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We successfully fitted models for mapping the binary regeneration success of two important tree species ir
Switzerland, namebgussylvaticébeech) andiceaabiegspruce). This expressed by high scores in repeated
splitsample tests (AUC of alletsoel0.8) and by high agreements between observed and predicted regeneration
success under current climate and stand structural ¢orfditipnge did not fully expect sgobdeesult,

since wevae not able to include some of the importanbfdrégerseration success (e.g. forest management

history or browsing intensity). Yet, the models are very successful in capturing the general patterns of observe
forest regeneration, and they alsoweiithe rather patchy distribution, which resulfsomotstochastic

processes and specific canopy structural conditions.

We were not able to calibrate specific drought conditions of the upper soil layer due to lack of availability in suitab
data. Such data was not available readily, and atillableidr all three climate models used in this project. In

addition, we were not able to calibrate the effecttefniontierate variability. We used climate extremes as
measured over shorter or longer time [Betadse of some problems in-dmglextreme values in the data

usedwe decided tbstain from using annual absolute extrdmss td#yers as predictive varigateer, we

used 3§ear annual or period means of extremes

In general, the results project that under future climates spruce will largely fail to regenerate on the Swiss Platea
and in the Southern half of the Ticino. It will also only remain viable by means of regeneration on the highest sites
the Jura Moumiai In the Alps, however, the species will continue to do well, and will likely expand its regeneration
to areas above the current treeline. We were not able to model this effect, since we did not obtain the climate da
fromMeteotesis requested (1 kaster of daily data across all of Switzerland), and only obtained daily data for the

LFI 2 plots (ca. 60500 plots). For beech, there is uncertainty as to where on the Swiss Plateau the species will rem
viable for regeneration. Most likely, it wiienadgenerate well on the warmest and driest parts of the Plateau
(mostly to the West)d of the valleys interior and south of the Alps, but might possibly remain regenerating in
valleys north of the Alps and on the more mesic and cooler sitatean peRing forests for natural
regeneration, and protecting saplings from browsing will support the regeneration there.

For the final report,attempted tgpdate the existing modél®-4 additional tree species, for whitlought

to have suffient data. Unfortunately, the models are quite data hungry due to the many variables that affect
regeneration and due to the stochastic nature of the regeneratile precesst successful in generating
regeneration models for the additionale$ spedad envisioned, and did not include these results in the final
report.

I
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o(/.-:64/-( ! model requires (1) the availability of statistically sufficient (ma
ny hundredf not thousansites with observations on regene
Forest regeneration Israting factor in the dynamics -of spgytion and establishment, (2) the availattiityl aftructural
cies that ultimately defireegeographic range of forest treggformatiorand (Bthe availability of Higgolutiotspatially
Regeneratiors strongly limited Inyer and intraspecific and temporaligjmate and soil information relevant to regene
competitioncgmpetition for light with seedlings from oifa@on and establishment. Such data is readily available for all
spedes; intraspecific density dependent regulation; shadirg Bwitzerland with the exception of sufficiently well resolved
taller individuals and trees, facilitation by taller trees t}’g@ﬂlgﬂharacieﬁcs (mosﬂy soil physica| properties), a|th0ugh
sheltering frontimate extren)eandis regulated and €on minimal data on soils are already available. Therefore, it seems
strained by range of climatic (frost, drought, evaporationf&gsible and desirable to model the regeneration niche of trees
soil (chemistry and physics) properties. While there is ghéiGReir establishment into stands at the scale of Switzerland
experimental literature on factors that may influence seeglfr@ggst fothe forest inventory sites at which regeneration
neration, theredsnsiderablgss information on other impokyccess is monitoredorder to transfer such models to the
tant aspects that influence the likelihood that trees succegriilylandscape of Switzerland, a transfer of stand structural
can establish. measurements from foragnitory plots to remote sensing

First, there have been only few attempts to model the r&gSRd assessmentstaind structures would be required, but

ration of trees in a spatially explicit mannelikéhiduigto ~ Was not envisioned to be developed for this project.

the different nature of experimental and natural settingg)nuithf the difficulties in modelling regeiethtibthe suc

detaled soil water potential information in experiments an@4Beof regeneration is a highly stochastic process: Trees pro
difficulty to translate such physical information to the forggtseatillions of seeds and mahgrfalso germinate. But

large. Existing attempts that can e.g. be appdidety tal  only very few of them make it to the sapling stage. There are
ge landsges include the work by Wiynke&bies(200)  many reasons why regeneration can fail. Yet, it is statistically
who statistically modeled and analyzed tree regeneratiorzghfiefging to extract the information of why regeneration fails
landscape scale in Oregon using Landsat TM, aerial pB@éOor there and under what comditiben finally can-suc
graphs, digital elevation and stream network data as predisé@fsif the ratio of prevalence of success is so low. It means
Therefore, this model primarily includes stand structurghaptetailed models with many variables are not likely success
littleto no climatic information. Imiéasiapproach Weisbergsy|, specifically also because too many variables would start to
et al (2003 assesed to what degree the ovgreiameter interact with the stochastic spatiefns that exist (partly due

structure can predfw understory vegetation cover, an ing specific management histories that are not well known in fo
cation of tree establishment. Similar research pablbeenyest inventory stands).

shed by Claskt al.(1996, Lookingbiit al (2000, Branget ) .

al. (20032005, or by Camareeo al (2005. Other studies Tree species have start_ed to respoh_lcmatE change both _
have focused on seedling or sapling growth, rather thanP¥fi}AnNges in regeneration but also in mortality, the two impor
on regeneration or establishi@anhinghaet al2006ab; tant standlynamic processé&hile we observe significant
Hunziker & Brang 2086spatially explicit regeneration mghanges at the (usually draugtstrained) trailing efge

delling study that is similar to the appseacin ForRe primarily mortality)some spesi@nd some locatigAien

has recentlppeen published foretiNortAWestern US forests €t @2019, there is only a weak si@iahcreased regenera
(Dobrowslkit al2015. tion)currently observable at the upper or northern range edge

(Gehrig-asekt al.2007Woodalkt al.2009. The reason for
Gap dynamics mod@sgmann 20pthat simulate them  this slow upward and northward movimiyariginates
poral stand dynamics of forests under the influence- of affgigia slow release in-tmitperature related extremes and
ating or changing climate, as well as under other importamé4lis. In order to better understand the effect of temperature
vers, such as FORE@®Eenast 1987ForClim(Bugmann on upward or polewaravement of trees, and to understand
1993, or DiscForthischkeet al.199§ impli¢ly have a mo  the change in habitat suitability just north of (or at higher eleva
del for tree establishment (|nd|Cat|ng under what Climatictmﬂ'ian) the current range, itis important to track the tempera
tions trees can establish into simulated stands). Howevef,gigfated variability and extremes. Zimne¢rah2009
routines are usually not specifically addressing the seed ggjgidemonstrated that climate (including temperature) extre
nation or the whole tree regeneration prodestty, €8 mes significantly influence species ranges. Having-such varia
though some refinements and specific implementationg|Bav@ hand for analyses allows for a better assessment of the

recently been made to improve the realism of tree estgRéficonsequenaésiimate change on tree species ranges.
ment modelirfg.g., Wehrdit al.2007. Finally, very few-mo

dels only exist to date that have a full tree regeneration ai¥iles the rear edge of a speciesO distribution is often related to
tablishment process implemented that are also operabled5@gbt effectalleret al2010Dobbertiet al 2004 Rigling

landscape scale. TreefUischkest al.2006 is e.g. one of €t al.2013 and often associated with mortality events accom
them, while many others rather operate in a single stand’@ftgd by a lack of regener@ighnget al 2013, the front

only. However, since such spatially explicit modeling ofe§ig@@f a speciesO range is more often controlled by temperatu
dynamics is computationally very demanding, no easy g@mmgta?ly low temperature constraints during the leaf flush
tion for many different model realizations at bigiespati Phas€Ksrneet al2016.

tion is currently feasible. Here, we devetajn range of temperature related maps and
Therefore, a simple statistical model that is able to prelig{CRf® of temperature extremes. Weseused jodg

what degree single tree species may regenerate and finjfjaégreas might become suitahle fiegeneration of beech

tablish as young trees in a stand as a function of stand dfr@és sylvaticand spruceicea abigsWe attempted to
re, climate and soil dimf is desirable. Calibrating suchP4ild regeneration models liertoan these two most abun
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dant tree species, such as fir or oaks. Yet, the data strudtifelialibration strengths of GLM models for the regeneration-smaller (10

; s C nd larger 48D cm) saplings of Fagus sylvatica (beech) and Picea
too sparse and we were not able to build SUfﬂCIenﬂy goé@e@gapruce) for either binary presence/absence of regeneration or the (log

dels. In addition, we banheproblems witixtreme values in o) abundance of regeneration (individuals per hectare) on LF plots.
the climate daibtainedWhile foaverage temperature

based measures thesefessibly erroneous daily valides Fagus sylvatica Picea abies
not really matter, thayiously have more influsviven small  large  small large
longterm extremegea calculated (which iweendedor 1040cm 40130cm 1040cm 46130cm
better understanding the effect of climate extremegdjom 031 024 0.28 028
regeneration success and failure). Therefdeejded not to AUC 0.83 0.83 0.80 0.83

use singlday absolute extremes and standard deviations

(reflecting variabilities) in our regeneration models in ofdH&Ye! 0.60 0.59 0.52 0.62

avoid spipus effects. Thigly also have had an effect on tH&CC 0.77 0.74 0.75 0.74
failure to fit successful regeneratiefsrfoy the species with Sensitivity 0.80 0.78 0.73 0.71
fewer observations of regeneration. adj.D: GLM model calibration streAtS; Area under the ROC ci@ué:;

level optimized cut level of probabilistic output for presence/absence mapping;

, PCC percent correctly classified presences and alSmrsiteity true
2.-3+4/4;3+4/'<+= positive rate.

Research objectives Because these abundance models did not really improve the
information and usefulneskeofmiodels, we only provide in
formation on binary model outcomes.

(1)Whatare the spatial patterns of tree regeneration #fie » symmarizes the variables retained in the four different
establishment in Swiss Forests under current and poleifidleration models. See the methods section for more details
future cllmate cond|t|onbefech_ af?‘?' spruce on model building, variable preparation and analysis. An initial

(2)How do cllma_te (mean, Vf.i”.ab'“ty and e>_<tremes), 5?8 set of predictors was reduced to avoid the presence of
structure (c_onlfedbdleaf mixing, c_anmmﬂsny a_nd highly correlated variables, and was meant to contain a mix of
soil propertiebase saturationcombine to explain the oo stang structural and climate (including extremes) variables.
spatial variation and future (21 Century) pace of \{jfife standard deviatieere prepared, we abstained from
regeneration and establishmehefer twepecies. usiy them because of the remaining presence of strange pat

terns originating from some data layers in the obtained data.

$%5>?@B!/Iodebummary and evaluation Table2 Summary of used variapigsrthe4 modelsThe climate variables
] ] _and the specigpecific basal areas were seléutidddually per model,
All binary models of regenemsiimress for the two specieshile all otheariablesvere used in all modetavercase denotes a vari

(Fagus sylvatid@icea abi¢sone each for smaller4Q@m  able that was insignificant and thus removed in the stepwise variable selection
in size) and larger -(8D cm)seedlings/saplingsovided The wariables are explained below the table and in the method section
similarcalibration strengths (agj.niddel accuracies (AUC, Fagus sylvaticc  Picea abies

PCC, Sensitivity)repeated (5x) spditnple tests against ob gxplanatory Var. _small _large  small _large

served regeneration patt@rable 1)For smaller and larger
saplings, AUC valuesached0.834 (+0.007) und 0.828Prec_mat_4 b
(+0.009jor beech ar@804 (+0.010) und 0.828 (+0f608) Prec_m&H_&B
spruce, respectively. Thesasuresan be considereedi ~ Prec_mé&u_G10
blefor the fitted mels to capture the distribution patternsP6gc_m&H_aL0
tree _regeneration, especially giver_1 the fact that regenerqtmijnWH_Q
a quite stoc_hastlc process, and given that the models CT?‘QUérmeH_CILO
effects_of (_:Ilmate, stand structure and sttens_ohdn Iack_ Tmax_mé&u 010
qtherW|se impant aspectsuch as e.gf br0W3|_ng (densi Tmin m&Vi &
ties), mast seeding, or forest management history (due to lack  —

of spatial data). The modelside variables represesting Sp.10

tremes of climate parameters, but not their frecerpey or 5p.50

ral vagbility, because the data rsdb\Meteotesthowed avDia

very strange patterns for theseahiity metrics. It also VegCov
showed pdy very strange individualegalbut these were LeafCov140
probablynfrequet enougkat least in the third editimmpot PropNeedle
disturb the rdels too much. Also, gooehdpikted drought

data was not available for this project. BS

The fbowing two research questiorsaddressed:

VRV

XX XX XX XU g X o X
XX XXXX XU X000 OoX00
XX XXXX X XUy oo X
XX XXXX X guoXuy Xuo

AWC
Models of the regeneration densi lin r hectarej
odels of the regeneration density (saplings pe cIgn‘e’vc'ccipitation surfavedaily mean temperatufenaxdaily max

also _callbrated originally. However, th_ese models wer?erpiﬂ' tureTmissdaily minimum temperatmse-mean: sd= standard

marginally better,thyaeven worse, tithe binargnodelse-  deviatianYr=Year SHssummer halfyeakHewinterhalfiear Sussummer;

presentintdpeprobability of presenaegéneration. Wimninter;0-n=mean calcutad over last years r=value ofi years ago;
Sp.16proportion of beech basal area on stand basal areeSpeséplot
proportion of spruce basal area on stand basal areaayeiapiogan
diameer, VegCowcover proportion of herb ;JdyeafCov148leaf cover
proportion abotdOcm;PropNeedfproportion of needleleaf trees on plot
BS-base saturatioh\WC=available wateapacity
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$ws>2@@BRegeneration under current clinhate A: Observedegeneration (20 c

Verj¥ngung

Forest regeneration is a patchy process, and only oecurs if ¢t 0"
ditions are optimal for regeneration. If e.g. the canopy is clos ® "
then regeneration is oiftgrossible due #obck of light. On

the other hayid drier environments, partial shaqe oteot X
seedlings and saplings from severe dnodigatt sunlight Voo,
As a result, not all LFI plots on which a target tree is growing f et
the canopy, vaihibitegeneratiori that same tree species.
Figure 1 illustrates therery observegFigurelA)andthe
simulatedlistribution of regeneratioder current canopy
corditions (Figufd3)on LFI plots summarized at ca. 2.0 x 2.5

km across Switzerland for besolings1040 cm in size) B: Simulatedtgeneration (40 cri
under actual canopy and site conditions S
A: Observedegeneration (#0 cy S e et
. , L T
VerjYngung "' :g;_.--- -_-: :_;:-_ . ..-;__11_
S e kR Lo e e THE
- £ . T o - - E‘E-?:l

1 L
- £7
e Figure2: Summary of observed (A) and simulated (B) forest rege
LFI plots for spruce (Picea abies) saplid@scthOin size) under cu
stand structure and site conditions across Switzerland mapped a
B: Simulatecbgeneration (_m Crm km pixels for better visibility.
 nenden By n - the Nap&nd SSntis regions. Otherwise, regeneration is obser

o fehlt

ved verygichily throughout the Plateau, with many unsuitable
sites. This originates likely from the fact that spruce is largely
planted on the Plateau, and is regenerating if competition from
other species is not too severe and if local site conditions are
optimallow base saturation). The simulations under current
k> site conditions (climate, stand structure, soils) represent the ob
by sened distribution generally well. Here, the suitability for rege
neration on the Plateau is mapped to be less suitable than is vi
sible from the observed patterns. This may originate from the
Figure 1Summary of observed (A) and simulated (B) forest reger  fact that the important base saturation map may not capture all
LFI plots for beech (Fagus sylvatica) sapi@srfli size) under cur 1505 sjte conditions perfectly, and partly overestimate the per
stand structure and site conditions across Switzerland mapped at . . R
km pixels for better visibility cent base saturation per plot, which reduces the likelihood of
spruce regeneration.

The two majps Figure 1 (A &rByeal very similar patterns

indicating that the model is well able to capture the g$%5>?dEBThe effect of stand structure
distribution of beech regeneration in Switzerland. Notabgaﬁlaes
modetaptures the regions suitable for regeneration-unde Q
rent climates well, indicating that the Jura, the Swiss P

and the midrlow altitudes of the Ticino are mostly suit 8te
given that the stand structure and site conditions are op W@ﬁ
Understrong canopy closukeafCov140 and especially canditions that are more optimal for natural regeneration.

under_high needleleaf canopy degpNeedieand low Figure 3 and 4 compare the current canopy and site conditions
base saturatioBY, th_e species does not regenerate (ch t?eech and spruce, respectiiythe assumptions that
Thergfore, _several plxels_ are mapped as currently unsyy Qgch LFI plot canopies areopemi(40% cover only) and
despite having an otfsewuitable climate. have more optal base saturation (80% for beech, 20% for
For spruce, we find similar paffése 2Regeneration is spruce) and ground vegetation cover (only 20%). Canopy cover
abundant in almost all parts of the Alps except in someasfctiggound vegetation cover can be managed, while we varied
driest and lowest (warmest) parts. It is also available aburaintsaturation as well, because spruce plantations may
ly on the highest parts of the Jura range (mostly the westengly alter base saturatioftyloBy varying base satura

and more elevated part). On the Swiss Plateau, regeneréiton ige can check if the climate or canopy conditions would
very patchy, most abundantly on the higher elevated paHswobeech regeneration otherwise.

tructure has a girofluence on the regeneration suc

on a site. Therefore, forest managers often open up
in order to facilitate natural regeneration in forests. It is

ore meaningful, not only to simulate forest regeneration

‘current stand structural conditions, but rather also under
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In both simulatidios beech and spruce we observe that when A: Simulate@lG40 cry current canopy
canopy (and some site) conditions are kept constant across veivngung

sites, we find a less patchy, more homogenous distribution = "

regeneration success, indicating the climatic potential of tf
process. Now, many mdes sire generally suitable on the

Swiss Plateau, both for beech and spruce.
A: Simulateaegeneration (40 cn), current canopy

Verj¥Yngung 0
= vorhanden j‘_"l-‘

rl X
o fehit CE P AR

B: Simulate 040 crp sembpen canopy

Simulierte Verj¥ngung 'R

B: Simulatedegeneration (%0 cr) semopen canop!

Simulierte Verj¥ngung

Figure4: Comparison of simulated binary regeneration success ut
(A) or sentipened canopy conditions (B) for Picea abies (spruce).

ler, but not so much for larger saplings. In a similar way, the
simulations differ in the Ticino between smaller and larger
saplings for beech. For spruce, the patterns look quite different.
First, there istrongagreement between smaller and larger
Figure3: Comparison of simulated binary regeneration success ut saplings, and second, the smaller s_,apllngs seermureover

(A) or sertipened canopy conditions (B) for Fagus sylvatica (beech O lessthe samespan of regeneration success across the
Swiss landscape by 2@ight differences are vigibtbe

western Jur&Vestern Prealgsd in the Napf region north of

. : the Alps. In the Central part of the Alps, the two models agree
$ws>2dEERegeneration under future climates 1o a very highgtee.

Under future climate conditions, we only compare predigtidmary, the results are in good agreement with the results
using standardized, sep&in canopy conditions as outlinedfiom the species distribution modelling of forest tree species in
themethods section. This allows for comparing the effectSWigiierladdzimmermanat al.2014 Zimmermanst al.

mate on regeneration success across Switzerland for2004)Picea abiesan be expected to fail regenerating (and fi
beech and spruce saplings of smaller or larger size. Hergalylflisappear growing) on the Swiss Plateau, and retreating
data for 2080 {#5 years) are presented. More material t9the higher elevations in the Alps, and to the highest in the
2050 and rfanore open (20%) canopy cover are presentgiiia Mountains. Also,dbethern Ticino is no longer -harbo
appendix Al for beech and in appendix A2 for spruce. ring suitable conditions for regeneration (and distribution) of

In Figure 5, the simulated regeneration success of smalig?/{¢: Fdragus sylvatickere is agreement that the-warm

40 cm) and larger-0@D cm) saplings is presented for pI%st parts of the Plateau and of the interior and southern valleys
jected futur@@s0 &080) cliate conditions. The projection&’® N0 longer suitable fgeneration and distribution. Howev

are based on three RCM simulations, which had been Goffiere is comparably high uncertainty, as to whether beech
scaled to LFI points as daily climate t,ime sfiteobgst  CAN still regenerate and distribute on cooler parts -of the Pla

(Remuncett al.201§. Smaller and larger saplings reveal vé?wzu' !n Ioca_tl_ons with _sufﬂc_:le_nt water supply or sufficiently me
similar patterns un@@B0climatesor both speciesith the sic soil conditions, the igzedlllikely still persist. In other re

larger saplings showing igiteregeneration success Ongions, it might slowly (probably not rapidly) be outcompeted by

the Swiss Platefar beechSmaller saplings thus are morgaks. The driver behind this uncertainty is most likely the fre

likel faih inthan | f : quency and severity of future droughts, and not so-much of fu
Iln?)vxxl/nt?roﬁ f(;f:egsetnm;tan arger ones, a faett ts ture heat. Under sevanel frequent drought events, beech

' might disappear relatively rapidly, and be replaced by oaks.
Under project@®80climates, similar difference occurred for

sprucebut not fdreech By 2080, the Swiss Plateau is likely

no longer harboring a climate for regeneratingaptiatis

of beech, but larger ones, still seem to regenerate to a certain

degree (at ledstr some of the three RCM climate scenarios

used). This means that beech regeneration is becoming tncer HHHHHHHEHHHHHEHHH A
tain for beech by 2080, but that this is specifically true for stahwww.wsl.ch/lud/pdree
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Figure5: Comparison of simulated, binary regenerationfeudtagss sylvatica and Picea abies projected 205jAand 2080 4B future climate
conditions and standardizedg@mi canopy conditions. Simulations are mapped onto LFI plots, and aggregated to ca. 2.5 x 2.0 km cells fo
Future climate projections are aveaagest 3 RCMs so that values between 0 and thadeete of agreement of regeneration success among
models. Simulations for both time pamodsne for both smalled(l@m; panels A,B,E,F) and largéB@46m, panels C,D,G,H) saplieffspanels
(A,C,E,G) are for Fagus sylvati¢gaigtls (B,D,F,H) are for Picea abies.
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B OG+7+("'7,*4)/-(= I were not able to calibrate the effect oftéomgelimate

) ) variability(extremes) We had intended tase climate
Forbeech there is a tendency to lose regeneration capa@itrafes as measured over shorter or longer time periods. Yet,
the Swiss Plateau around and afte(s2@5@pendi@l).  the maps dfe variability in extremes (across years to decade)
This loss is much reduced for largeBq4@m) saplings, were obvioughartly erroneawd/e therefore decided to use
meaning that plantation of such saplings has the poter§ia telimate data on shodedongererm means and no
sustain beechrirany (mostly cooler and more mesic) sitegtxsures of variability (st.dev) or extremes, so as not to be
the end of the2Century. Keeping stands from getting @hendent on possibeimaining errors that may more strongly

dense will additionally increase natural regeneration apgkalllariabilities and extremes than means.
additionally avoid too heavy effects from drought events. Mixing i _ _
stands with high pmjpm of conifers will not be a god@ a@gréement with the program coordinators, we switched from

strategy, as beech does not regenerate well if base satgifignremotely sensed predictors to using the LFI stand
is decreased due to high fractions of needle litter. tow [bpeiural variables, and therefeneredied onlyto LFI

tions of spruce or fir do not much affect natural regenefdf§ibecause we had data only available for | Festes
However, in many regionth@fSwiss Plateau and in thénodels_ cannot_ be projected eaS|Iy_ to sites other than the LFI
Ticino, natural regeneration might be hampered by the fRlQifBicea abie® and to a certain degree evagus

smaller saplings M cm) might not survive the increasifyvaticab is therefore underestimated in its response to
drought and heat levels (appendix Al) climatehange, since we cannot predict to sites above the cur

] _ o ) ) rent treeline that will become suitable by the endsiof the 21
At higher elevations, beech will likely sustain and incregsnitfy. Since the LFI points are scattered at >1km distance,
regeneration and growth capacity. New locations that agh@Yartly much farther, where no forest is available, we deci
rently colonized by spruce will become suitable for beeclyégd® mapatresponse of our models at a ca. 2.5 x 2.0 km

neration, at least from a climatic perspective. However, reggd@tion for better visibility of the model resullts.
ration might be difficult in many sites, if stands are too dense ) o
ard dark from sustaining spruce treeqeaadse of low In accordance with the program coordination, we added base

base stration due to needle IBlantingarger saplings will Saturation and nitrogen deposition as predictive layers to the

help overcaing this problem and cretgppingtonedor ~ Models. We had to remove nitrdgpositioduring the
beech regeneration. analysis phaselt tended to explain regeneratielh

o ) specifically the abundance of regeneration. Yet, we didnOt have
For spruceherenosts likely no future potefuralegenera nitrogen deposition available under projected future conditions,
tion or gI’OWth on the SWiSS Plateau. Unt” 2050, there |%ﬁu”tﬁe mode's On|y |Ost |ess than O_WR‘emoving
reasonable potential for regeneration, at least for smallepu.@@position from the models. Also, some projections under
lings (1@0 cm), but obviously already much reduced for Iafige climate became more realistic when drepping N
saplings, meaning that they might not suhgr@nato adult deposition, due to the fact that in our projections, we were not
trees. At hlghel’ e|evati0nS, spruce will ||ke|y sustain an@lﬂ@% use future deposition Va'ues] and thus had to keep
well. It already colonizes all forested areas up to the treglijolons constariinder such conditions (future climate but
many (more mesic) parts of the Alps. Here, new areas ¢frd8t nitrogen deposittheje was obviously an interaction
expected to become suitable above theraaiirat Coleni  effectbetween Ndep and clinthét resulted in very weird
zation of these newly suitable &reas always easy (nor projectiongrinally, we dropped the regeneration abundance
wanted). Where colonization is wanted, removal of densefgiids, since they did not improve the modelled output
py cover of the ground vegetation (especially of densec@wired to binary predictions and projections. Measures of
Shrub |ayerS) accompanied W|th |0cal p|antati0nf5nf;pr Crﬁg_]ndance were not easy to Compare anyway due to the

regeneration stepping stones will assist the upward mov@iagge in measurement between LFiriyingneriods.

of the treeline. . ] o
It was our ambition for the final reppdate the existing

modelsvith2-4 additional tree species, for whitlowuggnt to
0-(4*6:' (G!.+7).H havesufficient data. Unfortunatelyretjeneratiomodels

Th del fl i ina th are guite data hungry due to the many varébdéfedh
€ models are successiul in mapping (e regene g eration and due to the stochastic nature of the

success of two imporfcant tree species in Switz_erlandre {feration procesf§e tested regeneration models for
become_s e_spe_mally e\_/ldent from ﬁ‘ﬁ’!'dS?’ which simula additional species suchQarcus rohuuercus petrgea
te the distribution of binary regeneration success under QUILE seudoplatamus\bies alhabut failed to build models

climate and site conditions. In fact, we did not fully expecf SUCR. .o sufBatly accurate and prediatieetherefore did
a result, since we are not able to include some of the imPlBEtﬁ{Elude them in the final report

drivers of regeneration successdest management histo
ry, browsing intensityclimate extrerheget, the models are
very successful in capturing the general patterns of obF+/[-;: o
forest regeneration, and they also map the rather
distribution, which results both from stoprassses and
specific canopy structural conditions.

A

pngiln)édalready delivered a preliminary report and a first de
velopment of the basic data and an initial moalghfrom
nanciabources. Based on feedb&cks the program eom

We were not able to calibrate specific drought conditiongwiiftéiee wéad adjusted the proposal according to the input
upper soil layer due to lack of availability in suitable datdr@®udine committaed submitted an interim report (M1). The
data was not available refdilgll LFI siteandareneither  final report (which included additional tests, optimizations of the
for all three climate models used in this project. In additiexjstiag models also for the scientifampragsynthesis) is
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based on the sameneral procedure for finalizing the modatiablesclimateand site parameters. This sftoest ma
development and applicat®owas presented in the M1 renagers to decide on the level of risk they aem@rpgewith
port. The main difference was that we decided to draedgaels to the twanajor tree speciesder future climates
climate extremes variables, after spotting continusedlerrcaad on the impact of castpygtureinder a range of climate
data inconsistencies on single days. These single days dittrsite conditions on regenesatiorss

affect (much) the mean statistics, yet had strong inﬂuengﬂe}'sngpal method
the extremes statistics. We adopted the following:proced

(1)

(2)

(3)

(4)

(5)

(6

S‘Rhe proposed research builds on ayspspilidjtstatistical
analysis of tree regeneration (Jungwalddaten LFI)-and estab

3D stand structural data (mean and variability per plllsrtl ent (Baumdaten LFI) in response to a set of spatial predic

catulatedbut rather LFI structural variables a;rmusectin? ent 0??mbué|:t;?ctlfelézeneg;esdgsarﬁj%ec?iirnag?gl and erséabllsh
additionall climate and soil data is comailathble P b P

: . in a spatially explicit manner and allows for exploring the effect
ﬁg;&?gﬁﬂ%é’:ﬁéﬁ%ﬂ?&%e%a)lsaecsg:girﬁgQE’) S-)re of climate change on tree regeneration and establishment. Tree

quests from the program comyrid&eas provided by i

All LFI data wasepared (regeneration and establi
ment as bomial and ordinal predictor)p@amDVI or

regeneratiosuccesg2,’,” ) of specie3 can be summari

Braun et al. (2015), NFK was provided Remund & Aﬂ%qjgs follows (eqgn. 1):

tin (2015), while Ndep, BS and AWC was provided bw'$ & ' ()*+,- ./$0 .) 123 (1)

Meteotest as rasterels.

Models were trairdtakingaily temperature and pre Where#1056s a matrix of stand structural variables such as
cipitatiordata fromMeteotestRemund et al. 2016) canopycoverdensityground vegetation cpweeraverage

These data have been aggregated to monthly sead@agter of all trees on the7bis a matrix of temperature
means and extremes over the pgmiedsdingat andprecipitatiorelated variables expressed in the form of

various lengths) the regeneration measurdhents meansand extremesand 4+&#s a matrix of shidsed

model uses a regresdiased approach with a binomiaariables, such as base saturatiodepolitiofwhere the

(for the presenabsene of regeneration) and alatter was dropped as it was not available for future
Poisson (for regeneration density measured as sapliaigstionsihese three sets of vasatieve as predictors

per hectare) distributdérthe dependevariable. We Of regeneratisuccess in our modeblysesHabitais a

explored GLM, GAM and randomForssitiatical ~Simple description of the proportion of coniferous trees on the
model alternatives to optimally fit mBeedsise of regeneration success of individual species.

data errors and inconsistencies, we dropped the Cl]ﬂ%%t@ndent Variables

extremes variables from the model calibration and_pnty ) R o
used means instead. The “dependent variable rigge@eration® tken from the

Inpt from the drought mapping (current and future; W‘Jﬂngwaldc') data set, a specific data set measured since LFI2 &

thert et alyas envisioned to use, but was not availgptd00 Sites across Switzerland with every inventory period.
for this projefar all LFI sites in Switzerland Seven classes of juveniles are distinguished, the first 4 being

The final regeneration (VerjYngasghodelled at two measured as numbers per species and height algsg rangi
different size classes, name$0 16 size (smaller sapling height from 10 to 130 cm, and the latter being measu
saplings) and-480 cm size (larger sapligspad of red as diarter at breast height (dbh atrt3@ height) rang

using only the regeneration data from one LFI perid&,gv@;@)m 0.1cm to 11_.9 cm, which_ is just below establishment
combined all available LFI measurement periods in%f8epOWever, every inventory period has measured the diffe
to have more data available for modelling. This is deidgize classes of regeneration slightly differently,-with diffe

as the mitels are very data hungry due to the very kgt borders between neighboring size classes and with diffe
chastic nature of the regeneration process. rent spatial settings of the measurement plots. We then first

The modebasthen applied to futetienateconditions decided to use only two size classes (sl et Qarge =

in an ENSEMBLE mode originating from 3 RCMs (f 30cm) tha’; could k_Je derivedtlearly and consistently
senting climate uncertainty) appéid Fo data points from all three inventories (LFI2, LFI3, and LFI4), and to scale
Since we do not know the stand structure of the fig&umber of regeneration saplings to numbers per hectare in
we applied standardized stand structural sets for Y& 0 avoid effects from differing ploWszesstinguish

species, in order to allow assessing the climate effég€ Jlyoariables in order to explore if there are strong environ
regeneration. Therefore, wiheesame stand structuralMental differences between regenefaroaller (4D cm)

and some other Fgimat variables to constant value&nd larger (4B0 cm) saplings on LFI,mofs to better-un

at every LFI poiRinal resuligere averaged across aliderstand what variables are driving the spatial structure of the

climate models used, wiiichvs famappinghemodel tree estalishment proced§® this endve poeld all LFI2
uncertainty of regeneration success. LFI3and LFI4 datd regeneratiohable3 lists the number of

This protocol was explored and worked out in det&|of§;With observed data for the 11 most aiegedenating
the two most altiamt tree species, nanfehgus syl ~ SPECIES across the three inventory periods used. It becomes

vatica(beech) anBlicea abiepruce)The itemedi clear that next the here used two most abundant species, we
ate report aims at exploring what additional species fAfyfasily calibrate models algwéorpseudoplatarars
be modelled given the frequency of available data. “\PIeS albaret, for the other species there are onlsabompa

ly few observatiquiots available, considerably less than 500,

The resudtprovide mapf regeneration succsstwo size  which we consider iaimum to build credible models of rege
classefthe two moghportant tree species at the scale gération success.
Switzerlan@FI pointskensitive to important ssanattural
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Table3: The 11 most abundamecies that potentially can be used or conlgted means and standard deviation (as variability and expres
close to being used for calibration of regeneration models. sion of extremes) of minimum, meanaidum tempera
Size class ture (TMIN, TAVE, TMAX) and of precipitation sum¢PRCP).
1040 cm  40130cm reported abowee dropped the standard deviation layers later,
due tamissing trust in extremes statistics from the available

Fagus sylvatica 8265 8587 data

Picea abies 6334 8187 ' ) . .

Acer pseudoplatanus 4445 2088 From these many variables, we extrz_ictﬂﬂ dlErea_te vari

Abies alba 2440 1319 ables for each of the dependent variables (2 size classes per
Quercus robur 360 90 tree species), so that none of the selected variables correlated
Quercus petraea 315 69 more than 0.7 with any other of the selected variables. This is
Castanea sativa 301 201 necessary to avoid nugliinearity problemsarymodel €a _ _
Carpinus betulus 273 194 libration. The selected glima'Fe variables used (and retained) in
Larix decidua (& kaempferi) 267 485 the models are summarized in table 3.

Quercus pubescens 79 40 411)(:1056150,( )!1!: Stand density and canopy closure
Pinus sylvestris 60 "7 have been identified as important predictors of tree regenera

Because these abundance models did not really improUBrWéVé.mably dem&nds{Dobrows_let al.2013. I-_|ere, we
information and usefulness of the models, we only-prO\M:‘lsg rc_llﬁerem;tand struct_ural varlaﬁbesmode_lllng the re
formation on binary model outcbvestist had tested bothgeneratlosucceswf treesFirst, the leaf density above 140
binary models of regeneration success (number of regen(é%tm%{n the gr_ourhﬂaa(fCovlé)GNas epressed as percent .
individuals >1) as well as models with log(abundance) Ve expressing the amount of shade saplings experience
pendent variables. Table 1 lists the model qualities (R2, Fﬁcwe tree and tall shrub Iaye_rs. Second, the average stem
represents the calibration streagjtivelhs AUC, cut level, diameter of all trees on a plddig expresses the mean
sensitivity and PCC, representing model accuracies and@i‘?l%jefige' The 9““”.‘“' vegetation \z’egé]oyexpresses
characteristicsDue to the very similar results, we decide mourdf competition for regeneration at the forest floor,

fo? _
pursue only the uskbinary regeneration success mode‘f%hﬁe the proportion of needieleaf trees oRmpiteddle

These are more useful for managemeosesuthathe expresses the amount of needle litter on the ground, which

log(abundance) models, since for the latter, it is not cle REEs the _pH of the uppermost $°'| layer and hinders broad
eaf tre species more or lédspending on spp) from suc
value stands for success. . < .
cessul regeneratioAn additional variablas used to €x

Predictor variables press the availability of seed trees of the target model species.

o#&*11,()!1! : Weusel daily climate data originating frorhhis was expressed as the average, tpegliasand basal

three RCMs (CLM, RCA, RegCM3) and downscaledrepyof the seeeds $p.x}, where xx stands for the code of
MeteoteRemundkt al.201§ to the LFI siteBrom these the species in the LFI data structure (50 for beech, 10 for spru
daily climate time series spanning fro@1006We extrac C€)- All variables were entered into the regeneration models
ted aggregated value of means and extremes fof pariodd£e table 3).

rious length. Yet, the maps of the variability in extremes @&Eﬁ!l,)(&o&k#,: We adeldseveratoilrelated/ariab

years to decade) generated from the originally obtainegbdaiereexpected to affect tree regeneration in forests.
were obviously partly erroneous. They showed a very SHip&98ve inclutithe available water capadityCl as an

pattern of north to south striping (with individual cglls QFn\fﬁ)rtant soil physical variable. Secondsewebase

extreme values. The second delivery of the data was notdgiffgtionBg as important soil chemistry variables. In
ved and still contained heavily erroneous data in Som%@&ﬁ%n, we exphbrine effects of nitrogen deposition on

and for some regions (see also Appendix AS in ZimmermagR&lration succe¥et, the latter was discarded due to

al. 2016Db), which strongly affects variabilities and extremgs §lasirange effects under future climates, and due to the fact
tistts. We therefore demdeql to excll_Jde these layers of Vﬂﬂﬁbthey were not very predictive for binary regeneration
lities and extremes as predictive variables. successAWCandBSwere used as under projected future

Once all climate layers were readiyewtested in prelimina climates.

ry analyses, which sets of parameters best explained th
neration of smaller ogda sapling¥.et, aggregations were
not simply calculated for a longer period of climate N@gwlgal statistical models were evaluated for rtfwlelling
(such as e.g. 198010), but rather for many different periggisary anthelog(abundance) regeneration success of trees.
relative to the recording gémeration. This way, climate ex\e compared generalized linear n{Gdals; McCullagh &
tremes and means were ledémiifor the period of recordingslelder 198%vith linear and quadratic tegesgralized ad

and fothe period covering the last n = 2, 4, 6, 8, 10 yeargijtiier mdels(GAMs; Hastie & Tibshirani)1886 random

to the recording, and iditaxh we calculated the means ardrests(RFs; Breiman 2Q0All methods provide simitar re
extremes of exactly 2, 4, 6, 8, 10 years before the regensidtéonwhen testén repeated sgiimple tests. However, the
measurements took pldibés latter, in order to check if speenore tightly fitting methods (GAMs and RFs) tendeed to genera
fic events in the past had a specific influence on the regengn@ractions and overfitting that caused problems when pro
tion success. For each tation period (e.g. n = 4), we-calcjecting the models to future conditions, where not all used vari
lated annual means angemes, but also half yé&td=  ables were projecasisuch (e.8S, NFK, etc.). We therefo
summer half for monti®s WH=winter half for montk&) 10 re decided to use GLMs only for modelling forest regeneration
and quarterSp=spring, Su=summer, Fa=fall and Wi=wistietessAs explained earlier, we fitted models for beth depen
for months® 68, 911 and 12, respectivelygnd we calcu  dent variables, binary and log(abundance), but again decided

eS{gﬁ’setical Analyses
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to stick with the more pamsious model type, the binary renodels, and the ol cut level to split the probabilistic output
generation success for final analyses. These were of alimegieneration success (propabiliegeneration) into-a bi
the same quality as the log(abundance) models (and rgstlpresence and absence response of regeneration.

Ieevse?hgf tatlreer' :ggﬂ;ﬁgeﬂl irr??gt‘)alles ;)Ztvl;izgg gfuﬁerfs;z? \ﬁ”eaﬁnal models were projected to all LFI points across Swit
. ) . ' zerland for a range of conditions, namely current and projected
and then applied a backéeavdard variable selection proce " climate, and to current stand stparanaéters, as
e 1 1

. X . Ju
dure and retained and dropped variables are explained |\r,1vé% as to two different sets of standardized stand structural

2. As test measure, we used the area under tfUiyve . :
Swets 1988 applied in atBnesrepeated split sample test.and site parameters. The latter allow for better comparison of

This test measutakes a value of 1.0 if observed and simﬁll'gqate change effects. Therefore, we definepen&eia

I ) h N
ted binary regeneration success are in perfect agreemn?ﬁ)yaSt»rUCture such fColOis set to 40%, Vehan
Qg%eno canopy structure uses a value of 20% for the same

value of 0.5 for random agreement and value <0.5 for sy ! _—
tically wrong predicti@islding & Bell 1997 additin, we \zlacgliﬁib\r/\geeggf U?{s,nt:,if pgfd tr?g r;lzldzerg!sctjll?; ® [0 cells o1 2.5
determined the impatahthe individual variablégeirfinal ' y ’

I

$+J+.+(4+E

Allen CD, Macalady AK, ChenchoenaH2010) A global infection with black snow mold, and competition by ground
overview of drought and -inelaiced tree mortality vegetatiorCanadian Journal ofeBbiReseardRevue
reveals emerging climate change risks forHorests. Canadienne De Recherche For@&§i@#82793.

Ecology and Managera8at660684. Dobbertin M, Mayer P, Wohlgemeital[2004) The decline
Brang P, Moran J, Puttonen P, Vyse A (2003) RegenerationodfPinus sylvestris L. forests in the swiss Rhona Valley
Picea engelmannii and Abies lasiocarpaeievsitibn result of drought stress?1563

forests of soutlentral British Columbia depends .
murse log&orestry Chronizl 272279, Bobrowski sz, Swanson Altzagiou JTet al.(2015)
Forest structure and species traits mediate projected
Brang P, von Felten S, Wagner S (206B)gMiooon, or recruitment declines in western US tree Spletiak.
afternoon: does timing of direct radiation influence thE&cology and Biogeogra&sh@1¥927.

I I I I I 2
%r:r‘]’glz Oﬁgfg‘stasbéie;%?g”wg&'” mountain forestsZ, | iny AH, Bell JF (1997) A review of methods for the

assessment of predicti@rors in conservation
Braun, S., Belyazid, S., Burger, T., Stocker, R., Kurz, Dpresence/absence modElsvironmental Conservation
Remund, J, Rihm, B., 2&tfasang und Behandlung 24, 3849.

%efShrdeter Waldstandorte: Bericl2@OD@ern. 167 Gehrigrasel J, Guisan A, Zimmermann NE (2007) Tree line
' shifts in the Swiss Alps: Climate change or land
Breiman L (2001) Random fokésthine Learnidg 532. abandonment®urnal of Vegetation Scidides71

Bugmann H (199%) the ecology of mountainous forests in a 582.

changing climate: A simulation BhRlySwiss Federal Hastie T, Tibshirani R (1986) Generalized Additive Models.
Institute of Technology. Statistical Sciencde297318.

Bugmann H (2001) A review of forest gap @lodat&s Hunziker U, Brang P (2005) Microsite patterns of conifer
Changé&1, 259305. seedling establishment and growth in a mixed stand in the

Camarero JJ, Gutierrez E, Fortin MJ, Ribbens E (2005) Spa Ol’lthem AlpBorest Ecology and Manage1€ré 7
patterns of tree recruitment in a relict population of Pinus™
uncinata: forest expansion thratigitified diffusion. Kienast F (1987) FOREQE forest succession model for
Journal of Biogeographyl 979992. southern Central Europe. Oakridge National Laboratories.

Clark D, Clark D, Rich P, Weiss S, Oberbauer S (1996j"Vironmental Division, Oak Ridge, TN.
Landscape scale evaluation of understory light K&nder C, Basler D, Hoc¢hetGal.(2016) Where, why and
canopy structure: Methods and application in a neotropidabw? Explaining the low temperatge liants of
lowland rain foreSanadiadournal of Forest Research  temperate tree specigsurnal of Ecolog®4 1076
26 74°¢757. 1088.

Cunningham C, Zimmermann NE, Stoeckli V, Bugmdrischke H, Loffler TJ, Fischlin A (1998) Aggregation of
(2006a) Growth of Norway spruce (Picea abies L.)ndividual trees and patches in forest succession models:
saplings in subalpine forests in Switzerland: Does sprin@apturing variability with height structured, random,
climate matteFarest Ecology and Manage?2&nt9 spatial distrittons. Theoretical Population Biokey
32. 213226.

Cunningham C, Zimmermann NE, Stoeckli V, Bugmdrischke H, Zimmermann NE, Bolliger J, Rickebusch S, Lsffler
(2006b) Growth response of Norway spruce saplings inJ (2006) TreeMig: A fdeesiscape model for
two forest gaps in the Swiss Alps to artificial browsing,

PSVHAESZIR* IV#0'$3 *Y1 *+1/5A5%3!1+-*



"#$ S 11Z:; [VL?OMLULILV/OW[IIWEWOMLV @A\ ! M&CC#ICB((I#$M!>? @

simulating spatemporal patterns from stand to two temperate mountain forEstsiwissenschaftliches
landscape scalecological Modellirg§) 409420. Centralblati?? 273286.

Lookingbill T, Zavala M (2000) Spatial pattern of QuercUgiriderly M, Spies T (2001) Modeling landscape patterns of
and Quercus pubescens recruitment in Pinus halepensisderstory tree regeneration in the Pacific Northwest,
dominated woodlandisurnal of Vegetation Sciédce USAApplied Vegetation Scien@¥7286.

607612. Woodall CW, Oswalt CM, Westfall diif2009) An indicator
McCullagh P, Nelder JA (1889%kralized Linear Mqdels  of tree migration in fore$tthe eastern United States.
2nd editiorda.Chapman & Hall, London, UK. Forest Ecology and Manage2b@rt4341444.

Remund, J., Augustin, S., 2015. Zustand und EntwickluAgraeermann NE, Normand S, Psomas A (2014) PorTree Final
Trockenheit in Schweizer WSIdern. Schweiz. Z. ForstweReport, p. 248wiss Federal Research Institute WSL,

166, 35360. Birmensdorf.

Remund, J., Rihm, B. und Hudummih B.; 2016. Zimmermann NE, Schmatz DR, Gallieh dl.(2016)
Klimadaten fYr die Waldmodellierung 29r das 21. Baumetenverbreitung und Standortseignuigldnm
Jahrhundert. Bern, Meteotest. 40 S. Klimawandel. Grundlagen fYr Adaptationss{etegien

Rigling A, Bigler C, Eilmaret BI(2013) Driving factors of a L 'o5 A Augustin S, Brang P), p. pp21133aupt,
. . ; . Bern, Stuttgart, Wien.
vegetation shift from Scots pine to pubescent oak in dry i
Alpine forestSlobal Change Biol@§y229240. Zimmermann NE, WYest RO, Schmatz DR & Gallien (2016b)
. . TempEx Final RepbDeveloping spatial layers of climatic
Swets JA (1988) Measuring the accuracy of diagnostic : :
systemsScience4Q 12851293, temperature extremes. Birmensdorf, Eidg.

Forschungsanstalt Wald, Schnee und Landschaft
Wehrli A, Weisberg PJ, Schoenenberger W, Brang PWSL; 12 Seiten

Bugmann H (2007) Improving the establishment SUbﬂﬂgrﬁlermann NE, Yoccoz NG, Edwardst (2009)
o;fa Eorfefrt] part]i:hinm?(iel thJ?sseSﬁ t?e”%q%mtfcégreest Climatic extremes improve predictions of spatial patterns
E ec Or mz%u13a11450 esturopean Journal o of tree specieBroceedings of the National Academy of
esearc ' Sciences of the United States of Am@@ick9723
Weisberg PJ, Hadorn C, Bugmann H (2003) Predictin9728.

understorey vegetation cover from overstorey attributes in
!

PSVHAESZIR* IV#0'$3 *f *+1/5A5%3!1+-*



Lt #$9&' () #*$+,-.( ) 1! Fagus sylvatica "HES%&S'(( N"HEYWEF, !
!

Appendix AbSimulation resultsFagus sylvatica
!

!

Table oAl content:

All Observed (LFI) distribution of regeneration success

Al2: Simulated binary regeneration sucegssit stand and site conditions; current climate
Al13: Simulated binary regeneration successpenrsiand structure; current climate
Al4: Simulated binary regeneration success; open stand structure; current climate

Al5: Simulated binary regeneraticcess; current stand and site conditions; 2050 climate
Al6: Simulated binary regeneration successperrsiand structure; 20ibdate
Al7: Simulated binary regeneration success; open stand strucliorate2050

Al18: Simulated binaggeneration success; current stand and site conditions; 2080 climate
Al19: Simulated binary regeneration successpeersiand structure; 2080 climate
A110: Simulated binary regeneration success; open stand structure; 2080 climate

Al111: Simulated gdrability dfinaryegeneration success; current stand and site conditions; current clin
Al112: Simulated probabilitipio&ryegeneration success; sgan stand structure; current climate
A113: Simulated probabilitin&ryegeneration succegsen stand structure; current climate

Al.14:Variable importance in final models
! !

"Isee also www.wsl.ch/lud/fbrreg
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Figure Al.10bservedistribution of regenerati®iagus sylvati¢aeech) for A: smaller4Q@m) and B: larger180 cm)
saplings in Switzerland, summarized from LFI plot observations to ca. 2.0 x 2.5 km resolution for bette
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A: Simulated binaggeneratiosucces$1040 cn actual stand antkonditions; current climate
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B: Simulated binapgeneratiosucces$4013 cn); actual stand and site conditions; current climate
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Figure A.2: Simulated binary regeneration sucEaggisylvati¢peech) for A: smaller4@@m) and B: larger130 cm)
saplings in Switzerland under current climate and current canopy structure and site conditions, summaripeatifsot
to ca. 2.0 x 2.5 km resolution for better visibilitaryl ttedshold indicates théeget to optimally split probabilities into p

and absence of regeneration per LFI plot.
|
! !
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A: Simulated binaggeneratiosucces$1040 cny semopen stand structure; current climate
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B: Simulated binasgeneratiosucces$40130 cm; semobpen stand structure; current climate
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Figure A.3: Simulated binary regeneration sucEagmisylvati¢peech) for A: smaller4@@m) and B: larger130 cm)
saplings in Switzerland under current clinsserapdn (40% covegnopy structure, summarized from LFI plot obser
ca. 2.0 x 2.5 km resolution for better visibility. Theeksimald/itidicates theleuel to optimally split podibas into presen

and absence of regeneration per LFI plot.
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