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Abstract. Global forests are the main component of the artion sink, which acts as a partial buffer to,@@issions into the
atmosphere. Dynamic vegetation models offer anagmirto making projections of the development oégocarbon sink capacity
in a future climate. Forest management capabilitiedynamic vegetation models are important touidel the effects of age and
species structure and wood harvest on carbon stoaksarbon storage potential. This article dessrthe introduction of a forest
management module in the dynamic vegetation mo&d-GUESS. Different age- and species-structureps&tategies and
harvest alternatives are introduced. The modesésiuo represent current European forests andtamated harvest strategy is
applied. Modelled carbon stocks and fluxes areustatl against observed data at the continent amtrgdevels. Including wood
harvest in simulations increases the total Eurogednon sink by 32 % in 1991-2015 and improveditte the reported European
carbon sink, growing stock and net annual increniAll). Growing stock (156 rhha') and NAI (5.4 m ha' y') densities in
2010 are close to reported values, while the casgiindensity in 2000-2007 (0.085 kgC?iyrh) is 63 % of reported values. The
fit of modelled values and observations for indiatiEuropean countries vary, but NAl is generalbser to observations when

including wood harvest in simulations.

1 Introduction

Forests globally provide ecosystem services inolyddrovision of timber, fuel and water, regulatiofilocal climate and
hydrology, carbon sequestration, support of biodite and recreation (Bonan 2008; Mori et al., 20TThe effects of climate
change on forest productivity and biodiversity nieeypredicted to be negative due to increased enaysgiration and reduced
rainfall in many forested areas, an increase ireext events like drought, wild-fires, storms argkit attacks and local or regional
extinctions of plant and animal species (Eastemingl., 2000; Seidl et al., 2011; Anderegg et215; Urban 2015). On the other
hand, productivity may increase due to the feitifiseffect of increased nitrogen deposition ancheigatmospheric CQevels
(Zaehle and Dalmonech, 2011; Luyssaert et al., P@88vell as shifts in tree species compositionlander growing seasons at
high latitudes caused by higher temperatures (®iteth., 2015; Morin et al., 2017).

Forests make up the largest portion of the cutteert carbon sink, and are estimated to have abd@®&0 % of Cemitted by
fossil fuel combustion and industry during thetfidecade of this century (Pan et al., 2011; Le ©wétral., 2018; Pugh et al.,
2019). The suggested basis for this carbon uptkiei recent history of the drivers increasing pobigity mentioned above,
especially increased GQand the recovery of carbon pools in regrowthdte€¢Pugh et al., 2019). The size of the forestaar
sink has been estimated by either book-keeping adst(iPan et al., 2011; Houghton et al., 2012) aglbpal vegetation models
(Luyssaert et al., 2008; Shevliakova et al., 2009gh et al., 2019) but this sink is associated vethtively large uncertainties,

resulting in differing estimates using differenpapaches and models. Key uncertainties includenagnitude of C&¥ertilisation
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— which may be limited by soil availability of mignts such as N and P (Zaehle and Dalmonech, 20drig et al., 2020) — and
the extent of shifting cultivation in the tropiddginimann et al., 2017). While the net atmospherkand flux (k) is relatively
well constrained by measurements, large uncergaiitithe net land-use and land-cover flux{fc) make the size of the residual
(land) sink (Ry) itself uncertain (F= Fre-FLuicc) (Arneth et al., 2017).

Forests cover 33 % of the Europe’s land area (F&@ope, 2015) and store approximately 13 PgCGeetation and 28 PgC in
soils (Pan et al., 2011). The carbon sink of Euapierests in 2000-2007 has been estimated atfgyZ7* or about 12 % of the
global carbon sink of established forests (Pah €2@l11). Europe has been identified as a regibere/regrowth forests dominate
carbon sequestration (Pugh et al., 2019) and ést@y of thousands of years of human impact sadbstructure and species
composition (Perlin, 2005). Forest management jmexbf the past few hundred years are relatively documented (McGrath
et al., 2015). Depending on the region, differeahagement strategies are applied (Cardellini g2@lL8). The relatively young
tree age and the removal of wood in managed foiefiteence carbon stocks and fluxes e.g. by inéneaproductivity and
reducing self-thinning and age-related mortalitgl &tter production compared to pristine forestagHle et al., 2006). In addition
to the effects on atmospheric g@orest management influences local climate byghay albedo, evapotranspiration and surface
roughness (Luyssaert et al., 2014).

Dynamic global vegetation models (DGVMs) providpaiential framework for predicting the combinedeeft of climate and
forest management scenarios on forest ecosystetigie and carbon balance. Based on such informdtie potential of forest
landscapes to contribute to climate change mitigaty maintaining or enhancing carbon sinks, ardiheate adaptation through
sustained production of forest products and othesgstem services in the face of climate changebeaassessed. Applications
of DGVMs to represent climate responses of potenatural vegetation (PNV) have been shown in tast,pfor example as a
basis for nature conservation planning (Hicklealet2012). Human management of land, includinglened, pasture and managed
forest, has been introduced in a number of DGVMan(Rau et al., 2007; Bellassen et al., 2010; Likoig®t al., 2013; Arneth
etal., 2017). Key elements required to represemtaged forests in a DGVM framework include theitib initialise a simulation
with historical land use, to represent age/sizecsitire of forests stands and their change over, imaccount for tree species
composition and to apply silvicultural treatmenitstt modify stand composition and structure, likanphg, thinning and
harvesting.

LPJ-GUESS (Smith et al., 2001; Smith et al., 208 4)second-generation DGVM incorporating a dedaiépresentation of forest
ecosystem composition and stand dynamics, suitabléhe implementation of a forest management sehdincaptures the
distribution of European PNV at species level aaad make projections of vegetation shifts underutlimate scenarios (Hickler
et al., 2012). The model has been shown to represgetation growth and succession successfullyit(Set al., 2014). It has
been used to estimate forest vulnerability to dercnange (Seiler et al., 2015) and carbon mitiggtiotential of regrowth forests
and forests under alternative management scen@uiggh et al., 2019; Krause et al., 2020). Earlesions of LPJ-GUESS have
been modified to enable analysis of clearcut fonemhagement and the effects of wind damage andtinsébreaks (Lagergren
et al., 2012; Jénsson et al., 2012). In this stugydescribe the implementation of forest manageegabilities in LPJ-GUESS
v.4.0, which considers, in addition to detailedbcar- and water-cycle processes, nitrogen-cycliryramogen-limitation (Smith
et al., 2014). Model alternatives for forest staritlalisation (land-use history and species- agd-distribution) and silvicultural
management (detailed and automated harvest seajegie presented in detail. Using an automateditig and clearcut approach
for European forests, we compare modelled carbmrkstand fluxes with observational data and expleeeperformance under

a changing climate.
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75 2 Methods
2.1 General description of LPJ-GUESS and overviewver simulated processes

LPJ-GUESS (Smith et al., 2001; Smith et al., 2Gi#ulates the dynamics of terrestrial vegetatioh soils across a regional or
global grid, forced by meteorological inputs anill gbysical properties. In the original implemeimat each grid cell encompasses
a landscape of natural, climatically determinedetation (PNV). A number (5-100) of replicate path®minally 0.1 ha in size,
80 represent disturbance-related variation in stamdeagoss the wider landscape of a grid cell. Iingatch, age cohorts of tree and
shrub plant functional types (PFTs) or speciesgrads PFTs compete for light, water, nitrogen grats (Fig. 1). In its original
version, the model only simulates PFTs that cagheenajor vegetation zones globally. The paranseteof these PFTs has been
extended to simulate the most important tree speni@mortheastern USA (Hickler et al., 2004) anddpe (Koca et al., 2006;
Hickler et al., 2012) as distinct PFTs. The newcfionality defined in this paper can operate equatl individual tree species or
85 more generalised PFTs. Hereinafter ‘species’ is tlaed synonymously with ‘PFT’. The canopy is repreed as a multi-layered
structure. Leaves, fine roots and stem heartwoddsapwood are represented as dynamic pools foragehohort of each PFT.
Branches and course roots are not explicitly disicrated but are implicit in the wood biomass pdtie patches are subject to
stochastic vegetation-destroying disturbance e\gepsesenting e.g. wind-storms or landslides) wiffrescribed return interval
(e.g. 100-400 years). Disturbance results in tee &if vegetation in a patch, after which a seconslaccession of grass and tree
90 PFTs follows. Establishment is affected by forésoif light conditions and is subject to PFT-specénvironmental envelopes
defined by bioclimatic limits. A slightly differerget of bioclimatic limits govern survival (Tablelp Growth-efficiency-, self-
thinning-, background- (age-related) and fire midytaare applied to individual cohorts. Establishthend mortality have a
stochastic component. Soil carbon and nitrogerinyelre based on the CENTURY model (Parton e1883) and soil hydrology
on a two-layered “leaking bucket” model. A soil raial nitrogen pool is provided by atmospheric déjus biological nitrogen
95 fixation and gross nitrogen mineralisation of smganic matter. Plant nitrogen uptake is drivethgydemand from photosynthesis
and biomass growth, and is limited by the suppiyrfrthe soil mineral nitrogen pool. The nitrogen ayics in the model are
described in detail by Smith et al. (2014).

Patch Realisation of a stand type created at

NATURAL CROPLAND MAN. FOREST
/ \ (77 ) (7 A
7 N\ @ Stand
e

Replicate samples of ina ® © o o o one point in time.
stand. @ Contains one or more patches.?
Contains individuals (competing tree Dynamic gridcell area fraction.?
cohorts and grass): establishment, Age since creation.
growth, mortality. ° ° ° ° ° ¢
Contains soil: water, Cand N. ° Stand type
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methods etc.
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100 Figure 1. Data structures in LPJ-GUESS relevant fothis study.*Patch number is defined separately for PNV and secdary stands. If
a secondary stand is created from PNV or managedrest with intact vegetation, the patch number of tie mother stand is used? Stands
belonging to stand types with trees can only be reded in size. Expansion of such stand types resuitsnew stands.
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Different land-use/land-cover types in additiorPdV are represented in the model by stand typds different management,
e.g. cropland, pasture and managed forest (Lindeskal., 2013, Fig. 1). Transitions between défgrstand types may occur at
any point in time, according to historic land-usgal to recreate land-use history. When a poténfiatested stand type area
expands, new stands are created, keeping theismhhfrom the previous stand type intact andwillgy vegetation succession
to proceed from bare ground (in most cases, b&.2§. In modelled wood harvest events 66 % of wioiothass and 30 % of leaf
biomass is removed from the stand and the restinsmaa litter. Removed leaf biomass and part ofdvuniomass (by default 67

%) is oxidised the same year. The remaining woodhbss is put into a product pool with a turnovée f 4 % per year.

2.2 Forest structure initialisation routines

Forest stand age- and species distributions cacHieved in the model by several alternativessiri the structure of a previous
PNV stand or defining a new age- and species streiett various levels of detail.

2.2.1 Stand creation

A managed forest stand may be created in the mndelo different options (Fig. 2, B1). By cloninet stand of origin, the
complete state with all patches intact is inherltgdhe secondary stand. If the origin is previau®dland (PNV or secondary
forest), a cutting scheme may start with the existiree structure, optionally cutting unwanted ggedn the other alternative,
tree growth starts from bare ground after an ihdfiearcut or when expanding on former croplangasture. In this case (with an
even-age stand and if disturbance and fire aretliofff), the secondary stand can in many casesooelied by a smaller number

of replicate patches since there is usually nogamdariation in the timing of management events.

2.2.2 Secondary forest age structure

Managed forest stands with an uneven age structurée represented in the model by different optiém age structure may be
created in individual patches by thinning (enabliegeneration by increased light at the forestrjlab defined intervals during
an initialisation period, allowing for competitidretween both cohorts and species (Fig. 3a). Teeaehan age structure among
patches within a stand, the age structure of PN¥iexed during the spinup by patch-distroying distunce events, may be
conserved after the conversion to managed foresteifcloning functionality is used, copying the PNtand with the semi-
randomised age structure intact (Fig. B1). Altekrgdy, multiple patches in a secondary stand maylbarcut successively at
regular intervals during an initialisation perideid. 3b). In the final approach, a prescribed agecture, either representing a
specific moment in time, or a historical developtenay be created among stands representing a stpedusing land-cover
change input data (Fig. 3c).

2.2.3 Secondary forest species composition

Species mixtures may be defined either at the managt type level (Fig. 1), using predefined plamgtiiensities for individual
species and/or later cuttings to achieve prescribladive abundances of the different species withpatch (Fig. 4a, see below),
or at the landscape level, using land-cover inpi@ do achieve predefined mixtures of monocult(Fés. 4b), or a combination

of both of these options.
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Figure 2. Examples of different histories and initalisations of forest stands in LPJ-GUESS at a SoutBwedish site (13.75E, 55.73 N)
with CRU-NCEP climate (recycled 1986-2015 climatefter 2015). Disturbance and fire was turned off irthe managed forest stands.
Vegetation carbon, carbon pools (vegetation, litteand soil), and cumulative total carbon flux (negave 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 spinup peidantact. (b) Clearcut of PNV stand. Harvested woo@nd branches left as litter.
Succession from bare ground. (c) Clearcut of PNV ahd. Harvested wood and part of branches removed uscession from bare
ground. (d) From grassland with 1 patch. (e) Fromntensively cut meadow with 1 patch, 100% of leavesut each year in 1800-1900.
Species/PFTabbreviations: Bet_peBetula pendula, Bet_pubBetula pubescens, Car_bet Carpinusbetulus, Cor_aveCorylus avellana,
Fag_sylFagus sylvatica, Fra_excFraxinus excelsior, Pic_abiPicea abies, Pin_sylPinus sylvestris, Pop_tre Populus tremula, Que_rob
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Figure 3. Examples of age structure setup at thredifferent structural levels, patch, stand and standype. Beech monocultures are
created from clearcut of PNV. The target in year 200 was three cohorts of 100, 67 and 33 years. (a)tiih-patch. One secondary

150 stand with 1 patch created in 1901. Thinnings in 138 and 1967. Age structure depends on timing of ineased light and subsequent re-
establishment of seedlings. (b) Among-patch. Oneamdary stand with 3 patches created in 1901. Cleaut in patches 2 and 3 in 1933
and 1967 (evenly spread age distribution). (c) Amapstand. Three secondary stands with 1 patch createn 1901, 1933 and 1967. Age
structure from area fraction input. Location, climate input and species in PNV as in Fig. 2.

155 2.3 Forest management routines

Depending on the level of detalil in historic foresanagement input data or, in simulations of futscenarios, whether the

management should be able to adapt to a chandmgtel or other factors, various model alternataesavailable.

2.3.1 Simplified clearcut forestry

A simplified method to represent forestry usingbglbwood harvest input data (e.g. harvested aseaghieved by creating
160 secondary forest stands after clearcutting eitHeN¥ stand or other secondary forest stands, reptieg cutting of primary or
secondary forest, respectively. In cutting eveloisping through the stands, these are cut accotdistand age rules (cut oldest
or youngest stands first, avoid cutting stands genmhan 15 years old), allowing the allocatiomwobd harvest to primary forest
and mature or young secondary forest. This methaslwged with LUH2 input data by Pugh et al., (2019)
6
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Figure 4. Examples of species structure setup atétpatch and forest level. Beech-spruce 60-40 % mixare created after clearcut of
PNV. (a) Within-patch; One secondary stand with 1 ptch created in 1901. Mixed beech-spruce with selé thinning (target cutting
60/40 %). (b) Among-stand types; Two secondary stais (beech and spruce monocultures) with 1 patch aaged in 1901 with 60 % and
40 % area fractions. Species abbreviations: Fag_slflagus sylvatica, Pic_abiPicea abies; C3_gr C3 grass. Location, climate input and
species in PNV as in Fig. 2.

2.3.2 Detailed forestry

A number of forest management options can be sglestthe stand type or management type levekihBJ-GUESS instruction
text file required to run a simulation (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 clearcut event, or after creating a neve$pvistand from bare ground/grassland, selectedespaay be planted at defined
sapling densities with or without the additionaledeto fall within the envelope of the bioclimatimits that govern PFT
establishment in PNV mode (Table Al). Alternativetiie standard establishment method can be usedr #fe initial
planting/establishment, re-establishment can biewaty enabled or disabled for selected and ursetespecies. If several tree
species are selected, it is possible to definggetaelative abundance for each species (rel&iomass) and apply selective
cutting (Fig. 4a). Start and end calendar yearstigrtreatment may also be defined.

2.3.2.2 Clearcut forestry

A fixed rotation period is defined, at the end dfigh a clearcut takes place (Fig. 5a). Alternativelearcut may be triggered by
attainment of a prescribed stand density limit (Big). The timing of a number of thinning eventefédilt 5) may be defined as

7



https://doi.org/10.5194/gmd-2020-440
Preprint. Discussion started: 27 January 2021
(© Author(s) 2021. CC BY 4.0 License.

185

190

195

200

fractions of the rotation period in the case ofxad rotation period. The harvest amount (strenfgh)uch thinning events is
defined as a fraction of current biomass, withapgon of different settings for selected and ueskd species. At each thinning
event, trees may be cut using alternative strade@ize/age criteria: (1) old or big trees fir&) young or small trees first; (3) a
specified harvest amount pertaining to trees alosecified diameter limit only; (4) all sizes/ages equally, may be combined
with species criteria: (1) selected species f{@);unselected species first; (3) separatly defimedest amounts for selected and

unselected species; (4) shrubs and shade-intolspactes first; (5) all species cut equally (Fig).5

Table 1. Detailed forest management optibns.

Management option

Species selection Allow all species/PFTs or define selection of spsci

Planting After clearcut only; setting planting dities of selected species with or without climaitigits or
use model’'s standard establishment

Re-establishment All species/species in selection/none

Harvest system Clearcut/Continuous

Cuttings Two separate cutting phases of rotation time amuhithgs:
Regeneration phase (Clearcut harvest system, @pfionContinuous harvest system)
Continuous phase (Continuous harvest system ofif) specified time

Rotation time Period of thinning (+clearcut) loop
Thinnings 1. Detailed:
Timing fraction of rotation time
Strength fraction of biomass (sepavatees for selected/unselected species possible)

Preferences: young/old first

small/big first

selected/unselected igsefirst

shrubs and shade-intolefirst

diameter limit (cut orthges above a diameter limit)
2. Automated: Self-thinning rule-based method

Clearcut 1. Fixed rotation time
2. Automated: Tree density limit
Cut to species Relative biomass of selected species monitoredyatb intervals; if value deviates more than
distribution target 10 %, cut dominant species to reach target. Staread of cutting period may be defined.
N fertilisation kgN hat y1, evenly distributed the whole year
Irrigation Bypass water stress in photosynthesis
Fire/disturbance Switch off fire and disturbance
suppression

Management change Change management type a specific calender yetiofiafly wait for clearcuf)

L All management options in this table except refgistament can be defined in separate managemess tyghich may be
selected in a stand type rotation scheme at pieatbtalender years.

2.3.2.3 Continuous cutting

When modelling continuous cutting, it is possildedefine the same harvest parameters and cuttiogtpisettings as described
above for the clearcut case, for two different esi the first for a specified “regeneration” tifielowing a clearcut, and the
second for a “continuous” phase, in which the ogtttycle is repeated indefinitely (Fig. 5c). Durithge continuous phase, the
minimum diameter limit in tree size selection opti@) above can be adapted to low productivity bypmatically lowering the
diameter limit when the required tree diametersnateavailable.
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Figure 5. Examples of forest management settings tlPJ-GUESS. Forestry stands were created from cleaut of PNV in 1901. (a)
Detailed clearcut forestry. Spruce monoculture withfixed rotation period and thinning parameters. (b)Automated clearcut forestry.

205 Spruce monoculture with automated thinning and cleecut. (c) Continuous selection/shelterwood cuttingSpecies selection
B.pubescens, F.sylvatica, P.abies, Q.robur established after clearcut. Later reestablishmenof all species allowed. Cutting of shade-
intolerant species during a regeneration phase. Ctinous partial harvest of old trees every 33 yearallows establishment of young
cohorts while suppressing shade-intolerant specieSpecies/PFT abbreviations: Bet_peBetula pendula, Fag_sylFagus sylvatica,
Pic_abi Picea abies, Que_robQuercusrobur, C3_gr C3 grass. Location, climate input and spees in PNV as in Fig. 2.
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2.3.2.4 Automated wood harvest

As an alternative to specifying the thinning ruleslearcut forestry in detail, a thinning schenasdd on Reineke's self-thinning

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

Dgﬁst !

€Y)

denSpax =

wheredens,,,, is stand maximum density before self-thinningggrbd), ag, andp,, are fixed parameters abg is the quadratic

mean diameter (m),

(2)

wherediam; is the tree diameter (m) of an individual tree &hthe number of sampled trees
as. andpB,; were calibrated from log-log plots By and tree densitylens, from LPJ-GUESS simulations of monocultures withou
disturbance or re-establishment, starting from lgaoeind after clearcut of PNV (Fig. C1):

log as¢ 1

loghg = —xlogdens 3)
Bst  Bse
To avoid natural tree mortality occurring due te thodel’s self-thinning functionality, the relatistensity indexrdi, is monitored
. dens
rdi = ——— 4)
densyax

and kept close to a target valuej,q,qe., by cutting whenrdi reachesn(dirgyger + 0rdi) to reach(rdizgrger — 67di), where

' dens densinir
érdi = 0.05 + | 0.05 * log /log , 5)

denstarget denstarget

wheredens;,;, is the initial tree density antens,q, 4., is the density limit for clearcut (se below).

As an alternative to imposing a specified rotatemgth in clearcut forestry, clearcut may be triggeby stand density when it is
belowdens,, 4. as in Bellassen et al. (2010).

Tditarger ANddens,qrg. Were selected anel, further adjusted to give rotation times around §€érs in the early 2000s in LPJ-
GUESS simulations (Table A3).

2.3.2.5 Nitrogen fertilisation and irrigation

A specified amount of nitrogen may be applied te soil every year (Fig. B2). With irrigation enathléhe amount of water
required to avoid water stress is calculated amptiegpevery year.

2.3.2.6 Management change

To capture management changes, a new silvicultteatment of a stand type can be prescribed angifigze calender year,
changing from one specified management type tohanetith the next harvest event as an optionagéiidFig. 6).

10



https://doi.org/10.5194/gmd-2020-440
Preprint. Discussion started: 27 January 2021
(© Author(s) 2021. CC BY 4.0 License.

240

245

250

255

260

265

Management 1 Selection P.abies
. N Reineke’s rule thinning
Clearcut at 300 trees ha*

Clearcuty 2012
' Management 2 Selection B.pendula, B.pubescens,
C.avellana, T.cordata, U.glabra
b Reineke’s rule thinning
; 12 Clearcut at 100 trees ha*
S s ‘
% 0 r T A AL Ad) Asssara i 4 A4 A_......ﬁnn A,
= =
12 - Management change decision y 2000, wait for clearcut * New stand from PNV
10 A
En Bet_pen
£ 84
Bet_pub
% 6 4 ¢ —— Cor_ave
¥ 4 4 —— Pic_abi
> 5 -M Til_cor
—— Ulm_gla
0 T T T T T T — C3.gr

1800 1850 1900 1950 2000 2050 2100 2150 2200

Figure 6. Example of Management change in LPJ-GUESSpruce monoculture changed to mixed broadleavedpth with automated
thinning and clearcut. Management change is activad after first management has completed by a cleast event. Location, climate
input and species in PNV as in Fig. 2.

2.4 Demonstration simulation protocol

To demonstrate the implemented forest managemaentifwality and its effects on simulated stand aitrce, composition and
productivity, we performed demonstration simulasidar a representative location (grid cell) in Eagpand across Europe as a
whole. PNV stands were modelled using 25 replipatehes and a disturbance return time of 400 y&émsaged forest stands
contained only one patch except where explicithfedd, disturbance and fire were turned off and afibytwas deterministic. In
managed forest stands created after clearing #nqus vegetation, this setup saves computatioma &nd produces almost
identical results compared to using multiple pasched adding the stochastic component to estabdishend mortality. The
European species as described by Hickler et alAP@ere used with updated parameters (Table Alai#)with the addition of
Larix decidua (Scherstjanoi et al., 2018populus tremula andUImus glabra.

Historic (1901-2015) monthly temperature, radiatiord precipitation data at 0.% 0.5 resolution were taken from the station-
based CRU-NCEP climate data set (Wei et al., 2@hd)atmospheric G@oncentration data from the global carbon projeet (
Quéré et al., 2018). Nitrogen deposition data 8802009 were taken from Lamarque et al. (201IphuBitions began with a
1300-year spinup, to initialise PNV species comipmsiand soil and plant carbon pools. Detrendedl1B@B0 climate was
recycled and 1901 G@oncentration was prescribed throughout the spiNitpogen deposition data for 1850-1859 were aplplie
before 1860 after which the historic data were wsedorcing. After 2015, the 1986-2015 climate datd the 2015 COwere
recycled and after 2009, the 2000-2009 nitrogerosiépn data were assumed.

In future climate scenario simulations, monthly pamature, radiation and precipitation data for 22300 were adopted from the
general circulation model (GCM) IPSLCM5A-MR (Dufreset al., 2013) projections from the CMIP5 ensenfbhylor et al.,
2011). Projections forced by the RCP 4.5 and &&éuradiative forcing scenarios were used. The@®&M climate output fields
were interpolated to ®% 0.9 resolution and bias-corrected on a monthly bagéénst the CRU-NCEP 1961-1990 observational
climate, following the approach of Ahlstrém et @012). Atmospheric C&roncentration data for 1850-2100 consistent wiéh th
CMIP5 GCM forcing were used. During a 1250-yeanspi the detrended 1850-1879 climate was recyciddize 1850 Cgand
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nitrogen deposition data (Lamarque et al., 201Tpwsed. After 2100, the 2071-2100 detrended crdata were recycled and
the 2100 CQ@data and the 2090-2099 nitrogen deposition data weed.
In future forest projections, either the histomvigonmental drivers were recycled after 2015 auffe climate, C@and nitrogen

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

2.5 Site-level simulations

A gridcell in southern Sweden (13775, 55.78 N) was selected for demonstrating forest develogmeder different forest stand
histories and initialisation and management stiate@etup and CRU-NCEP climate was as describ2d jexcept that 3 patches

were used in secondary forest stands when illisgramong-patch age structure setup.

2.6 European simulations
2.6.1 Forcing data

To constrain European secondary forest age andespstcucture in the model to the actual statbefforests, we used the global
forest age dataset GFAD (Poulter et al., 2019; Ratghl., 2019), describing the 860.53 gridcell fraction coverage of fourteen
10-year cohorts of the four forest types needleteadfrgreen (NE), needleleaf deciduous (ND), braddbeergreen (BE) and
broadleaf deciduous (BD) forest in year 2010. Faorope, the data were based on EFISCEN in the 2@@®pean forests
(excluding Russia outside of the Kaliningrad ohl&torgia, Iceland and Cyprus in this study) cdesi®f 0.6 million knd old-
growth forests (> 140 years) and 1.8 million%kegrowth forests in 2010 according to GFAD, togethaking up about 43 % of
the European land area. This is higher than otstémates (e.g. Forest Europe (2015), 35 %) andésut of the construction of
the GFAD database from MODIS 5.0, with the inclasaf shrubland. In GFAD, regrowth forests are tbsuit of both natural
disturbances and human interventions, but sincg @11 % of European forests are pristine (Sabatiral., 2018), the whole
regrowth forest area was assigned to secondarstforéhis study.

The EFI Tree species map describes the spatialbdison (fraction of land area) of 20 tree spe@esups at 1 x 1 km resolution
(Brus et al., 2011). The map is based on ICP-Fdrestl-I plot data combined with National Foresténtory (NFI) data of 18
countries. In areas with NFI data, spatial inteafioh of the plot data was used, whereas in araédmut NFI data, statistical
relationships between tree species and covaristdslfiogegraphy and bioindicators) were used ¢Btial., 2011). The EFI Tree
species map was aggregated t&® @.8.2 resolution in this study and was used to furtleéine the species distribution derived
from GFAD.

The structure of European forests in 2010 was oocted by using a combination of the the GFAD datbase and the EFI
Tree species map. For each gridcell, the most camspecies or species group within the GFAD NE abBdf@est types were
obtained from the EFI Tree species map and thesgespgroups were then mapped to LPJ-GUESS trexesfspecies groups
(Table C1, Fig. C2). In the multi-species LPJ-GUEBSUps, species compete with each other for ressycf. above, 2.1). BE
was mapped tQuercusilex and ND tolLarix decidua, the only available PFTs in the model to repretiegge two functional tree

classes.

2.6.2 Modelling current and future European managedorests

Secondary forest stands were created in the moatel £871 to 2010 to obtain the GFAD age (1-140g)edistribution in 2010
and species selections were planted (without cémesdtrictions for NE and ND stands to bypass éstabent temperature limits
used in PNV). The oldest forest class in GFAD (>Ydfrs) was modelled as PNV and was not subjeabyamanagement. In

secondary stands, automated thinning and cleactuR.3.2) were implemented using the parametefBaiole A3. Thinnings
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started at a stand age of 10 years (young and Sishdwle-tolerant first) and clearcuts started giar 2010. Clearcuts of stands
that passed below the tree density limit beforel2@&re distributed over the years 2011-2020. laltarnative simulation with
identical stand structure setup, thinning and cigéing were turned off.

2.6.3 Calculation of output variables

Growing stock, net annual increment (NAI) and hated volume were calculated from vegetation carbetecosystem exchange
(NEE) and killed vegetation carbon during harvesirultiplying with expansion factors for each cayntanging from 1.1 to 3.5
(mean 2.7) mtC?, derived from vegetation carbon and growing volameported by Forest Europe (2015). Carbon sirkEE)

is defined as the difference in the sum of vegetatind soil carbon pools between two consecutiesyplus the removed
harvested carbon, not taking into account any realugin wood products and residues following reaidrom the site. Similarly,
NAl is defined as the difference in growing stoadume between two consecutive years plus the rechbaevested volume.
Harvested carbon is not included in the total carpool and includes both wood products and remavedd residues. The
forested area in 2010 as defined by GFAD and F&wesipe (2015) was 2.4 and 2.0 millionkmespectively, excluding Georgia,
Iceland, Cyprus and Malta, but including Kaliningrablast and European part of Turkey. The foresa @vailable for wood
supply (FAWS), for GFAD defined as the secondarg$parea in 2010, was 1.8 and 1.6 millior? kon GFAD and Forest Europe
(2015), respectively.

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

Secondary forest stand initialisation and land-history have long-term effects on the developménte® species distribution,
productivity and carbon fluxes in the model (Fiyy.\®hen the age distribution and species compasitiam spinup is retained in
each patch (i.e. cloning PNV), both the warmingnelie in the 20th century and the prevention okfaad 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 anyeamiset stagnation of the carbon sink. A foreshdtereated after a clearcut of
PNV displays a mixed broad-leaf forest with a lagtablishment and dominance Bywbies (Fig. 2b&c). Leaving harvested
biomass on site results in an extended litter-ieduzarbon source (Fig. 2b). When the previous lesalhistory is grassland, the
initial dominance by shade-intolerant species isenpyvonounced and the slow accumulation of therligbol results in a stronger
and more protracted carbon sink (Fig. 2d&e). Saibon and nitrogen depletion due to intensive tsrokthe previous grassland
influences productivity, succession of tree spearas carbon sink capacity of the secondary foteital tree growth is delayed
by several decades, the dominant shade-intolepseties isP.sylvestris rather tharB.pubescens and Q.robur competes more
successfully than under normal soil nitrogen (Rig). Also, the long-term carbon sink is larger thmany other option. The big
differences in tree species succession and thediamd magnitude of the carbon sink using the wiffestand creation options
illustrate the importance of land-use history faydualling 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 Seteps using separate stands
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for each species-age combination offer the podsilaf reflecting regional distributions based awvéntory data, but might not
represent competition correctly e.g. in mixed ftses

Although management changes during the coursesohalation may be prescribed, using detailed, batics harvest methods
would not reflect foresters’ choice of gradual adéipn of harvest parameters under changing/€ithate conditions in future
scenarios. In these cases, the simplified dynawmiedst methods might be a better option (Fig. 5b).

3.3 European-wide simulations of managed forest

Dominant tree species in managed forests baseeoBR| 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 PN\this study, the dominance by needleleaves in this
region seen in the original EFI data is moderatetthé total forest landscape (Fig. C3, C4).

Table 2. Modelled and observed forest vegetatiobaastock in Euroge

LPJ- Liu etal. 2013 Panetal. 2011  Forest Europe
GUESS
(this study)
Veg C (Pg)
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) 125
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 (kg n?)
Europe®
2000 5.5 (5.7) 55 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

1 values in parentheses are for a simulation witheaad harvest in secondary foresAG biomass = 79 % of total biomass;
Excluding Iceland, Cyprus and Malta. Including Katigrad oblast and European part of Turkey in LRIESS data’ Cyprus
and Malta are excluded.

For the European continent, the modelled mean aégatcarbon density (5.7 kgC%¥nand growing stock (156 hia?) in 2010
and NAI (5.4 mi hat y1) in 2001-2010 in a simulation with thinning is sboto 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 than observations,
respectively, while NEE in 2000-2007 (ca. -0.08 kg€y?) is 63 % of observed values (Table 3). Fellingstiding clearcuts of
old-growth forests and thinnings in regrowth fose&.0 ni ha' y*) and thinnings in regrowth forests only (3.6 ha' y?) in
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2001-2010 can be compared with observed felling$ (3 ha'® y*) (Table 4). Simulated results for the EU-28 + Switand
countries were closer to observations than fomthele of Europe for most of the above variables(@s 2-4).

Table 3. Modelled and observed total carbon stsaiitter carbon and net echosystem exchange {NiEEuropean forests

LPJ-GUESS Panet al. 2011 Forest Europe
Total C stock (Pg)
Europe
2000 60.3 (62.3) 39.3
2007 60.4 (62.8) 40.9
2010? 60.5 (63.1) 29.3
EU-28 + Switzerland
2010? 48.6 (50.7) 25.5
Total C stock (kg n1?)
Europe
2000 24.2 (25.0) 19.7
2007 24.2 (25.2) 20.0
20107 24.3 (25.6) 14.8
EU-28 + Switzerland
2010? 24.9 (26.1) 15.9
Soil+Litter C stock (Pg)
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
20107 37.0 (38.6) 16.1
Soil+Litter C (kg m?)
Europe
2000 18.6 (19.2) 13.9
2007 18.5(19.3) 13.7
2010? 18.5(19.3) 10.3
EU-28 + Switzerland
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?2y?)
Europe
1990-1999 -0.075 (-0.056) -0.154
2000-2007 -0.085 (-0.061) -0.134

LValues in parentheses are for a simulation withwadd harvest in regrowth foredtForest Europe soil and litter carbon data
missing for Bosnia, Croatia, Greece, Hungary, Macéa, Moldova, Montenegro, Norway and Portugal eBbEurope total
carbon and soil/litter carbon data for 2000 andS2&re excluded due to fewer countries with dataofe area definition as in

Table 2.
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Table 4. Modelled and observed growing stock (G uropean forests in 2010 and Net annual incr@é&8 and fellings in
forests available for wood supply (FAWS) in Eurdpe2001-2016.

LPJ-GUES$S 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 3 yY)
Europe 966 (484) 841
EU-28 + Switzerland 781 (401) 732
NAI (m3 haly?)
Europe 5.4 (2.7) 5.1
EU-28 + Switzerland 5.4 (2.8) 5.4
Fellings (million m3y1)
Europe 896 (380) 562
EU-28 + Switzerland 746 (333) 527
Fellings (nm?® haly?)
Europe 5.0 (2.0) 3.4
EU-28 + Switzerland 5.2(2.3) 3.9

1 Values in parentheses are for a simulation witheaad harvest in regrowth forest. As FAWS, secopdarrest in 2010 is
considered in LPJ-GUESS simulatioAs/ean of the years 2001-2010, AG biomass = 80 %taf biomass for Europe, using
AG fractions from Forest Europe data for EU-28+2witand, values in brackets are for a simulatiathevit wood harvest in
regrowth forest® Mean of the years 2000, 2005 and 2010, or foattaable data for these years, except for Gree3@0(1
value). Europe area definition as in Table 2.

Modelled vegetation carbon, total carbon pool, gnawstock, NAI and fellings for individual Europeanuntries show varying
levels of agreement with observations, with the fiefor vegetation carbon and growing stock (rZ4®and 0.72, respectively)
and the least for NAI (r2=0.06) (Fig. 7-9, Fig. DB). Modelled mean European total thinning fracsiof produced wood over
the whole rotation period in stands clearcut in122020 were 0.4 for BD and 0.5 for NE (not shoviligtal thinning fractions of

NAI for individual countries in 2001-2010 were bewn 0.35 and 0.6, with a total European mean & (Fig. D4-D5). The

corresponding annual thinning fractions of growstgcks were 0.8 % to 3.3 %, with a mean of 1.9 #. (B3, D5).
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Figure 9. Modelled and observed (Forest Europe 20} §early fellings for individual countries in 20012010. (a) Simulation with
automated thinning. (b) Simulation without thinning (clearcuts at creation of secondary forest).

Carbon pools and fluxes were partitioned into alokgh and regrowth forest components (modelledN¥ Bnd secondary forest
stands, respectively) (Fig. 10, Tables 5-6). MazgteEuropean old-growth and regrowth forests haveadqually sized vegetation
carbon pools in 2000 (about 7 PgC each), but widbvanward trend for old-growth forests in 2001-2@B&ause of a reduction
in area. The vegetation carbon density in old-ghofetests, 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 $1%) in regrowth forests (Table 5). The modellete$ carbon sink (= -NEE)
(2001-2010: 0.23 PgC% is dominated by regrowth forests (0.20 Pgtoy 0.12 kgC 1t y'), compared to 0.03 PgCyr 0.04
kgC m? y* in old-growth forests (Table 6).

For the European continent, including thinninghe simulation reduced total forest vegetation cartsoil/litter carbon, total
carbon pool and growing stock in 2010 by 3-5 %reased the magnitude of NEE in 2000-2007 by 39 ébiacreased NAI in
2001-2010 by 100 % compared to a simulation withbinining (Fig. 11-12, Tables 2-4). In regrowthdsts, including thinning
reduced vegetation carbon by 6-7 %, soil/litteboarand the total carbon pool by 5-6 % in 2000-2&idincreased the magnitude
of NEE in 1991-2010 by 41 % (Tables 5-6). The agerthinning rate on regrowth forest land was 1.8f%ood biomass/year
in 2001-2010. Including thinning generally improwsé match of simulations with observed data. Tloesased regrowth forest
carbon sink seen in a simulation with thinning 2ktyC m? y'?) (Fig. 10) is correlated with a strong reductiématural mortality
(-80 % in 1991-2015) in regrowth forest stands,ucet by thinning and, after 2010, rejuvenation egrowth forest stands
resulting from clearcuts (Fig. D6). The reduceduredtmortality following thinning results in a lowsoil respiration (Fig. D7).
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Table 5. Vegetation carbon and total carbon stodkiropean 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 nm?)
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) 45 (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 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 withadd harvest in regrowth forest. Harvest produetse not included in the
calculations of total carbon. Total Europe areanitégdn as in Table 2.
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Table 6. Net echosystem exchange (NEE), harvestdxbie and natural mortality in European forgsteparated 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 m?y?Y)
1991-2000
2000-2007
2001-2010
2011-2015

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

Harvest (kgC m2 y%)
1991-2000
2001-2010
2011-2015

Mortality (PgC y )
1991-2000
2001-2010
2011-2015

Mortality (kgC m 2y?)
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

IValues in parentheses are for a simulation withwaad harvest in regrowth forest. Total Europe atefanition as in Table 2.
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Figure 11. Simulated forest (a) vegetation carbon@0 in a simulation with thinning, (b) vegetation arbon 2010 difference between
simulations with and without wood harvest in regrovih forest. (c) Mean 2001-2010 harvested carbon duny thinning on secondary

forest.
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Figure 12. Simulated forest (a) total carbon pool @L0 in a simulation with thinning, (b) total carbonpool 2010 difference between
simulations with and without wood harvest in regrovth forest, (c) Mean 2001-2010 NEE in a simulation ith thinning, (d) Mean 2001-
2010 NEE difference between simulations with and wiout thinning.

3.4 Robustness of automated harvest methods undertfire climates

To demonstrate the automated harvest methods, ichwhinning intensity and rotation times are atidsto maintain standing
stock when stand productivity changes in respoméerting conditions, we used Gf©limate projections in extended simulations
with an otherwise identical setup as in the Eurapeale historic simulations. A significant modellédcrease in NAI is
accompanied by shorter rotation periods (Fig. D8)je a stable vegetation pool in managed forestamtained (Fig. D9). The
mean thinning fraction of the total harvest ovex thtation for NE and BD stands increased ovethibe21st and 22nd centuries
from 0.50 to 0.53 and 0.40 to 0.46, respectivaly bioth the RCP4.5 and RCP8.5 simulations (not show

4 Discussion

LPJ-GUESS representations of unmanaged forest paxéously been compared favourably with obsena@st vegetation
succession, growth, stand structure, biomass ardweh timescales (Smith et al., 2001; Smith et2814, Pugh et al., 2019) and
land use and land-cover change (LULCC) functiopdiéis 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 regrowtlests (modelled as primary
and secondary forest stands, respectively), withaatd harvest in regrowth stands (Pugh et al., pahe total forest carbon sink
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was found to be about 50 % of values reported IoyePal. (2011). The absence of wood harvest hais identified as an important
factor for under-estimating carbon sinks in vegetamodels (Zaehle et al., 2006; Ciais et al., 2008an effort to improve the
ability to simulate carbon pools and fluxes on ngathland, we here introduce new forest managenptitns into LPJ-GUESS
v4.0 and provide a comprehensive description agfdbinitialisation and wood harvest alternativese Thitialisation and harvest
alternatives used are constrained by the availfaist inventory data and harvest information. ligedoth age and species
structure as well as land-use history and curmseratd harvest strategy should be taken into accaumthis is not always possible
for simulations with a large spatial extent becanfdémited data availability. To demonstrate a gibke workaround, we used an
automated thinning and clearcut alternative toespnt European forests, initialised on the basisna@ntory-based age- and
species data, but without wood harvest- or LULCG diaput.

The modelled mean vegetation carbon density in [iean 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 simulattas a rather small impact
on vegetation carbon (<5 %), but after clearcutstagts in regrowth stands after 2010, simulatieite and without harvest in
regrowth stands diverge strongly (Fig. D7). Alse thodelled mean European growing stock is closgbservations. Modelled
carbon sink density (= -NEE) for European forestsimulations without thinning in the present stiglgbout 46 % of the 2000-
2007 value reported by Pan et al. (2011). Thisnslar to the global carbon sink value for a sintida with a similar setup without
thinning, which is 49 % of the global value fronetRan et al. study. The difference in modelled@adink in 2001-2010 between
old-growth forest (0.04 kgC ¥y ) and regrowth forest without thinning (0.085 kg '), is similar to the difference reported
for global old-growth and regrowth forests by Peghl. (2019). Adding thinning to the European $bisetup increases the carbon
sink, by 39 % for the total forest area and by 4&%the regrowth forest area, reaching 63 % anéo8% the reported Pan et al.
value, respectively. Thinning reduces natural nlitytdue to relaxed competition between trees,sinde a large part of harvested
biomass is removed from forest stands, litter iripuhe soil, and the resulting heterotrophic netjon, is also reduced (Fig. D6-
D7), increasing the carbon sink.

Details in the simplified European setup might expthe remainder of the “missing” carbon sinkatiele to reported values. One
cause is that old-growth forests are representathinanaged PNV (with a much lower carbon sinkTeble 6) in this study (as
in Pugh et al. (2019)), which is most likely inappriate for Europe. Including wood harvest in ofdwgth forests would be
expected to increase the carbon sink. Wildfires abntribute to a lower carbon sink in modelled PM\Murther likely cause of
the discrepancy between the modelled and repoadabn balance is that secondary forests are créatmdPNV stands, without
taking land-use history into account. Reforestatiboropland, which generally has a much lower saibon content than forests
in Europe (Guo et al., 2002), has a higher carbanage potential than clearing of existing foresiso, soils of existing European
forests have probably been depleted of carbonrgsity because of higher harvest rates, fuel-wooliection and litter raking
(Ciais et al., 2008; McGrath et al., 2015). Higimgtial soil carbon pools will increase the releageCG; in regrowth forests,
especially under rising temperatures. Alternativethnds to initialise secondary forests (fate oed wood, land-use history)
have large implications for simulated carbon p@oid fluxes as seen in the example Swedish sitedrstudy, e.g. a mean carbon
sink over 150 years spanning from 0.078 to 0.188 k¢ y* (Fig. 2). This has also been shown at the gloteales(Pugh et al.,
2019). The high value of modelled European soibeardensity in 2000-2010 (34-80 % higher than olzg@ns) supports the
possibility that the lack of consideration of lanse and land-cover change history is a main safrttee missing carbon sink in
this study. The similarity of the modelled mean NAIEuropean forests in a simulation with thinntogobserved values (a 100
% increase compared to a simulation without thighimlso suggests that the missing carbon sink coemt could be found in
heterotrophic respiration, not in vegetation praulity.
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Our simulation results using LPJ-GUESS are constistéh results from the ORCHIDEE DVM, which wasadipd with the same
automated thinning method (Bellassen et al., 20I0 ORCHIDEE simulation with automated thinningmpared to a
simulation without thinning, gave a similar modesgetation reduction (7 %), thinning fraction (0,58educed heterotrophic
respiration (ca. 20 %) and carbon sink increasé4% 7The forest NPP reduction over time in ORCHIDdtfBulations (ca. 10 %)
is also seen in the average value for unharvesggrdwth forests in European simulations with LPJESS, while in simulations
with clearcuts in regrowth forests, a balance betwstands with different age is seen after cleatauts in 2011 (Fig. D7b). The
decline of NPP directly after thinnings in ORCHIDEENot included in this version of LPJ-GUESS, bath models display a
short-lived increase in heterotrophic respiratiferathinnings (not shown). The recovery time atieclearcut (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 similathe ORCHIDEE results with a stand recovery tih&®20 years after a clearcut.
A similar recovery time, 7-11 years, after cleascias been documented by Gl0x measurements in Sweden (Lindroth et al.,
2009).

The automated thinning/clearcut modelling strategplied in the model in the present study is ineghds an example for
demonstrating the new forest management capabibitiel an improvement on the age-structure setugh et al. (2019) and
does not include all available possibilities in thedel. In addition to the shortcomings in the petiileady noted concerning land-
use history, many central European forests are geghhy continuous wood harvest and not by cleanguéind also consist of
species mixes. Estimating the effect of such diffiérwood harvest strategies and monoculture/mipediss alternatives on
carbon stocks and fluxes is now possible and velldone in a further study. The self-thinning arektdensity-based harvest
method is less successful in the northernmost aathernmost parts of Europe, where productivitystiongly limited by
temperature and precipitation, respectively, ardsilf-thinning relationship between biomass aed ttensity is weaker. The
poor productivity of forests in the Mediterraneaolmbly reflects a requirement for a revision o frarameterisation of tree
species to better reflect Mediterranean managest®or possibly the introduction of tree spediasare not currently represented
in the model (Fig. D8). While the model shows addib of mean values for Europe’s vegetation carbod productivity, the
correlation between modelled results and obsemstior the individual countries show a large spre@t no simple pattern for
the deviations (Fig. D1-D5). However, it is obviainat countries in the Balkans, except Albania @rdece, have modelled
thinning fractions higher than the reported totaMest fractions. These countries also show a wirseobserved NAI values in
a simulation with thinning compared to a simulatwithout thinning. In any case, including thinnimgsimulations improves the
fit to observed national NAI values in most otheutries.

New forest management functionallity in LPJ-GUES88udes the most important requirements for the@awment of modelling
carbon pools and fluxes as well as the developmiefarest stands under future climates, but a feydrtant additions will be
desirable to include in the future. These include automated continuous wood harvesting and cepp&Enagement. For a good
representation of coppicing, the model should Alsamproved to include plant carbohydrate stor&ge.better representations
of European forests, land-use history, includittgdiraking, should be included in the setup toegate more realistic soil carbon
pools, using functionality already available in thedel.
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Appendix A: Supplementary model parameterisation téles.

Table Al Pft parameters used in this study. Vaindmld cursive text are updated compared to Hroitlel (2012).

Species/PFT Phenology Geographic Shade Growth TCmin TCmax  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 6 5 1500
Fraxinusexcelsior  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 hallipensis 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
Quercuspubescens  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&ncummergreen(SG), raingreen(RG)xif,CT Gmax = minimum and
maximum temperature of the coldest month for emtafsient, value in brackets are minimum temperdtursurvival, if

different from value for establishment; fiw= 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 Katom:  Kiasa ~ gmin  Chilling fAWC CAnax 21 lfre  Oleaf aind  fnstorage
(mm sY) requiremenit (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 0.1 05 200 0.15
Carpinus betulus 250 5000 0.5 high 0.33 40 06 0.1 0.5 350 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 05 500 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 hallipensis 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 0.2 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 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 05 350 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
C3grass - - 0.03 - 0.01 - 09 05 05 - 0.3

1See group parameter table 2ik: = constant in allometry equations (Smithal., 2001); k.sa= leaf area to sapwood cross-

580 sectional area ratio; gmin = minimum canopy condncg; 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;rsqe = fraction of individuals surviving fireaesr = leaf longevity;aina = maximum, non-stressed longevity;
fnstorage: fraction of sapwood (root for herbaceuits) that can be used as a nitrogen longternagescalar
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Table A2. Common PFT parameters for shade toleraygmgraphic range, growth form and chilling regoient categories in
Table AlValues in bold cursive text are updated comparddidéler et al 2012.

Shade tolerance tolerant intermediate _intolerant
Sapwood to heartwood conversion rate (Ygar 0.05 0.075 0.1
Growth efficiency parameter (kg Chyear?) 0.04 0.06 0.08

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

Min. PAR at forest floor for establishment (MJPrday?) 0.35 2.0 25
Recruitment shape parameter 3 7 10

600  *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 photosynthei3 ( 10-25 15-25 10-30

pstemp_min -4 -2 -5

pstemp_max 38 38 45

Growth form tree shrub herbaceous

kaomz(@llometric parameter) 40 5 -

wooddens 200 250 -

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

Fine root turnover rate (ye§r 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

605  Table A3. Parameters for automated thinning anarcle.

Qg Bst rditarget densturyet

(trees had) log(trees hd) (log m)* (trees hd)
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

— eccce
—e @ ® @ [ 00000
Clone stand — Yes Yes/No ! Yes/No !
—
e © o o o
e © o o o New stand
from bare
ground. —_— ° No Yes Yes
e © o o o Copy only
soil state. —
@ @ o [ ] o

615 \—/

Figure B1. Options when creating managed forest stals from PNV. ! For the cloning alternative, tree harvest and grasgilling 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
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“é‘ 10 N Fertilisation 50 kg ha'ly!
Y s
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oo
g 4 —— Pic_abi fert
2 Pic_abi
[ T . v - & ] - C3_gr
620 1800 1850 1900 1950 2000 2050 2100 2150 2200

Figure B2. Effect of nitrogen fertilisation (50 kgha* y*) on modelled productivity and rotation length in gruce monoculture with
automated thinning and clearcut. Abbreviations: Pic abi fert: Picea abieswith N fertilisation, Pic_abi: Picea abies without N

fertilisation, C3_gr: C3 grass. Forestry stands weg created from clearcut of PNV in 1901. Location,lenate input and species in PNV
as in Fig. 2.
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630
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
None 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, Eucalypus 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. sylvestris, P. halepensis
Noné P. abies, P. sylvestris
Undet? A alba, P. abies, P. sylvestris
635 1 Abbreviations of EFI species/species groups: AbMses ssp.), AlnusAlnus spp.), BroadleafMisc (Other broadleaves),

Betula Betula spp.), CarpinusGarpinus spp.), Castane&éstanea spp.), Conifers (Other conifers), Eucalyptisdalyptus

spp.), FagusHagus spp.). FraxinusHraxinus spp.), Larix Larix spp.), PiceaRicea spp.), PinusPinR. pinaster), PinusSylv .
sylvatica), PinusMisc Pinus spp., other thaR. pinaster andP. sylvestris)), Populus Populus spp.), PseudotsugR.(menziesii),
QuercusRobPety, robur, Q. petraea), Robinia Robinia spp.).

640 2 Gridcells without EFI forest
3 Undetermined, equal fractions of all EFI tree g®up
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Figure C1. Self-thinning log-log plots of quadraticmean diameter (Dg) and tree density (dens) for siatations of (a) Picea abiesand (b)
645 Fagus sylvatica monoculture at 16 European sites used for automatethinning in the model.
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None

classes to LPJ-GUESS species selections and theuli®sg dominant species (LAI) in 1986-2015 in an LB-GUESS simulation with
650 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 Eraxinus spp.), Larix (Larix spp.), Picea Picea spp.), PinusPin P. pinaster), PinusSylv

(P. sylvatica), PinusMisc (Pinus spp., other thanP. pinaster and P.sylvestris), Populus Populus spp.), PseudotsugaR. menziesii),

QuercusRobPet Q. robur, Q. petraea), Robinia (Robinia spp.). Abbreviations of LPJ-GUESS species/specigsoups: Abi_alb (A.alba),
655 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.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 mamgal 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.
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665 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).

670  Appendix D: Supplementary European simulation evalation figures.

Vegetation C European countries 2010
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Figure D1. Modelled and observed (Forest Europe 28) 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 D2. Modelled and observed (Forest Europe 28} total carbon pool for individual countries in 201-2010. LPJ-GUESS:

simulation without thinning, LPJ-GUESS thin: simulation with automated thinning. *Soil and litter carbon data missing for Bosnia,
Croatia, Greece, Hungary, Macedonia, Moldova, Monteegro, Norway and Portugal.
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Figure D3. Modelled and observed (Forest Europe 28) growing stock (GS) for individual countries in 201-2010. LPJ-GUESS:
simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.

¥
§°° F o

\)

’b
@
S @ é\é’&" & «<"° < (9"‘

'o

’b
\0&

O S

4

35

GS European countries 2010

il

\’b @

*«a@o é\ee‘\oq
\}

W LPJ-GUESS M LPJ-GUESS thin

{@w

>

\z &* ‘_@ c\"

6“9‘_}0\0

$5900y uadQ

EGU



https://doi.org/10.5194/gmd-2020-440 Geoscientific

Preprint. Discussion started: 27 January 2021 Model Development
(© Author(s) 2021. CC BY 4.0 License.

Discussions
-
! BY

EGU

$5900y uadQ

NAI European countries 2000-2010

6 WM;NWM il

NAI (m?3 ha'l)

@ PR > SR @ @ SN
3 NN & 1,<‘ & {o ~<~ s b° ENN \o
vgo” o" é‘b Q,o" \Q:é 0 <& %49 ‘(<° <\(‘ (f'@) \&\ & @ \)-;9 b° & $° Qo\ ° o c}° &
e

m Forest Europe  m LPJ-GUESS  m LPJ-GUESS thin

Figure D4. Modelled and observed (Forest Europe 28) net annual increase (NAI) for individual countries in 2001-2010. LPJ-GUESS:
685 simulation without thinning, LPJ-GUESS thin: simulation with automated thinning.
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Figure D5. Modelled and observed (Forest Europe 28) yearly fellings for individual countries in 200:2010. LPJ-GUESS: simulation
690 without thinning (clearcuts at creation of seconday forest), LPJ-GUESS thin: simulation with automatel thinning. Observations are
missing for Belarus and Luxembourg.
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Figure D6. Simulation of European old-growth and rgrowth forests with (Regrowth harv) and without (Regrowth) wood harvest in

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

harvests are clearcuts at the creation of secondafyegrowth) stands in the period 1870-2010. The dq in regrowth forest harvest in

2011-2020 is due to delayed clearcuts of stands piag the tree density limit for clearcut before 20Q. (b) Vegetation carbon lost in

natural mortality.
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700 Figure D7. Simulation of European old-growth and rgrowth forests with and without wood harvest in regowth forests using historic
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CRU-NCEP climate, recycling the last 30 data yearafter 2015. (a) Net ecosystem exchange (NEE). (b@t\brimary productivity
(NPP). (c) Soil heterotrophic respiration. (d). Vegtation carbon. Some NEE componenets are not shogg. carbon allocated to

reproduction and fire in old-growth forest.

37

EGU



https://doi.org/10.5194/gmd-2020-440
Preprint. Discussion started: 27 January 2021
(© Author(s) 2021. CC BY 4.0 License.

(a) 2060 2160
Rotation time
(y)
RCP4.5 250
200
150
100
=i
I 50
RCP 8.5 0
(b)
NAI
(m3haty?)
RCP4.5 10
7.5
5
i 25
RCP 8.5 o

705

Figure D8. Simulations of broadleaf forests usingw@omated thinning and clearcut under RCP 4.5 and R@ 8.5 CQ/climate, recycling
the the last 30 climate data years after 2100. (&)ean rotation time for the latest clearcut eventsn each stand in 2060 and 2160. (b)
Mean net annual increase (NAI) during the latest reations in each stand in 2060 and 2160. For the eapsion from total vegetation
carbon to wood volume, a wood volume/vegetation daon ratio of 2.7 n# tC* was used.
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Figure D9. Simulations of European forests using @amated thinning and clearcut in regrowth forests uinder RCP4.5 and RCP8.5
COz/climate, recycling the the last 30 data years aft€100.. Vegetation carbon in old-growth and regroih forests. Old-growth forests
are simuated as PNV.

715 Code availability. LPJ-GUESS development is managed and the codeaimsdtin a permanent repository at Lund University,
Sweden. Source code is normally made availableguest to research users. Conditions apply indke of model versions still
under active development. The model version preskintthis paper is identified by the permanentsiem number r9333 in the
code repository. There is no DOI associated wi¢hdbde.
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