike in regrowth forest harvest
885 in 2011-2020 is due to delayed clear-cutting of stds passing the tree density limit for clear-cuttig before 2010. (b) Vegetation carbon

lost in natural mortality.
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