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Summary

In an era characterized by rapid changes of environmental, particularlyicliratl socic
economic conditions, theis a growing need to better understand the influent¢kesiechanges

on foress and their capacity to providkey ecosystem services (ES) to human communities.
Since climate change is particularly pronounced in mountgioms, mountain forests deserve
particular attention to assess the impacts of these chavigesover, as forestdevelop slowly
over decades to many centuries, possible adaptation measures must be planned indha long
as well, and they should be basedthorough scientific knowledge

Dynamic vegetation models (DVMs) are often used to investigate climatic influences on
long-term forest dynamics, and more recently also to explore management ivpaotsy the
many types of DVMsforest gap modelareflexible tools to analyze future forest development,
but management regimesvieaeceived little attention to date. Although $skeemodelsncludethe
inter-specific sensitivity tahe environment, intraspecificlocal adaptation anthtraannualvaria-
tions n the environmental responsa® not considered. This éspecidly important for captur-
ing drought effects on growtand limits the reliability of gap models in drougitone forests.

The overall objective of this thesis was to evaluateptiientials and limitations of cur-
rent and alternative forest management strategies on the provision of multiple ES in European
mountain forests under climate change. To this end, | improved the gap model ForClim in two
respects(1) the modelingof harvesig, and(2) the growth response to drought. I then applied
the improved model in four mountain regions across central and southern Europe.

In Chapter | | firstly analyzed and improved the influence of crown characteristics on di-
ameter growth in the mobland implemented new harvesting functions to more accurately pre-
dict forest properties (e.g., basal area, stem number and diameter distribution) in intensively man-
aged stands. Model performance was evaluated at ten sites in the Europeasimfgypsventoy
data, showng that analytical management algorithms (e.g., removals of basal area in relative di-
ameter classes) should generally be preferred over empirical ones (e.g., single stem removals in
static diameter classes). | also highlighted the importaf@ccurately modeling management
interventions when predicting losigrm forest dynamics. Secondly, future forest development
was simulated for 37 representative stands in the Dinaric Mountains under current management
and three climate scenarios. Strgndifferent impacts of climate change were found depending
on elevation. Lowelevation stands showed a drougiduced decrease of productivity and high-
er tree mortality, while stands at higher elevations profited from more favorable growing condi-
tions. Although timber stocks will be maintained, the interacting effects of management and cli-
mate change were found to induce a strong shift in species composition, favoring broadleaves
(e.q., European beech) at the expense ofctireently dominantconifers (siver fir, Norway
spruce). This indicatethe need for detailed investigations on adaptive management to preserve
the conifers, as they are of high ecological and economic importance in the Dinaric Mountains

Based on these results,@mapter 111 exploredfurther management options for the Dinar-
ic mountain forests. Under current climate and two transient climate change scenarios, | simulat-
ed future forest dynamics under businassisual and three alternative management regimes in
the same set of represdnta stands, including a scenario of Aatervention and an assessment
of the impact of large ungulates using different browsing pressiiiesnative management re-
gimes would not be able to maintain current proportion of conifers in the future, altaungis-



Summary

ing management approaches were identified, such as changes in the harvesting diameters (e.qg.,
retain silver firs with diameter <25 cm) and reduction of the abundance of large ungulates.

To extend the assessment over a broader range of Europeartaimguimcluding
droughtprone areas, the impact of seasonal water scarcity needs to be reflected accurately in the
model. InChapter Ill, | used a forward modeling approach of trew growth to quantify the
intrac.annual response to drought of Scots pB&sed on tree ringidth data from 16 sites along
a moisture gradient covering most of the environmental conditions of this species, | optimized
seasorspecific parameters capturing the level of soil moisture below which growth is not possi-
ble and the tfeshold above which growth is not limited by moistdranplementedhese func-
tionsin a new submodel that relates drought to growtbund that Scots pine adapts locally to
cope with drought, and this can be included in the model to improve the tmcabey of the
simulations, albeit with a potential loss of generality. Simulations with the previous and new
model versions were compared with letegm forest inventory records from six stands in two
regions (central Spain and an inner Alpine valley)e Agher performance of the new variant
suggested that ForCliinand other DVMS should consider drought at the irtanual scale for
simulating forest dynamics in watkmited environments. Additionally, this chapter shemithe
power of modelata fusbn using treging data for improving or calibrating DVMs

Chapter IVwas dedicated to the application of these two model versions to project the fu-
ture provision of ES by representative staimdfour European mountain regions under different
climate andnanagement scenarios. Specifically, | analyzed the-tsHideand synergies between
forest ES and evaluated their variability according to changes in climate and management. | se-
lected 25 representative forest stands along elevation gradients in cedtsuginern Europe:
Iberian Mountains, Western and Eastern Alps, and Dinaric Mountains. Forest development was
simulated under current climatic conditions and five transient climate change scenarios including
three management strategies: busiasassual,norrintervention and an alternative regime. An
indicatorbased approach was used to quantify the provision of four ES: timber production, car-
bon storage, biodiversity conservation and protection against natural hazards (rockfall and ava-
lanches). Simulatiomesults indicated that climate change would have very heterogeneous im-
pacts on ES provision, depending on current stand properties and locaé.cBtnag impacts of
climate change were identified in all forest the Western Alps, while Iberian Scgime forests
showed low sensitivity. In the Eastern Alps and in the Dinaric Mountains negative impacts were
observed mainly at low elevations and only under the mosteselitmate projection. In general,
changes in the management had a stronger impaeSarovision than climate change. Alterna-
tive management regimes may have the capacity to increase multiple ES provision in some re-
gions, but shifts in management must be assessed carefully, considering the contrasting effects of
climate change on foredlamds along gradients of elevation and species composition.

Based on these resylisrecommend that future studies that aim to assess the impacts of
climate change under different management strategies should: i) assess stand vulnerability to dis-
turbanceusing a set of models that operate on different spatial sedlegpandthe analysigo
more stands andvaluateadditional management strategi@g quantify ecosystem services us-
ing multiple indicators oregionspecific traitbased apaches; iv)explore other assessment
methodologieghat considenortlinear interactions betwedsS. | demonstrated that DVMse
important and useful tool® assess the impacts of anthropogenic clincatenge on foresdy-
namics.As thesempacts are likely towary strongly among and within mountain regions, future
studies should consider local and regional differemtesnvironmental conditions and in stand
structure The role of smalkcale forest managementdspeciallycrucial in these assessments,
since ts impacts likely to be more pronounced than thgactof climate changeer se



Zusammenfassung

Die gegenwartige Ara ist gepragt durch rasche Umweltveranderungen, insbesondere des
Klimas, sowie desoziobkonomischen Umfelds. Ein besseres Verstandnis des Einflusses dieser
Veranderungen auf Walder und deren Kapazitat, Okosystemdienstleistungen (ES) fir die
menschliche Gemeinschatft zu erbringen ist daher unabdingbar. Da in Gebirgsregionen Klimaver-
anderumgen besonders ausgepragt sind, gebihrt diesen spezielle Beachtung, um Auswirkungen
der Veranderungen zu erfassen. Zudem entwickeln sich Walder langsam tber Jahrzehnte bis zu
vielen Jahrhunderten, weshalb mdgliche Anpassungsmassnahmen langfristig gepbent w
mussen und auf wissenschaftlich exaktem Wissen fundieren sollten.

Dynamische Vegetationsmodelle (DVMs) werden haufig fur Untersuchungen von Klima-
einflissen auf die langfristige Walddynamik gebraucht und neuerdings ebenfalls angewandt, um
Bewirtschaftingseinflisse zu untersuchen. Unter den vielen Typen von DVMs sind Waldsukzes-
sionsmodelle flexible Werkzeuge, um die zuklnftige Waldentwicklung zu analysieren, wobei
Bewirtschaftungsformen bisher wenig Beachtung gefunden haben. Obwohl diese Modelle eine
interspezifische Umweltsensitivitat miteinbeziehen, sind intraspezifische lokale Anpassungen
und intraannuelle Variationen der Umweltreaktionen nicht beriicksichtigt. Dies wéare jedoch von
besonderer Wichtigkeit, um Effekte der Trockenheit auf das Wachstwerfagsen und schréankt
deswegen die Zuverlassigkeit von @dpdellen in trockenheitsanfalligen Waldern ein.

Die Zielsetzung vorliegender Doktorarbeit war die Evaluation des Potentials und der Be-
grenzungen aktueller und alternativer Waldbewirtschaftungsgtest zur Erbringung vielfaltiger
ES européaischer Gebirgswalder unter Einfluss des Klimawandels. Zu diesem Zweck wurde das
GapModell ForClim in zweierlei Hinsicht verbessert: (1) die Modellierung der Holzernte und
(2) die Wachstumsreaktion auf Trockerth&anach wurde das verbesserte Modell in vier Ge-
birgsregionen in Zentralnd Stideuropa angewandt.

In Kapitel 1 wurde zuerst der Einfluss von Kroneneigenschaften auf das Durchmesser-
wachstum im Modell analysiert und verbessert, sowie fguagfunktionen implementiert, um
Waldeigenschaften (z.B. Grundflache, Stammzahl und Durchmesserverteilung) in intensiv be-
wirtschafteten Bestanden besser prognostizieren zu konnen. Danach wurde das Modellverhalten
mittels Inventurdaten von zehn Standorierden Alpen getestet. Dies zeigte, dass analytische
Bewirtschaftungsalgorithmen (z. B. Ernte von Grundflache in relativen Durchmesserklassen)
gegenuber empirischen (z.B. Einzelstammnutzung in statischen Durchmesserklassen) generell
bevorzugt werden so#ith. Fir die Vorhersage der langfristigen Walddynamik ist eine exakte Mo-
dellierung von Bewirtschaftungseingriffen von zentraler Bedeutung. In einem zweiten Schritt
wurde die zukunftige Waldentwicklung fur 37 reprasentative Bestdnde im Dinarischen Gebirge
unter aktueller Bewirtschaftung und drei Klimaszenarien simuliert. Es wurden stark unterschied-
liche Auswirkungen des Klimawandels in Abhéngigkeit der Hohe festgestellt. Bestande in tiefen
Lagen zeigten eine durch Trockenheit induzierte Minderung der Prodakisowie hohere
Baummortalitat wahrend Besténde in hoheren Lagen von gunstigeren Wachstumsbedingungen
profitieren konnten. Obwohl die Holzvorrate erhalten blieben, verursachten die interagierenden
Effekte der Bewirtschaftung und des Klimawandels eirtarken Baumartenwechsel zugunsten
der Laubholzarten wie Buche auf Kosten der momentan dominanten Nadelholzarten wie Weis-
stanne oder Fichte. Dies weist auf die Notwendigkeit detaillierter Untersuchungen einer adapti-



Zusammenfassung

ven Bewirtschaftung zur Erhaltung der Nbmbdzarten hin, da diese im Dinarischen Gebirge von
grosser 6kologischer und 6konomischer Bedeutung sind.

Basierend auf diesen Resultaten wurdeiKapitel 11 weitere Bewirtschaftungsoptionen
fur die Walder des Dinarischen Gebirges untersucht. Unter dgengrartigen Klima sowie zwei
Klimaveranderungsszenarien wurde die zukiinftige Walddynamik unter aktueller Bewirtschaf-
tung und drei alternativer Bewirtschaftungsstrategien fur dieselbe Auswahl repréasentativer Be-
stande, inklusive eines Szenarios ohne Beehafiung und einer Prifung des Einflusses von
Huftieren mittels verschiedener Verbissintensitaten, simuliert. Alternative Bewirtschaftungsfor-
men werden nicht in der Lage sein, den gegenwartigen Anteil an Koniferen zukinftig zu erhalten.
Nichtsdestotrotz wilen vielversprechende Bewirtschaftungsansatze gefunden, wie Anderungen
in den Erntedurchmessern (z.B. Erhalt von Weisstannen mit Durchmesser <25 cm) und Redukti-
on der Anzahl Huftiere.

Um die Untersuchung auf einen grdosseren Bereich européischer Gelsrgeitan zu
kénnen, insbesondere trockenheitsanfallige Gebiete, sollte der Einfluss saisonaler Wasserknapp-
heit im Model exakt wiederspiegelt werden.Kapitel Il wurde ein Vorwéartsmodellierungsan-
satz des Jahrringwachstums gewahlt, um die intraannuediaktiBnen der Waldféhre auf Tro-
ckenheit zu quantifizieren. Basierend auf Daten der Jahrringbreiten von 16 Standorten entlang
eines Feuchtigkeitsgradienten, welche den grossten Teil der Umweltbedingungen dieser Art ab-
decken, wurden saisonspezifische Paramder Bodenfeuchteniveaus, unterhalb derer Wachs-
tum nicht mdglich ist sowie der Schwellenwert Uber dem Wachstum nicht durch Feuchtigkeit
limitiert wird, optimiert. Diese Funktionen wurden in einem neuen Submodell implementiert,
welches Trockenheit mit Wastum verknupft. Demnach kann sich die Waldféhre lokal anpas-
sen, um mit der Trockenheit umgehen zu kénnen. Dies kann im Modell zur Verbesserung der
lokalen Genauigkeit miteinbezogen werden, wodurch jedoch ein potentieller Verlust an Allge-
meingultigkeit ereugt wird. Simulationen der vorhergehenden und neuen Modellversion wurden
mit Langzeit Inventurdaten von sechs Bestédnden in zwei Regionen verglichen (Zentralspanien
und ein inneralpines Tal). Die hdhere Leistungsfahigkeit der neuen Modellversion deatét dar
hin, dass ForClini und andere DVMS$ Trockenheit fir die Simulation der Walddynamik in
wasserlimitierten Umgebungen auf dem interannuellen Massstab bertcksichtigen sollten. Zusatz-
lich konnte in diesem Kapitel die Starke des Zusammenschlusses von Nudidahrringdaten
zur Verbesserung oder Kalibrierung von DVMs gezeigt werden.

Kapitel IVwurde der Anwendung der zwei Modellversionen zur Projektion der zukinfti-
gen Erbringung von ES in reprasentativen Bestanden vier europdaischer Gebirgsregionen unter
verschiedenen Klimaund Bewirtschaftungsszenarien gewidmet. Es wurden besonders die Trade
offs und Synergien zwischen Waldokosystemdienstleistungen analysiert und ihre Variabilitat
bezuglich Verdnderungen des Klimas und der Bewirtschaftung evaluiert. ggmdarHohengra-
dienten in Zentralund Sudeuropa wurden 25 reprasentative Bestande im Iberischem Gebirge,
den Westund Ostalpen sowie dem Dinarischen Gebirge ausgewahlt. Die Waldentwicklung wur-
de unter gegenwartigen klimatischen Bedingungen und funf Keéndanderungsszenarien sowie
drei Bewirtschaftungsstrategien (gegenwartige Bewirtschaftung, ohne Bewirtschaftung und alter-
native Bewirtschaftung) simuliert. Eine auf Indikatoren basierte Vorgehensweise wurde herange-
zogen, um die Bereitstellung von vier ESquantifizieren: Holzproduktion, Kohlenstoffspeiche-
rung, Erhalt der Biodiversitat, und Schutz gegen Naturgefahren (Steinschlag und Lawinen). Si-
mulationsresultate zeigten, dass Klimaverdnderungen, abhangig von gegenwartigen Bestandesei-
genschaften und lokate Klima, sehr heterogene Auswirkungen auf die Bereitstellung von ES
haben werden. Starke Auswirkungen der Klimaveranderung wurden fur alle Walder der Westal-
pen prognostiziert, wahrend Iberische Waldféhrenwélder kleine Sensitivitat zeigten. In den Ost-

Vi



Zusammenfassung

alpenund dem Dinarischen Gebirge wurden negative Auswirkungen vorwiegend in tiefen Lagen
und unter der starksten Klimaveranderung beobachtet. Im Allgemeinen hatten Bewirtschaftungs-
anderungen starkere Auswirkungen auf die Erbringung von ES als dies die Klintereri

hatte. Alternative Bewirtschaftungsstrategien konnten das Potential mit sich bringen, die Erbrin-
gung vielfaltiger ES in bestimmten Regionen zu erhéhen. Allerdings muss dabei der Wechsel der
Bewirtschaftung, vor dem Hintergrund verschiedenartigdekiid der Klimaveranderung auf
Waldbestande entlang von Héhengradienten und der Artenzusammensetzung, umfassend beur-
teilt werden.

Basierend auf diesen Resultaten wird empfohlen, dass zukinftige Studien Uber die Aus-
wirkungen der Klimaveranderung unter whiedenen Bewirtschaftungsstrategien, folgende
Punkte bertcksichtigen: i) Beurteilung der Bestandesempfindlichkeit gegentiber Stérungen mit-
tels einem Set von Modellen, die verschiedene raumliche Massstabe berucksichtigen; i) Auswei-
tung der Analyse auf eingréssere Anzahl an Bestdnden und zusétzliche Untersuchung der Be-
wirtschaftungsstrategien; iii) Quantifizierung von Okosystemdienstleistungen mittels vielfaltiger
Indikatoren oder regionsspezifischer und merkmalbasierter Ansatze; iv) Erkundung anderer Be-
wertungsmethoden mit Berlicksichtigung nichtlinearer Interaktionen zwischen ES. Die Doktorar-
beit zeigte, dass DVMs sehr wichtige und nutzliche Instrumente darstellen, um die Auswirkungen
anthropogener Klimaverénderung auf die Walddynamik zu untersuchendi&sl Auswirkun-
gen zwischen und innerhalb von Gebirgsregionen normalerweise stark variieren, sollten zukinf-
tige Studien lokale und regionale Unterschiede der Umweltbedingungen und Bestandesstrukturen
bertcksichtigen. Die Rolle von kleinrdumiger Waldbewinftung ist besonders entscheidend in
diesen Untersuchungen, da ihr Einfluss héchstwahrscheinlich ausgepragter ist als die Auswirkun-
gen der Klimaveranderurggr se
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Riassunto

Il n questdepoca caratterizzat-eacadmomiapii dic& amibna
te urgenza di analizzare i possibili effetti di questi mutamenti sugli ecosistemi forestali e sulla
capacita di questi ultimi di fornire beni e senggsenziali per la societa. Poiché i cambiamenti
climatici influenzano in modo particolarmente significativo le regioni montane, le foreste di mon-
tagna meritano particolare attenzione soprattutto nella valutazione degli impatti dovuti a questi
cambiamentilnoltre, poichée dinamiceforestal si sviluppmon el | 6 ar co t empor al e
se non secoli, le possibili misure di adattamento devono essere necessariamente pmhificate
lungo periodo e basate sulla piu accurata conoscenza scientifica in @amhggico.

| modelli ecologici a base funzionale (dynamic vegetation models; DVMs) sono ampia-
mente utilizzati per valutare gli impatti dei cambiamenti climatici sulle dinamiche forestali nel
lungo periodo. Tra le diverse tipologiediDVMsnio d el | i f or e foreshdap mod e n o mi n
del® sono | argamente riconosciut. come strument
sviluppo futuro delle foreste. Nonostanferiest gap modelgermettano di analizzare la sensiti-
vita ai fattoriambientali di singole specie forestali, questi modelli non considerano in dettaglio i
regimi di gestione forestale, cosi come la possibilita di analizzare potenziali adattamenti intraspe-
cifici locali e le risposte alle variazioni climatiche inraanualiQu e st 6 ul t i mo aspett c
larmente importante per modellizzare gli impatti della scarsita idricadiokmice forestal, ma

all o stesso tempo | imita | éapplicabilit”™ di q
idrichedi lungo period.
L6bobiettivo primario di questa tesi  stat

attuali strategie di gestione forestale ed esaminare possibili alternative per mantenere i molteplici
beni e servizi offerti dagli ecosistemi forestali (SEF¢r questo scopo ho perfezionato due aspet-

ti del modello ecologico ForClim: (1) la modellizzazione degli interventi di taglio forestale e (2)

gli effetti della siccitasulla crescita forestale.

NelCapitolol, ho dappri ma an al raterstchedelld copgerntufalaru e n z a
borea sull dincremento diametrico, affinandone
vamente ho implementato dei nuovi algoritmi per predire piu accuratamente caratteristiche fore-
stali quali area basimetrica, numelidusti per ettaro e distribuzione diametrica in popolamenti
forestali sottoposti a frequenti intervent. di
valutata con dati di inventari forestali in dieci diversi siti nelle montagne europeetito g
mostrare che gli algoritmi basati su funzioni analitiche (ad es. rimozione di una certa percentuale
di area basimetrica in classi diametriche calcolate dinamicamente in base alla distribuzione dei
diametri simul ata) s onnempinchedad esrla simuldzionedilritmod u s o d |
zione di singol i fusti in cl assi di ametriche
modellizzare accuratamente gli interventi di gestione negli studi di simulazione di dinamica fore-
stale a lungo péedo. In secondo luogo ho simulato il futuro sviluppo di 37 popolamenti forestali,
rappresentativi delle coperture forestali delle montagne dinariche della Slovenia, analizzando tre
diversi scenari climatici e includendo le presenti pratiche di gestiwastéle (BAU, dd8usi-
nessas-Usual) . Il risultati delle simulazioni mostran
del popolamento. A basse altitudini la produttivita dei popolamenti forestali in futuro risulterebbe
diminuita a causa di severi evesiticitosi e conseguenti episodi di mortalita, mentre a quote piu
alte le crescita forestale sarebbe favorita da temperature piu miti. Anche se la quantita di produ-
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Riassunto

zione di legname sembra potersi mantenere a livelli attuali, le simulazioni predicono profond
cambiamenti nella composizione delle specie arboree in conseguenza alle pratiche di gestione
forestale e agli effetti dei cambiamenti climatici. | risultati mostrano un netto incremento in spe-
cie decidue (ad es. faggio) a discapito di conifeeequiabete bianc®dabete rosso) che corren-
temente rappresentano le specie dominanti in queste foreste. Questi risultati sottolineano la ne-
cessit”™ e |l Odurgenza di studi dettagliati su
forestale atte a pservare la presenza di conifere, aventi alta rilevanza sia ecologica che econo-
mica nelle foreste delle montagne dinariche in Slovenia.

Sulla base di questi ultimi risultati, néhpitolo 11 ho esplorato ulteriori opzioni di gestio-
ne forestale che potrebloegessere effettuate in queste foreste, con particolare attenzione alla con-
servazione delle due specie di conifere. Ho effettuato un ulteriore studio di simulazione di dina-
miche forestali con diversi scenari futuri, climatici (serie storica e due scecambiamento
climatico), gestionali (BAU, tre regimi di gestione alternativi e uno diintgrvento) e di bruca-
tura da ungulati (ndrucatura, medio e alto carico di ungulati). | risultati di questo studio dimo-
strano che i regimi di gestione alternatiennsembrano essere in grado di riuscire a mantenere le
presenti proporzioni di conifere in questi popolamenti forestali, anche se € stato possibile identi-
ficare alcuni approcci promettenti, come per esempio la ritenzione di abeti bianchi con diametro
< 25cm e una rilevante riduzione della presenza di ungulati, avente un impatto notevole sulla
rinnovazione naturale.

p l

Per poter estendere | 6applicabilit”™ di For

nente Europeo, in particolare a foreste minacciatedgpre piu estesi periodi siccitosi, era ne-

cessario migliorare il sottomodell o che per me:

crescita degli alberi simulati. N€apitolo Il ho quindi utilizzato un approccio basato sulla mo-
dellizzazionedegli anelli legnosi per quantificare la risposta i#reuale alla siccita in foreste di
pino silvestre. Una serie di parametri stagionali rappresentanti le soglie di disponibilita idrica
sopra/sottalellequali la crescita della specie € ottimale/presgre stata ottimizzaten 16 siti
comprendenti un largo gradiente delle condizioni di crescita della specie e in cui cronologie di
anelli legnosi erano disponibili da diverse fonti. Questi parametri sono poi stati utilizzati in una

nuova versionediFotCi m per si mul are pi % accuratamente

crescita forestale, potendo dimostrare pbpolamentdi pino silvestre si adattano a livello loca-

le per contrastare prolungati periodi siccitosi. Questi adattamenti possono egpsemgeimbati in
model |l i ecologici a base funzionale tramite
conmpromettere il loraitilizzo ad ampia scala (perditagineralitd. | risultati di simulazione con

le due diverse versioni di ForClim sortats comparati a dati inventariali in sei siti forestali in

due diverse aree biogeografiche (Spagna centrale e Alpi centrali). La piu alta performance della
nuova versione del modello suggerisce che modelli come ForClim, e DVMs in generale, dovreb-

beroconsder are | 6i nfl uenza dahubdleg sograttatto seiapplicatiindr i ¢ a

ambienti in cui la siccita & un fattore chiave nella crescita e nello sviluppo forestale. Inoltre, que-
sto studio ha permesso di dimostrare che i dati ottenutielh l@gnosi possono essere molto
utili per calibrare e migliorare processi e simulazioni in modelli ecologici a base funzionale.

Il CapitololV dedi cato all éapplicazione dell e duce
re provvigioni dei SEF in popolamimappresentativi di quattro regioni montane in Europa. Si-
nergie eérade-offstra i diversi SEF sono stati analizzati e la loro variabilita & stata valutata in
relazione a diversi scenari climatici e di gestione forestale. Un totale di 25 popolamestdilifore
sono stat.i selezionati l ungo gradienti veget a.

dionale e centrale (Sistema centrale Iberico, Alpi occidentali e orientali, Montagne Dinariche). La
dinamica forestale é stata simulata utilizzando sdingatiche storiche e cinque diversi scenari di



Riassunto

cambiamento climatico, mentre gli scenari di gestione forestale includevano BAU, uno scenario
di nonrintervento e un regime alternativo. Un approccio basato su diversi indicatori & stato utiliz-
zato per quariicare la provvigione di quattro principali SEF: produzione di legname, stoccaggio
di carbonio, conservazione della biodiversita e protezione da caduta massi e valanghe.
| risultati delle simulazioni indicano un impatto molto eterogeneo dei cambiamemiicli sulla
provvigione dei diversi SER) relazione allgoresenti strutture dei popolamentlelima a livel-
lo locale. | maggiori impatti del cambiamento climatico sono stati identificati in tutti i popola-
menti forestali nelle Alpi occidentali, mentieeforeste di pino silvestre nelle montagne del Si-
stema centrale Iberico sembrano essere caratterizzati da una minore sensitivita. Nelle Alpi orien-
tali e nelle foreste delle montagne Dinariche, invece, impatti negativi sono stati riscontrati sola-
mente nepopolamenti a basse altitudini e in relazione allo scenario di cambiamento climatico di
maggior severita. In generale questo studio ha permesso di constatare che cambiamenti dei regimi
di gestione avrebbero un maggior impatto sui SEF rispetto agli elifettii del cambiamento
climatico. Regimi di gestione alternativi potrebbero avere la capacita di incrementare la provvi-
gione di molteplici SEF, ma modifiche alla gestione forestale devono essere valutate attentamente
tenendo conto degli effetti contrastedel cambiamento climatico sulle assai dissimili foreste
delle montagne europee.

Sulla base di questi risultati, € dunque possibile raccomandare che studi futuri di valuta-
zione degli impatti del cambiamento climatico sotto diversi sistemi di gesticesdte dovreb-
bero: i) valutare la vulnerabilita ai diversi disturbi naturali (ad es. schianti da vento, infestazioni
di insetti) wuwtilizzando different.i model | i c h
ad ulteriori popolamenti forestadi v al ut are | 6i mpatto di altre ¢t
guantificare i SEF utilizzando molteplici indicatori e approcci specifici sviluppati a scala regiona-
le; iv) esplorare diverse metodologie di valutazione che considerino interazielnaarn tra
SEF. Ho potuto inoltre dimostrare che i DVMs sono degli strumenti utili e importanti per valutare
gli impatti del cambiamento climatico seitlinamiceforestal. Siccome & molto probabile che
guesti impatti siano molto variabili nelle diversaneanontane in Europa, € cruciale che studi
futuri considerino le differenze delle condizioni ambientali e forestali a scala locale e regionale.
Per effettuare queste valutazioni il ruolo della gestione forestale a piccola scale € fondamentale,
dato che igoi effetti sulle dinamiche forestali possono avere un peso maggiore rispetto agli ef-
fetti diretti del cambiamento climatico stesso.

Xi






General Introduction

European mountain forests, ecosystem services and climate change

More than 40%of the European continent is covered by mountéifrice et al. 2004)where
forests are the dominant land coyéi%; cf. Price et al. 2011Mountain forests are thus key
landscape elements of this continent and providers of a wide array of ecosysteess SEEA
2010; GretRegamey et al. 2012Mountain forests offer natural habitats for a large number of
plant and animal species and are hotspots for biodiversity conser(asvaguil et al. 2012)
they sequester carbon from the atmosphere and store it in the lon{Ciarsnet al. 2008)and
they also protect the land surface against erosion and natural h@zarden et al. 2004)Be-
sides providing timber and namood productgPrice et al. 200Q)mountain forests also contrib-
ute to climate regulation and have an important recreational and culturalRafiee et al. 2015)
For all these reasons, preserving the l@rgn supply of ecosystem services frorauntain for-
ests is key for a assuring the wiedling of human communities, not only in Europe but world-
wide (MEA 2005)

Since the last ice age, climate has notaimed constant. During some particular historic periods,
parts of Europe were warmer or colder than riewg., medieval climate optimynand forest
composition responded accordingly to these climatic chajryastiey 1990; Kirby and Watkins

2015a) However, the observed increase in temperature anomaly over the peric@019b6is
unprecedented compared to changes during other historic pégigdsa century ago 188®19;

cf. Stocker etl. 2013) Since the industrial revolution, the atmospbt concentrations of carbon
dioxide and other greenhouse gases (e.g., methane, nitrous oxide) have riser{Rhapagh et

al. 2007)and much faster than over the past 18.000 y@aasnion 2006) Human activities re-

lated to emissions of greenhouse gases but also land use changes (e.g., deforestation, which in-
creased | and surface albedo) have been identi"
balanceg(Stocker et al. 2013Climate projections for the future indicate that changes in precipita-

tion patterns are subject toatg spatial variation, with large decreases in annual precipitation in

the subtropics and Mediterranean regions, and increases at high lafhatles et al. 2013)

Mean surface air temperature, however, is predicted to rise more uniformly and quite strongly
during the 2% century (mean global increase compared to the period-2086 ranges from 1 to

3.7°C; cf. Stocker et al. 2013).

The velocity of global climate change during the last century was particularly prominent in
mountain regions, where the temperature increase during the last 40 years was found to be twice
to three times as large as the global aver@gesr et al. 2007; Mountain Research Initiative
2015) Since timate is a powerful driver of changes in forest growth, funstind structure
(Fujimori 2001; Penuelas et al. 200#)ountain forests are considerec®particularly exposed

to climate chang@Price ¢ al. 2011; Truijillo et al. 2012)

A growing number of studies reported impacts of the changing climate on the vitality and growth
of European mountain foreqiBigler et al. 2006; Jump et al. 2006; Lenoir et al. 2008; Carnicer et

1
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al. 2011) Temperature rise and changes in precipitation pat{&insnan et al. »13) showed
positive effects at highezlevations due to the extended vegetation pejiied more favorable
conditions for tree growth; cf. Tardif et al. 2003; Jolly et al. 2005; Buntgen et al., 200K at

lower elevations extremdrought events have induced a growth reduction and increased tree
mortality rates, partularly in waterlimiting sites such as Mediterranean mountains and dry Al-
pine valleygLinares et al. 2011; Rigling et al. 2013; Cailleret et al. 2014mMdt al. 2015)The

rapid changes in climate alsiteredthe regenerative capacity of forest®elitti et al. 2005;

Smith et al. 2009)which may influence the futurersttureand composition of the forests in the
long-term, especidl in areas where species are at the edge of their distrilrange(Castro et

al. 2004; VilaCabrera et al. 2013)n addition, a strong increase in the frequency and intensity of
natural disturbances has been observed dtinedast decadgSchelhaas et al. 2003; Westerling

et al. 2006; Gardiner et al. 2010; Weed e8l.3) Disturbance events such as such as isddf
windthrow, pests and pathogens outbreaks are crucial drivers of forest dynamics as they can in-
duce sudden shifts in forest structure and compogiEoanklin et al. 2002; Turner 201ecent
studies have shown that this trend is likely to continue in the future as a result of climate change
(Reichstein et al. 2013; Temperli et al. 2013; Seidl et al. 2014)

The effects of climate change on mountain forest dynamics may jeopardize their important role
as provider of a wide array of ecosystem servitesdner et al. 2010)For example, several
studies showed that carbon sequestration and timber production would be affected substantially
by decreases in productivity due to climate chaf@ierl and Bugmann 2007; Elkin et al. 2013)

The provision of protection against natural hazards such as avalanches, rockfall and flooding may
also be threatened by climate change dirgetly., changes in species composition, cf. Bugmann
1997; Lexer et al. 2002)r indirectly (e.g., via disturbances such as windthrowfiog, cf.
Schumacher et al. 20Q6%hus posing serious concerns in densely populated mountain areas.
However, since European mountains are highly heterogeneous in terms of theif micro
environment(i.e., topography; cf. Engler et al. 201dnd soil conditiongAustin and Van Niel

2011) the sensitivity of mountain forests to a changing climate will vagngty across short
distanceqLindner et al. 2010)Moreover, European mountains have been a living place for hu-
man populations for thousands of years, and their forests have undoubtedly been modified in their
distribution, structure and composition across the contifk@rily and Watkins 2015b)rhus, we

cannot discusslimate change impacts without considering past, current and future management
practices, particularly since forest nagement interventions influence strongly semsitivity of
mountain forests to a changing climé®pittlehouse and Stewart 2003)

Forest managementn an uncertain future

Forest management can play a key rol@riprove the ability of mountain forests to adapt to a
changing climate (i.e., their adaptive capacdtdifferent spatial and temporal sca{Bsavo et

al. 2008) The development of forestanagement strategies usually involves lergn planning,

and requires the consideration of many uncertainties, traditionally ranging from the potential var-
iation in timber prices to changes of the economic and societal situation at the regional, continen-
tal or even global scale. However, as climate change maydi@et and indireceffects on for-

est growth disturbance risks and the delivery of ecosystem services, there is a growing need for
forest managers to evaluate the utility of current managestategies and possibly develop
alternative (or adaptive) strategies to cope with future uncertaifiizgerald et al. 2013)or
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example, management actions in stands that are most vléneraltimate change can proactive-

ly facilitate the transition to bett@dapted forest statés.g., by increasing species mixture; cf.
Millar and Stephenson 2018d therefore avoid a sudden decline in the provision of ecosystem
services due to unexpected changes in forest propertges gdétera massive droughhduced
mortality evenk.

Several research projects, reviews and regjectific guidelines have recently been dedicated to
adaptive forest managemetBernier and Schéne 2009; Lindner et al. 2010; Fitzgerald and
Lindner 2013; Bussotti et al. 2015; Keenan 2015; Reyer et al. 2a8d8)a wide range of possi-

bilities has been proposed for adapting silvicultural systems to a rapidly sparigmate. The

main options include enhancement of forestoés
e.g, by increasing species mixture and facilitating the transition to forest types more adapted to
novel conditiongBolte et al. 2010; Figerald et al. 2013and promang resilience to extreme
eventse.g.,by emulating natural disturbances through management interveDoger et al.

2006) Other possibilities haveslen recommended for particular cases, such as assisted migration

of seed material from provenances that have already experienced similar climatic conditions tha
those expected for the futufe.g., more drought tolerant; cf. Gray et al. 2011; Kreyling et al.
2011) or the intensification of thinninghterventions to reduce stand water use, thus increasing
water availability for the remaining tre@serhoulas et al. 2013; Elkin et al. 2018)owever, due

to the diversity of European forest ecosystems and their different regional sensitivity to climate
change, adaptation of management strategies may vary substantially depending on the zone that
is consideredLindner et al. 2010).

Traditional forest management has typically been driven by the maximization of the provision of
one single service, i,etimber productionBirgi 2015) It was assumed that all other services
would be provided equally well, such that timber production could be considérdde@ay st one 0
service(e.g., Gluck 1987)The existence of trae®fs in ecosystem service provision has been
acknowledged only recentlfcf. Briner et al. 2013)and the increasing societal demand for a
larger array of ecosystem services requires practitioners to change their planning strategies from a
singlegood objective towards multifunctiesriented managemef@uine et al. 2013; Klopcic et

al. 2015; Messier et al. 2015)herefore, it must be carefully assessedtidrecurrent manage-

ment practices and potential adaptation measures actually fit the objective of preserving multi-
functionality, i.e. providing an ample portfolio of ecosystem serviceter novel climatic condi-

tions This evaluatiorstrongly depends on m@nt stand properties such as species composition

or tree size distributiorfLindner 2000; Seidl et al. 2011; Temperli et al. 2012; Bircher et al.
2015) In addition, since forest dynamics is a process that takes place over multiple decades and
even caturies, possible adaptations of forest management must be planned and evaluated in the
long term, and they need to be based on thorough knowledge of the underlying population and
ecosystem processes.

Observational or (rarely) experimental studies thatatitoetter understanding the functioning of
forest ecosystems are of great value in this regard, but for two reasons they are not sufficient:
First, they normally disregard management aspects and thus fall short when it cpnoegding
recommendationf future management actions to decision makers in policy and forestry. Sec-
ond, their findings cannot readily be extrapolated to the novel environmental conditions that will
prevail in many regions within a few decades from now. Instead, our knowledgmadactand-

ing need to be extrapolated into the future with quantitative, evieessm®ed models of forest dy-
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namics(Kimmins et al. 201Q)Yet, integrating ecological processes and management options to
obtain reliable longerm projections of forest dynamics in decissupport tools (e.g., computer
based models) has proved to be complex and challe(@uggnann 2014)

Models for simulating forest dynamics and management

Traditionally, predictions of future forest growth and the choice of a particular management op-
tion in forestrywer e based on (Knanns et 8l.e2@1p)€he firg toalseuded for
studying stand growth wereveloped more than two centuries ago. They consisted of maps and
yield tables(Pretzsch et al. 2008)vhich were the first form of quantitative model. Yield tables
were available for pure eveaged forest stands antloaved forest managers to estimate site
specific fertility, volume growth, and potential shtetm future yields. However, these tables
cannot be generalized in space or tifaeetzsch 2009nd cannot be used in more complex eco-
logical systems such as unevaged mixed stands with heterogeneous site conditions, and tem-
porally changing management actions. Thusiltiple and complex forest processes that act at
different temporal and spatial levels needed to be integrated in a mathematical form with the first
models.

In the 1960s, researchers developed the first staalgé growth models. They were basediifn

ferential equation systenfBuckman 1961; Moser 1972nd were aiming to generate stem num-

ber frequencies in different size classes. They were useful to estimate assortment yield and finan-
cial return. With increasing computer power, different types of models started to be developed,
aiming to simulate not only sheterm growth and yield but also longerm forest dynamics

(e.g., Newnhani964)and species successi(g., Siccama et al. 1969)leanwhile, many au-

thors have proposed different categorizations for these models on the base of the approach used
to incorporate ecosystem processes, but also on their applicability under differentespptical
scaleg(Porté and Bartelink 2002; Canham et al. 2003; Messier et al. 2003; Pretzsch et al. 2008;
Fontes et al. 2010Following Kimmins et al. (201Q)a simple approach is to classify them in

t hree main cat egor iileperhapdnioie edasily understahdablempaicals s ay 6
models (Pretzsch et al. 2006a; Liang and Picard 20&8pphysiological procedsmsed models
(Méakela et al. 2000; Keenan et al. 2008)d hybrid simulation mode(¥alentine and Makela

2005; Méakela 2009)

Empirical models (EMs) are tygally built on past observations (i.e., forest inventory data) and
use statistical relationships to predict future growth and yftdtzsch et al. 2006ayhey were
initially developed to forecast forest growth for practical forest management and to improve
planning in commercial fores{$or this reason also called forest growth simulators; cf. Pretzsch
et al. 2002) Among the most widely used trvel simulators for European forests are MOSES
(Hasenauer et al. 20Q0683ILVA 2.2 (Pretzsch et al. 2006bPROGNAUS(Monserud and Sterba
1996) and MASSIMO(Thrig et al. 2005)Due to the fact that they forecast forest growth based
on empirical data alone, EMs are generally unsuitable for projectionsitbelye historical range

of climate variability(Kimmins et al. 2005)

More complex models that simulate ecological processes at a detailed temporal and spatial scale
such as ecophysiological procdssed model{PBMs; e.g., GOTILWA in Gracia et al. 1999;
and CASTANEA in Dufréne et al. 2008)e able to capturesponses to changing environments,
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but they often require extensive parameter calibration, which limits their range of applicability
without major parameterization efforts to local conditigiiakela et al. 2000; Fontes et al.
2010)

An approach to Obridged between the impossib
change and the calibration issues of PBMs was the developmentcodadol ed o6hybr i do
(HMs). They take advantage of the proecbased approach, necessary for modeling changes in
environmental conditions, but use empirical elements as their structural foundation, thus bypass-
ing the need for large parameterization eff@kgnmins et al. 2010) The turning point in the
development of HMs lies in the design of JABOWRotkin et al. 1972)the first model intro-

ducing the concept of simulating establishment, growth and mortality of individual trees on small
patches of land as a function of environmental and biotic factors pidnsermodel stimulated

the development of a wide ensemble of models during the next decades that were successfully
empl oyed in different ecosystems worl dwi de. )
process in which the mortality of a large tree creates awaigch induces a regeneration wave

that thus fosters successional dynan(Watt 1947; Bugmann 2001)

The basic assumption of most gap modetheir abstraction of the forest as a composite of many
homogeneous small patches of land (0.01 to 0.1 hectare), each composed by individual trees in
different successional stag@&ugmann 2001)Some gap models do not simulate individual trees

but treecohorts, which are assumed to be composed by trees of identicadp@zes and age
(Bugmann 1996)New saplings (typically, trees with a diameter at breast heightr}lestablish

at a given time step in the patch if environmental conditions expressed as a series of filters (i.e.,
light availability, winter temperature, growing degree days and brovgsagsure) are méPrice

et al. 2001) The dameter growth of every tree (or cohort) is typically calculated based on the
principle of growthlimiting factors where a specksgecific maximum growth rate is reduced
depending on the extent to which environmental factors such as available light, growing degree
days, soil moisture and nitrogen availability are at suboptimal I€id®re 1989; Bugmann

2001) Tree properties such as height and leaf area are calculatedspsitigsspecific allome-

tric functions based on diameter at breast height (dbh) of the(D&bsn et al. 2009)although

in some cases site conditions are used to determine maximum tree(Reigtite et al. 2012)

Tree mortality is simulated ascombination of a stressduced (e.g., response to drought condi-
tions or competition for [|(Keanb étpl 2804;dBircheredbdd.ac k gr
2015)

Forest gap models account for the irdpecific sensitivity to environmental variables (e.g.,
growing degree days, ainght, light availability) through specispecific parameters that vary in
number and type depending on model complefty., see Morin et al. 2011 for the model
ForClim). However, intraspecific adaptation to local conditie and intreannualchanges in spe-
cies responses to environmemée not normally considered. In additjiathe models are prone to
considerable uncertainties regarding the spespesific parameters describing environmental
tolerancegWeber et al. 2008; Gutiérrez et al. 201Bhis is particularly true for simulating limi-
tations due to droughsjncemost gapmodek consider that all droughts have the same influence
on growth irrespective of their timing withihe growing seaso(Bugmann and Cramer 1998)
This assumptiolis notreaistic as treespeciesusually adjust their hydraulic systefe.g., isohy-
dric speciesand phenology to the specific moisture conditions to avoid drought or at least reduce
their vulnerability(Berninger 1997; Martine¥ilalta et al. 2009) This feature limits strongly the
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reliability of forest gap models in areas where drought is the main constraint to tree growth, such
as in the Mediterraram area but also in the dry valleys in the European Alps. Bmuspportant

topic of this thesis is how to betteapturethe influence of seasonally varying environmental
variables oomodeledtree growth, using drought as an example.

Most gap models wee devel oped and used to simulate O0Pp
sence of manageme(#.g., Lindner et al. 1996 using FORSKA; Bugmamd Solomon 2000

using ForClim)or to studyvegetation patterns across landscageg., Urban et al. 2000 using
ZELIG). Recent research aimed at better representing ecological processes such as tree estab-
lishment(Wehrli et al. 2007)growth(Rasche et al. 2012nortalty (Bircher et al. 2015)or nat-

ural disturbanceéSeidl et al. 2008)by implementing equations that are biologically more accu-

rate or using realibration methodge.g., inverse modeling approach; Hartig et al. 20TBjn-

ning and management algorithms were often considered only more re¢zantiyan et al. 1992;

Lasch et al. 2005; Pabst et al. 2008; Ranatunga et al. a@6&)articularly for exploring alterna-

tive management regimes to cope with climate chgbmelner et al. 2000; Rasche et al. 2013)
However, the application of different harvesting functions on simulated forest dynamics have
been evaluated only rare(fRasche et al. 2011}or relying on forest gap models as decision
support tools in forestry under climate change, their capabiliticearately simulate manage-

ment interventions is an essential precondit®nother importantopic of this thesids thus to

evaluate the importance of accurately simulating forest management interventions in models of
long-term forest dynamics.

In my thesis, | focus on the development, evaluation and use of the forest gap model ForClim
(Bugmann 1996jor central and southern European mountain forests. The dissertation is part of

the Europeass c al e research project ARANGE (AAdvancec
European mountain RANGEsO0O) whose main goal w a
climatic and socieeconomic conditions on the provision of ecosystem sertigeaountain for-

ests in Europe. The project builds on seven case study regions in the major mountain ranges of
Europe, among which four have been selected for this dissertation, covering a wide range of for-

est types, governance settings and cultural caaté&®ANGE aimed to analyze four main eco-

system services: timber production, protection against gravitational natural hazards, carbon stor-
age/sequestration, and biodiversity conservation (MEA 2005).-&ftdibea r t ( Aadvanced:d
est models and indicattwased approaches were applied in ARANGE to quantify and understand

the provision of ecosystem services. In this framework, my thesis attemptalt@mtepotential

and combined impacts of climate change and forest management regimes estakaridrest
dynamicswith a modeling approach

Aims and structure of the thesis

The central objective of this PhD thesis is to contribute to the assessment of the potentials and
limitations of current and alternative management strategies in a range of Europeanrmmounta
forests for providing ecosystem services under climate change.

| first focused on a regional case study, the Dinaric Mountains, where | further developed and
evaluated a starstale model of forest dynamics (ForClim), especially regarding its alnlity t
reproduce forest dynamics under specific harvesting interventions, which is a precondition to
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analyze future management regimes under climate change. Thus, the main @maptef land
Chapter llof this thesis were:

1. To improve and evaluate the perftance of a model of forest dynamics with a focus on
correctly simulating forest properties and harvesting interventions in intensively managed
stands

2. To assess the impact of climate change on future forest dynamics under current and alter-
native forest masgement strategies in the Dinaric mountain forests.

For obtaining reliable projections with ForClim beyond temperate forests and for subsequently
applying the model in Sublediterranean forests (e.g., southern Européppter Il focused on

the ecologicaf act or t hat was found to i mpose | imitat
the key factors that represents a challenge for many models of forest dynamics: drought. Thus, |
evaluated model behavior in drougdtbne forest stands with the followingjective:

3. To investigate the importance of considering wammual and sitgpecific growth re-
sponses to drought in dynamic models, and propose a novel methodology to incorporate
this key feature of drougtgrone forests.

Lastly, in Chapter 1Vl employedthe knowledge gained in the previous parts and performed a
comprehensive simulation study in four European mountain forest stands to evaluate potential
changes in future provision of ecosystem services in four cases study regions. To this end, | will
usethe ForClim versions developed in Chapters | and Ill to:

4. To project the impacts of climate change on the future provision of multiple ecosystem
services in European mountain forests under current and alternative management practic-
es.

To address thesems, the thesis is structured as follows:

Chapter I: Accurate modeling of harvesting is key for projecting future forest dynamics: a case
study in the Slovenian mountains

Evaluating the potential effects of climate and management measutesrerforest dynamics is
challenging but also necessary for assessments of ecosystem goods and services. The specific
objectives of this first chapter were threefold: (i) to improve the forest gap model ForClim for
better depicting tree growth in managstdnds and enhance the flexibility of its management
module; (ii) to evaluate model performance against inventory data, with a focus on its sensitivity
to specific harvesting functions; and (iii) to study the impact of climate change on future forest
dynanics under current management practices in this case study region. | described model en-
hancements and tested the new model version in differently managed stands using analytical and
empirical harvesting algorithms to verify whether different approachestdate stem removals

would lead to different results. | then applied the model in a range of forest stands in the Dinaric
Mountains (Slovenia) under a businessisual management regime and two climate change
scenarios in addition to baseline climategd amecommended further investigations on potential
adaptive management measures in Slovenian mountain forests.
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Chapter II: The prospects of silver fir (Abies alba Mill.) and Norway spruce (Picea abies
(L.)Karst) in mixed mountain forests under various magement strategies, climate change
and high browsing pressure

Based on the results from previous chapter, in a study led by Matija Klopcic (University of
Ljubljana, Slovenia) we evaluated alternative options to busamssual management (BAU) in

the Dnaric mountain forests and their impacts on forest dynamics, with a particular focus on the
combined impacts of climate change and ungulates, focusing on the fate of the two main autoch-
thonous conifer species in the region (Norway spruce and silver fiah kimulations for 31

mixed forest stands including five management strategies, two levels of browsing pressure and
three climate scenarios. Outcomes from this simulation study were used for discussing potential
conservation measures that can be appgledounteract the observed and projected decline of
autochthonous conifers in the Dinaric mountain forests.

Chapter Ill: Forward modeling of treering width improves simulation of forest growth re-
sponses to drought

The intraannual variability of growtliesponse to drought is rarely considered in dynamic vege-
tation models that aim to simulate shifts in species composition and growth rate variations due to
changing environmental conditions. The main objective of this chapter was to improve the simu-
lation of the impact of drought on tree growth in ForClim while maintaining its parsimony re-
garding structural complexity and the number of parameters. For this, | used a forward modeling
approach of treeing growth using the V&ite model(Tolwinski-Ward et al. 2011)Based on

the principle of growth limiting factors, this model derivesrargnnual growth responses to
drought from tree ringvidth data. lquantified the seasonal growth responses to drought of Scots
pine at sixteen sites along a gradient that covers most of the environmental conditions of the spe-
ciesin central and southernutopeand implementedchese responses in ForCliFinally, | eval-

uated the new model formulation with forest inventory data from managed Scots pine stands in
Central Spain and Switzerland, suggesting a satisfactory performance that was much improved
compaed to theoriginal ForClim version.

Chapter IV: Future ecosystem services from European mountain forests under climate change

In this chapter, | applied ForClim in four European mountain regions and evaluated the future
provision of four main ecosystesgervices: timber production, carbon sequestration, biodiversity
conservation, and protection against natural hazards. Forest dynamics were simulated under three
management scenarios (no management, busasessial, and one alternative management re-

gme)and five <c¢climate change projections, f ocusc
(RST) of these mountain regions that cover different forest types and governance settings of cen-

tral and southern Europe. Indicators of ecosystem services were calculates i ng fAl i nker
tionso, and they allowed for the quantificat.i

lated stand attributes. | also analyzed the ta@fte and synergies between ES, and evaluated
their variability according to changes in climand management regimes.
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Abstract

Maintaining the provision of multiple forest ecosystem services requires to take into considera-
tion forest sensitivity and adaptability tachanging environment. In this context, dynamic mod-

els are indispensable to assess the combined effects of management and climate change on forest
dynamics. We evaluated the importance of implementing different approaches for simulating
forest management ithe climatesensitive gap model ForClim and compared its outputs with
forest inventory data at multiple sites across the European Alps. The model was then used to
study forest dynamics in representative SilveiEiiropean beech stands in the Dinaric Moun-

tains (Slovenia) under current management and different climate scenarios.

On average, ForClim accurately predicted the development of basal area and stem numbers, but
the type of harvesting algorithm used and the information for stand initializatiteyasements

that must be defined carefully. Empirical harvesting functions that rigorously impose the number
and size of stems to remove fail to reproduce stand dynamics when growth is just slightly under
or overestimated, and thus should be substitbyednalytical thinning algorithms that are based

on stochastic distribution functions.

Long-term simulations revealed that both management and climate change negatively impact
conifer growth and regeneration. Under current climate, most of the simuiatei$ svere domi-

nated by European beech at the end of the simulation (i.e., 2150 AD), due to the decline of Silver
fir and Norway spruce caused mainly by harvesting. This trend was amplified under climate
change as growth of European beech was favoreddginehtemperatures, in contrast to drought
induced growth reductions of both conifers. This forest development scenario is highly undesired
by local managers who aim at preserving conifers with high economic value.

Overall, our results suggest that mainiag a considerable share of conifers in these forests may

not be feasible under climate change, especially at lower elevations where foresters should con-
sider alternative management strategies.

Keywords: mountain forests, climate change, gap model, kor@BusinessAs-Usual manage-
ment, forest inventory data
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Introduction

Forests provide a multitude of ecosystem services (ES) to humafikital 2010) including

direct economic support such as timber production, but also indirect benefits from the regulation
of ecosystem processde.g., protection against natural hazards, regulation of biogeochemical
cycles) and cultural services (e.g., recreation, aesthetics). The provisioning of these ES has
changed over the past decades and will continue to do so because of globalEHamgs al.

2013) Although trees havdeveloped mechanisms to cope with changes of environmental condi-
tions(e.g., plasticity in functional traits; Nicotra et al. 201f@yests are particularly vulnerable to
rapid environmental changésindner et al. 2010pnainly due to the long lifespan of trees, which
limits genetic adaptation. Temperature rise combined with higher nitrogen deposition positively
influences tree growth in many boreal and temperate fo(&sttzsch et al. 2014aput it may
negatively affect tree vitality under increasing droug@drnicer et al. 2011Forest management

can play a key role to mitigate these eff§@rsvo et al. 2008)Several strategic options can be
followed, from the promotion of more resistant and/or iesiltree species to the modification of
forest structure using specific harvesting interventions to reduce compépathelf et al.

2014; Elkin et al. 2015)Yet, an accurate evaluation of the potential effects, benefits and disad-
vantages of management measures is required.

Projecting the future properties of managed forests in a changing environment is challenging
(Bugmann 2014)In forestry, this has traditionally been based on extrapolating past aticesv

using expert knowledge. Empirical forest grovaiidyield models (GYMs) were the first quanti-
tative tools predicting tree growth at the individual tree and stand (Bvetzsch et al. 2008)

They typically derie from large field datasets and use-sitied speciespecific regression func-

tions to simulate growth based on a combination of ontogenic and abiotic explanatory variables
(Peng 2000Q) Although GYMs may be suitable for investigating management alternatives and
shortterm yield in a future where conditions are similar to the paswifidch they were calibrat-

ed (Kimmins et al. 2005)causal relationships between stand development and climate are not
considered so they cannot be applied reliably for different climatic condi(feovstes et al.

2010) Alternatively, forest dynamics can benulated by coupling demographic and ecophysio-
logical modelg§PBMs; e.g., Guillemot et al. 201,49xplicitly considering physiological processes
such as photosynthis and respiratio(Mékeléa et al. 2000)As PBMs simulate the effects of cli-

mate and C@on tree functioning using a mechanistic approach, they are more appropriate than
GYMs under changing enviramental conditions. However, PBMs require a large number of
parameters and measurements for calibration and valid@i@o and Reynolds 20Q6)hich

are often difficult to obtain for many sites and species, thus limiting their general applicability
(Fontes et al. 2010)

An alternative approach are forest gap modalso called forest succession models; cf. Shugart
1984; Bugmann 2001Dver the past years, they have increasingly been applied to investigate the
impacts of management strateg{&unstler et al. 2013under climate changé.indner et al.

2000; Rasche et al. 2013As they are not fully mechanistic, the number of parameters they re-
quire is limited, and they generally have a broagglieability (Bugmann and Solomon 2000;
Holm et al. 2012)
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Many studies have reported accurate simulations of stand basal area, biomass or tree diameter
distributions using forest gap modé¢lBang et al. 1999; Pabst et al. 2Q0&)t it is not clear at

what level of detail the management has to be prescribed. Recent research has emphasized the
better representation of ecological processes such as tree establi@etentitet al. 2007)mor-

tality (Bircher et al. 2015pr natural disturbancg$eidl et al. 2008) However, although several
studies used different harvesting options and management interventions to simulate stand proper-
ties(Garman et al. 1992; Ditzer et al. 200the effects of specific harvesting functions on simu-

lated forest dynamics have rarely been evaluated againsttdongdata(Pabst etal. 2008;

Rasche et al. 2011)f we are to rely on gap models as decissapport tools in forest manage-

ment planning in the context of climate change, their ability to correctly capture management
interventions is a key factor.

Thus, the goal of tkistudy was (i) to evaluate the performance of a forest gap model with a focus
on its sensitivity to specific harvesting functions; and (ii) to assess the impact of current man-
agement practices and climate change on future forest dynamics in the DinantaMs in Slo-
venia.

Materials and Methods
Forest model

We used the model ForCligBugmann 1996; Rasche &t 2012) which has been shown to rep-
resent silvicultural treatments well and has revealed high potential for investigating the impact of
managemet scenarios under a changing clim@asche et al. 201.3)

ForClim is a clmatesensitive forest gap model that has been developed to simulate forest dy-
namics over a wide range of environmental conditi@symann 1996)It operates at the stand

level and is based on specific ecological assumptions to capture the influence of climate and eco-
logical processes on lorigrm forest dynamics. Diamatand height growth of every cohort (i.e.,
trees of the same species and same age) are calculated based on the principle -bfgtiog/th
factors where a specispecific maximum growth rate is reduced depending on the extent to
which environmental faots are at suboptimal levelsoore 1989; Bugmann 2001The man-
agement submodel allows for the application of a wide range of silvicultural treatments such as
clearcutting, shelterwood felling, thinning or plantifBasche et al. 2011 detailed descrip-

tion of the model can be found Bugmann (1996)Bugmann and Solomon (200Midion et al.
(2009b) Rasche et a[2012) andBircher et al. (2015)

Model improvements

Didion et al.(2009b)andRasche et al2011)described the ability of ForClim to match time se-

ries data from longerm forest research plots. Hewver, a series of simulation tests performed at
multiple sites across the Alpine region (French-Rims, Austrian Alps, Slovenian Dinaric
mountains) revealed a tendency of the model to underestimate stand basal area due to low simu-
lated productivity(data not shown; cf. Bircher et al. 2015 for results on repezific spruce

stands) Further tests revealed that this is related to the link between simutgtiedvailability
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and diameter growth, rather than to climegkated limiting factors (i.e., degrelay sum or
drought). In addition, the management submodel does not allow for harvesting in selected diame-
ter classes, which prevents the implementationexitfle interventions. These issues were ad-
dressed as described below.

Tree growth and light environment

Diameter growth in the current version of ForClim (v.3.3) is calculated as follows:

30 e . P QQ0 (1)
— O0YDQ®@0:2z T
30 ¢z’0 Qz0

whereD andH are diameter at breast height and tree height (state variajftés)x is the dy-
namically calculated siteand speciespecific maximum tree heighiQ a function that distrib-

utes growth between diameter and hei@dasche et al. 2018G the speciespecific maximum
growth rate, an@RFthe scalar reduction factor to determine realized growth. The latter is calcu-
lated with the following equation:

''2 & 16 0 "' 0CXOYD "CYOY) "006 0 "00 (2)

where each factor ranges between 0 and 1 and expresses growth reduction due to available light
(ALGF), degree daysDDGF), soil moisture 8MGH), soil nitrogen $NGH and crown length
(CLGF), which areupdated at each time step of the simulation (yearly). In the previous version

of the model, reduction based on crown len@hGF) acted as a separate multiplier in the diam-

eter growth equatiofDidion et al. 2009b, their Eq.7pince the effect of crown size on radial
growth of dominant canopy trees is lower than previously expgEteldtner et al. 2013)and to

prevent the underestimation of basal area increment in dense, productive stands, this effect was
included in the overall growth reduction fac®RFin ForClim v.3.3 (Eq. 2)CLGF itself is cal-

culated as follows:

T "Q0O QO 6 0. 3
000000 827" Z —— P (3)

wherekLCPs is the speciespecific light compensation poirkl. CPneanthe mean light compensa-

tion point for all the species parameterized in the maphela relative measure of crown density,

and kAuditt = KAimax T kKAuvin. The value ofgA: should vary betweekAivax and kAimin, Which
represent the maximum and minimum envelope (95%), respectively, of the relationship between
tree diameter at breast height (DBH) and foliage mass (kg) of distinct species (@ogpsgann

1994; Wehrli et al. 2007)Earliermodel versions did not include the influencekdimin in the
calcubtion of the effect of crown length. Therefore, we adjusted the formulaticDLGF
(Didion et al. 2009b, their Eq.®y adding the influence &Auwin via kAuwgirt (EQ. 3). Finally, the
auxiliary variablegAlis still calculated as follows:
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Qp Qo Q6 2" 060 (4)

wheregLAl represents the leaf area index factor (LAI), which is a function of the LAI estimated
at the top of the tree canopyLAlH) and the maximum LAl in a patckl(Aluax) that is achieva-
ble for themost shade tolerant species:

"Q0 6 "A) 00 QD 6 QL 6 Ofp (5)

Management

We complemented the management submodel by two harvesting functions that enhance model
flexibility. The first function, labelle&ingle Stem Removal (SSR), was developed for simulating
removals of an exact number of stems for every tree species by diameter class (e.g., 5 or 10 cm
bins) for each intervention. If the number of removed stems derives from inventory data or man-
agement @ns for a specific plot size, their number was calculated in proportion to the size of the
simulated area. We implemented a second function that allows removals of a percentage of stand
basal area that is split into five Relative Diameter Classes (RD@keTtlasses are calculated
proportionally depending on the minimum and maximum simulated diameter in the stand in the
current yea(Seidl et al. 2005)This second function was primarily developed as a logical exten-
sion of SSR for running lorterm simulations into the future, where prescribing rea®wof a

certain number of stems in static diameter classes is simply unrealistic. Following the classifica-
tion by Soderberghrad Ledermann (20035SR can be categorized as an empirical function (i.e.,
based on observed data), while RDC was considered as an analytical harvestirgrakyamiit as

the thinning functions previously implemented in ForClim (further below referred as GEN). As
ForClim is a horizontally noexplicit forest model without interactions between individual simu-
lated patches, tree removals are executed randomlynwitaipatches.

Model evaluation: data and simulation settings

We evaluated the latest version of ForClim (v.3.3, as described above) against forest inventory
data of five forest growtandyield plots in Switzerland and five forest compartments in the
Snegni k area i n s outAppendixl). AllplotSdreodereimatecaby &t Teasb | e
one of the three main species of European mountain forests, i.e., Europear-bgeashsylvati-

cal.), Silver fir (Abies albaMill.) and Norway spruceRices abieqL.) Karst.), and are often
associated with Sycamore maphedr pseudoplatanuk.), European larchL@rix deciduaMill.)

or Swiss stone pind’(nus cembrd..).

For each stand, forest dynamics was simulated under historical management and climatic condi-
tions from the first to the last inventory (200 and 50years in Switzerland and Slovenia, re-
spectively). The stands were initialized using DBH data from the first inventory, allocating ran-
domly each tree to the number of patches obtained by dividing site area by the default patch size
(i.e., 800 M). We subsegently expanded this information to the standard number of patches (i.e.,
200) by using replicates of these patches in order to reduce stochastic noise in the simulations
(Didion et al. 2009b)Speciesspecific relationships between height and diameter were obtained
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from forest inventories at each site and were used to calculate initial tree height. In the absence of
detailed local data, browsing pressure was set to 20%. Interspecific difference of sensitivity to
browsing are implemented in the model via spespEciic browsing tolerance parametdssee

Didion et al. 2009a for further details)he simulation settings for all sites are shown in Table 1
and inAppendix1.

Table 1 Main characteristics of the stands used to evaluate ForClim, their geographic region (CH=Switzerland;
SLO=Slovenia), coordinates, elevation (in case of large compartments the mean elevation of the area is shown),
mean temperature, mean annual precipitatiarea, simulation details on estimated water holding capacity
(BS=Bucket Size), soil available nitrogen, slope, aspect, simulation period with number of available inventory meas-
urements (n), and share (% of basal area) of the different tree specidialaation (Pab=Picea abiesAal= Abies

alba, Fsy=Fagus sylvaticaOth=Larix deciduain HospentalAcer pseudoplatanus SLO, Pinus cembran Moris-

sen and Hospental, aQlercus petrae& Horgen).

Region Site Coordin. Elevation Temp Precip Site BS Nitrogen Slope Simulation  Pab/Aal/

°N;E) (masl) (°C) (mm) area (mm) (kg/ha ), period (n)  Fsy/Oth.
(ha) *yr) Aspect
CH Aarburg 47.33; 475 8.8 1130 0.25 100 80 0° 18901994 0/0/
7.91 (18) 100/0
CH Hospental 46.61 ; 1475 4.2 1513 040 100 80 20°, N 19332005 50/0/0
8.58 (10) /50
CH Horgen 47.27 ; 630 8.5 1236 050 100 100 0° 19071999 14/3/
8.56 (16) 7716
CH Morissen  46.74 ; 1630 3.6 1446 050 100 50 20°, S 19292002 69/0/0
9.18 (10) /31
CH Zofingen  47.29; 510 8.7 1165 0.25 100 100 0° 18902001 0/0/98
8.00 a7) /12
SLO 1D 4561 ; 968 6.3 1454 9.00 120 70 20° E 19632013 10/77/
14.45 3) 12/1
SLO 2C 45.62 ; 825 7.3 1382 7.81 120 70 20°, N 19632013 16/72/
14.46 3) 11/1
SLO 7A 4561 ; 965 6.4 1453 517 100 70 25°NW 19632013 2/81/
14.48 ?3) 15/2
SLO 11B 45.60, 1205 4.7 1576 6.93 100 70 5° N 19632013 24/55/
14.48 3) 19/2
SLO 40C 45.63 ; 815 7.4 1377 6.87 100 70 5°, 8 19632013 8/80/
14.46 3) 11/1

For assessing the effects of the different harvesting approaches on simulated forest dynamics, we
used two functions with the MANAGEMENT submodel. We first ran simulations applying a
generic managemeninction (GEN), which removes a constant percentageanid basal area in
regular interventions during the management phase. It requires calculating the average number of
years between management operations and the mean intensities of interventions (% of trees to
harvest per patch). The algorithm automalycatlects trees to be removed based on their DBH
until a certain amount of basal area is reached using a stochastic Weibull function, which is de-
termined from the current DBH distribution and a parameter controlling the type of th{ifiming

a detailed description see Rasche et al. 204l ypecies present in the stand were assumed to be
suitable for harvesting. Alternatively, we applied sirggle stem removdlinction (SSR) to simu-

late harvesting of the exact number of stems reported in the inventory for each species and DBH
class (5cm bin), matching the year of intervention.

Model outputs in terms of basal area, stem numbers, DBH distributions and volume harvested per
hectare were compared with empirical data. For evaluating the goeafrigissetween observa-

tions b9 and simulabns §im) overn observations, we used the relative root mean square error
(RMSB and the percent biapliay:
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We further compared the simulated vs. observed DBH distributions at the final simulated year
using the Kolmogorossmirnov test, and calculated the difference in percentage of the cumula-
tive volume harvested at each site.

Model application

We selected mountain forests of the broader S
a case study (Fig. S1, right). Climate change has been and will be particularly pronounced in
mountain regiongChristensen et al. 2007; Rebetez and Reinhard 26@8) thus these forests

and the ES they provide may be altered strong
long tradition to prorate timber production and nature conservation. Recent studies have high-
lighted increasing risks related to climate cha(@&ci et al. 2010; Boncina 2011; Klopcic and

Boncina 2011)Thus, there is high interest by local forest manageasgess future forest devel-
opment wund-asusiihbhlu®i massagement and climate chan
scales, i.e. for developing tools that provide decisiopport recommendations for adapting
management plans for the future.

A total of 37 Representative Stand Types (hereafter RST) were defined as a unique combination
of site conditions, stand characteristics and forest management (FM) type. First, site conditions
were assigned to each RST: elevation range, slope, aspect, mianagkability, and water hold-

ing capacity. Secondly, forest structure dateee species composition and DBH strucfuweere

derived from a series of inventories for the period 12633. Twentysix RTSs were identified

as everaged stands with differéedevelopment stages (i.e., pole, mature, and regenerated stands)
while the remaining 11 RTSs featured uneaged stand structures. Characteristics for each RST

are reported in Table SAppendix3. We initialized the model for each RST at the year 2010
using data provided as the number of trees by species per hectare in diameter classes of 5 cm.
Simulation results are shown below for nine RSTs at three elevations only, as these RSTs repre-
sent the simulated diversity in stand structure and compositibnent Sne gni k ar ea qui

Forest management data

To simulate future forest management, we used prescriptions representing the typical course of
silvicultural measures over the entire rotation cycle of a stand (Bughksddsual Forest Man-
agement, herewr BAU-FM). BAU-FM data for each RST were gathered by local experts
through questionnaires to forest practitioners. In eaggd RSTs, an irregular shelterwood sys-

tem with rotation periods of 13040 years was applied, and the main interventions consisted

2-4 thinning operations and-2 regeneration fellings with a regeneration period eBQQ/ears.
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Each intervention was executed when the stand reached a specific diameter (average of the 100
largest trees per hectare). Only natural recruitment wasfaseegenerating the stands. In une-
venraged RSTs, a combination of group selection, sihgieee s el ecti on ((o6pl ent
scale irregular shelterwood was used. Interventions occurred approximately every 10 years with
harvesting intensities of tygally 15% of standing volume. Since data for future management
scenarios for each intervention could not be anticipated in terms of-sieglesmovals for such

long projections, we determined percentages of harvested basal area by tree species using the
RDC approach.

Model settings and simulation experiments

For each RST we generated a total of 100 model patches representing initial stand conditions
using the methodology described in section 2.3. Harvesting was implemented using the RDC
approach, with gecification of harvesting percentages by species and RDC for each silvicultural
operation, for both eveaged and uneveaged RSTs. The minimum diameter for calculating
RDC was set to 5 cm, with the exception of silver fir for which it was set to 25 cegémera-

tion fellings (everaged) and singlaee selection harvesting (unevaged) for conservation rea-

sons. All stands were initialized in year 2010 and simulated until 2150, in order to simulate at
least one full rotation period. We ran simulationslemcurrent and future climatic conditions

(see Appendix 2), assuming a constant climate after 2100. The establishment submodel was
slightly modified for the model application, as explainedgpendix3.

We assessed the development of simulated basabaceapecies share for BAU management
under current climate and climate change scenarios for every stand as well as aggregated for the
entire forested area (average values with their standard deviation indicatirgtaniariability).

Results
Model evduation

In the sprucelominated subalpine plots of Morissen and Hospental (Switzerland), basal area,
stem numbers as well as harvested volume and DBH distribution simulated with the single stem
removal function (SSR) matched empirical data very well (Eigrable 2; Fig. S2 i\ppendix

1; bias in basal and stem numbers <5.5%). With the generic function (GEN), however, basal area
and stem numbers were generally underestimated (b§%% and-30%, respectively) due to an
overestimation of the harvesting lafge trees in the first four interventions. Still, simulated de-
velopment of basal area and stem numbers converged with empirical data towards the end of the
simulation, resulting in a good match with the observed DBH distribution (cf. Fig. 1 for Moris-
sen. As the GEN function removed a constant percentage of the stock at every intervention, har-
vested volume decreased over time proportionally to stand basal area. Similar patterns were ob-
tained in Aarburg, except for a strong overestimation of stem nurmbéne low DBH classes
(+66%; Table 2 and Fig. S2).

In mixed submontane stands Horgen and Zofingen (Switzerland), there was a large difference in
the simulation results between the two management functions. At initialization, these young
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stands (19 and 2years, respectively) were characterized by a large number of small trees (>3000
ha! with DBH <6 cm; Fig. 1 and Fig. S2). Using the GEN function, simulated basal area and
stem numbers fitted well with empirical data, although there were slight differentes final

DBH distribution due to an overestimation of stem numbers in tH&025n and 5&5cm clas-

ses in Horgen and Zofingen, respectively. At both sites, harvested volume over the entire simula-
tion periodwas 20.4% and 41.7% higher than empirical data suggests (Table 2). In contrast, the
SSR function clearly underestimated total harvested volume in Hordéfo), leading to a

strong overestimation of basal area (+68%) and stem numbers (+124%), espetiayDBH

classes <40 cm. In Zofingen, simulated basal area and stem numbers were higher than observed
as well (+68.3% and +50.6%, respectively) due to a strong underestimation of harvested stems
for the first two interventions (ca750 and-500 stems/hani 1892 and 1898, respectively; cf. Fig.

S3 inAppendix1).

Finally, consistent results were obtained for the Slovenian sites, but the SSR algorithm typically
led to more realistic results than the GEN function (Table 2). Using five thinning interventions
executed at tetyear intervals, the GEN function underestimated stand basal area5%&dgor

site 1D; Fig. 1) and, to a higher extent, stem numbers (bet®&e80 and42.7%). Due to the
strong overestimation of harvesting in the low and medium diaroleteses (185 cm), this bias
increased over time leading to a significantly different DBH distribution at the last inventory
(Fig. 1; Fig. S2; Table 2). However, the lack of empirical data for trees <10 cm at initialization
(seeAppendix1) resulted in @eneral underestimation of stem numbers in the low diameter clas-
ses, independent of the harvesting function. Still, the SSR function yielded a better match be-
tween observed and simulated basal area and stem numbers (bias <10% except for stem numbers
at ste 11B). Moreover, volume harvested in the years of intervention corresponded remarkably
well with management records, and the DBH distribution at the end of the simulation period was
quite close to observations (excluding the 10 cm DBH class).
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Fig. 1 Change over time of stand basal aredlfa), stem numbers (per ha), and volume harvestéthdfr) based

on inventory data (black) and simulated by ForClim using the GEN (blue) and SSR (red) functions. Diameter distri-
butions (5cm bins) at the lashventory and at the end of the simulations are shown in the bottom panel; the color
shaded areas show the®2d&nd 97.8 percentile of the simulations.
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Table 2 Relative root mean square error (rmse; in %) and percentage bias (pbias; in %) of basal atemn num-

bers simulated by both GEN and SSR scenarios with regard to observed values for the evaluation sites. The differ-
ence of cumulative volume harvested between observed and simulated data (diff; in %) is also indicated. The last two
columns represe the sample statistics calculated with the Kolmogéavrnov test to compare the cumulative

DBH distribution at the final observation year; values in bold indicating that distributions significantly differ with a
p-value < 0.05.

Basal arca Stem Numbers Volume DBH

- - - - - Harvested ~ Distnbution

GEN SSR GEN SSR GEN SSR GEN SSR
Region  Site rmse pi)m% mse p’hms mse [‘;i;nns mse bhmi aift diff stat stat
CH Aarburg 4 3.4 3 24 4% 450 70 66,0 400  -177 0.25 0.44
CH Hospental 17 -149 6 -5 3 37 -329 3 28 =202 -4.8 0.31 (.25
CH Horgen 2 -1.6 73 682 6 153 132 1241 204 465 0.63 0.63
CH Morissen 19 -17.3 A -3.4 33 -294 | -1.1 280 -7 0.13 019
CH Zofingen 16 153 73 68.3 0 0.3 54 50.6 41.7 1.5 0.63 0.69
SLO ID 7 4.6 12 79 51 -34 3 1] -7.4 280 &1 0.57 014
SLO 2C 15 -1l 7 5.0 47 -31 4 12 -84 29 222 0.57 0,29
SLO TA 23 155 6 4.3 39 -26.1 S 3.5 L0 1.9 0.71 .36
SLO 1B 30 =20 128 -85 H4 427 33 =223 269 4.5 0.64 0,29
SLO 40C 9 6.1 2.8 1.9 R 258 2 1.3 258 65 (.43 0.29

Model application

Simulated forest dynamics under current climate and -BMJ

For the entire Sripn arka, the average stand basal area projected for the end of the simulation
period did not differ substantially from initial conditions (i.e., 38738 nt/ha in 2010 vs. 39.8

°11.1 nt/ha in 2150). However, there were strong differences with elevatiowirsih@n in-

crease in basal area at medium elevations and a decrease at higher elevations (Fig. 2a,d). The
higher stand basal area at medium elevations was due to a strong increase in the share of beech
(from 33.5°23.0 to 75.8°17.1%) across the entire ar@dg. 2f). In contrast, the basal area of

silver fir was simulated to decrease irrespective of elevation (Fig. 2b,e). In 2010, it had a mean
value of 41.4 23.8% and reached >60% in medhetevation stands, but its share did not exceed

15% for most RSTsi2150 (10.2 8.9%, Fig.2e).

At high elevations and in evaaged RSTs, simulations indicated a development from typical
upper montane beeaominated to mixed beedir-spruce stands (e.g., for RST 1E: Fig. 3, up-

per panels). Concerning unevaged standfRST 1Ua, which initially was dominated by beech,
featured a reduction in beech basal area over time combined with a slight increase of spruce and a
nearly constant amount of silver fir. For the mixed be@cbpruce RST 1Ub, we observed a
decline of siler fir and spruce associated with a strong increase of beech basal area over time.
Most of the stands located at medium elevations showed a similar trend in forest composition,
slightly modified by the management approach. In the RSTs 2Ea, 2Eb, and 20 wene dom-

inated by silver fir and beech (Fig. 3), simulations projected a clear decrease of silver fir and
promoted a strong rise of the proportion of beech, which was the prevailing species at the end of
the management cycle. This was especially impoitauneveraged RSTs (e.g., RST 2U), for
which harvesting was simulated with a stronger intensity on silver fir rather than on beech (and
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on spruce), which in turn replaced silver fir as the dominant species. The replacement of silver fir
and spruce bydech was even more apparent at low elevations (Fig. 3: RSTs 3Ea, 3Eb, 3U).
Eventually, the simulation under current climate resulted in nearly pure beech stands with a high
basal area (485 n¥/ha). Simulated forest development for the remaining RSTsdwrshin

Fig.S6.

Stand Basal area Silver fir share European beech share
(m°“/ha) (% of stand basal area) (% of stand basal area)

Year 2150, scenario CC1 Year 2150, current cliimate Year 2010

Year 2150, scenario CC2

0 10 2 30 4 S0 &

Fig. 2 Current (in 2010) and projected (in 2150) stand basal area and share of Silver fir and beech (in percentage of
basal area) extrapolated to the entire Snegnik area. Si
current climate, CC1 and CC2. The maps were generated by plottindgeR& Bimulation data into raster polygons

(migration of species and largeale external disturbances are not considered, in contrast to landsabpespatial-

ly-explicit models; deits on the methodology iAppendix3).
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Effect of climate change

Changing climate conditioni i.e., warmer and drier climate especially during summer (Table
S3,Appendix2) T induced a reduction in average basal area when considering all RSTs (Fig. 2).
However, the decline was not very strong, as it averaged®38.8 nt/ha and 29.7 11.2 nf/ha

in 2150 for the CC1 and CC2 climate scenarios, respectivelyd§iy- Thesimulated share of

silver fir was even lower than under current climate (%521% under the CC2 scenario; Fig.

2m). In contrast, climate change further promoted beech dominance over the whole area (mean
share 89.6°9.3% under the scenario CC2; Fig. 2m).high-elevation stands, temperature rise

was highly beneficial for beech and to the detriment of spruce and silver fir, resulting in a decline
of the share of conifers irrespective of the BAWM variant used (Fig3, upper panels). No posi-

tive effect of igher temperatures on beech was found at medium elevations. However, combined
with the decrease in precipitation, it impacted spruce strongly negatively, and to a lesser extent
also silver fir in the longerm (i.e., after ca. 2080). At low elevationspwite change exacerbated

the decline of conifers such that they were nearly absent towards the end of the management cy-
cle (Fig.3, lower panels). Interestingly, a reduction of growth was observed for beech as well, as
the development of its basal area otrere diverged from the simulation under the current cli-
mate after ca. 2080, especially for the CC2 scenario, for which the difference in beech basal area
in 2150 was close to 38%ha (e.g., stand 3Ea. Fig. 3).

Discussion
General model performance

For nodelevaluation we usedelatively long inventory peria(50-104 years) and muigpecies

stands, in contrast to many earlier studeg., Lasch et al. 2005; Seidl et al. 2006}s pleasing

to see that at Slovenian sites, for which ForClim had never been applied to date, the model pro-
duced reasonable results compared with inverdatg. This confirms the observationsflion

et al. (2009b)who demonstrated a good applicability of the model under a broad range of envi-
ronmental conditions.

In contrast to ForClim 3.0Rasche et al. 201100 systematic underestimation of basal area was
observed any more with ForClim 3.3 (the percentage bias over all inventory sites averaged:
18.34°9.6 and-7.8° 10.3 with the models ForClim v3.0 and ForClim v3.3, respectively), partic-
ularly at subalpinegoniferdominated sites (see Fig. S4 and Table SApgpendix1). We sug-

gest that the reduction in diameter growth due to short tree crowns as implemebDidhyet

al. (2009b)was too strong, being an artifact of the need to consider multiple greddting
factors(Eg. 1; cf. Bugmann 2001)n accordance witkichtner et al. (2013)we reduced the de-
pendency of the radial growth of dominant canopy trees on crown length and thus the impact of
CLGF on simulated diameter increment (cf. seci@pnHowever, we are aware that the new
equation may be improved further, and that studies devoted to a better representation of crown
characteristics and the impact of plant morphology and the light regime on tree growth would be
highly welcome so as to redeibias and uncertainties in simulatighgyot et al. 2014)
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In addition, the modeling of tree mortality and establishment in managed stands could be im-
proved as well. Mortality functions in forest gap mod&lsane et al. 200Inostly fail to match

natural mortality in growtfandyield plots, and consequently their growing st¢Bkcher et al.

2015) as mortality rates (and deadwood pools) are usually lower than under unmanaged condi-
tions (Powers et al. 2012Regarding establishment, the concept of a constant seed rain without
dispersal limitation and without feedback from canopy ti@&e et al. 2001jnay be rather

i nappropriate especially in intensively manag
in Appendix3), in which harvesting intends to favor the regeneration of theé esosmiomically

valued specie@Nagner et al. 2010)

Performance of the two harvesting functions

Several studies have evaluated the effects of harvesting intensities on simulated forest properties,
yet they did not analyze the consequences of using different algofitimdser 2000; Taylor et

al. 2008) Although the reliability of gap models for forest management has been criticized
(Monserud 2003)ForClimproved to be suitable for investigating different harvesting techniques
and analyzing how they impact future forest developmieatche et al. (201-5uggestedhat

detailed settings for management functions can be substititfealit harmby genericones we
therefore examinedhether the model was capable to captarest dynamics antimber volume
harvestedy using an aalytical harvesting algorithm (generic; GEN) vs. an empirical one (single
stem removal; SSR). Interestingly, our analysis across multiple sites revealed-afftiadie
performance of these approaches, depending on stand structure.

In mature plots atnitialization (e.g., Morissen, Hospental and the Slovenian sites), SSR per-
formed better than GEN in terms of simulated stand basal area, stem numbers and harvested vol-
ume. By removing a constant percentage of the growing stock at every interventiogeG&N

ally underestimated basal area somewRatsche et al. 2011Yhe better performance of SSR

over GEN at these sites reflects thassgvity of the harvesting function to the initialized stand
structure: model projections across decades depend strongly on the initigT staperli et al.

2013) When the simulation starts from a mature stand, the modelateleinitial canopy height

and biomass, which influence available light at the forest floor. In this case, forest dynamics are
much less subject to stochastic processes of the model (which influence mortality and establish-
ment) compared to simulations tag from young stands or even from bare grogwekhrli et

al. 2005) and the chance that growth is neither under overestimated is much higher. As a
consequence, SSR was able to capture harvesting very well, as the number of stems to be re-
moved in the specified DBH classes was easily identified in every intervention.

By contrast, in young forest stands thatfge a large number of small trees (e.g., Horgen and
Zofingen), simulations out using GEN were closer to observations while basal area and stem
number were strongly overestimated with SSR due to the large underestimation of harvesting. As
SSR removed a piselected number of stems within diameter classes with static bins, a mismatch
between simulated and observed growth rates induced a divergence in the harvesting. This prob-
lem cannot occur with GEN, since the thinning algorithm automatically calculaedithber of

stems to harvest in each diameter class based on the probability distribution associated with the
silvicultural operation.
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We conclude that the implementation of empirical harvesting algorithms, such as SSR, in forest
gap models (or, as a mattof fact, in any other dynamic forest model) may fail to represent for-
est dynamics properly when the simulated diameter structure diverges from real conditions. Ap-
proaches such as SSR are promising to assess model behavior whetresndgea from histi-

cal records are available, or to investigate the impacts of harvesting in the short term (i.e., <50
years). However, we are less confident in their relevance forteyng projections, especially

since they requira priori knowledge of the number ofeshs to harvest in each diameter class,
irrespective of future forest structugarii et al. 2008) Thus, analytical algorithms are likely to

be more suitable due to the stochasticity in distributing stem removals (e.g., thinning algorithms
such as in Linand Paro 20%1or relative diameter classes as in Seidlle2@05). In addition,

since they better mimic actual silvicultural decisions and are easily adjustable by the user, they
should be preferred when models are used as decision support tools by forest practitioners
(Soderbergh and Ledermann 2003)

Implications of BusinessAss-Us ual f orest management in Snegni

We used the RDC harvesting approach to simulate future forest dynamics undd¥NBAb in

the Snegni k area. As discussed abochevecotlhi s an
use to avoid possible model failures in capturing the characteristics of the harvesting interven-
tions based on available management prescriptions. However, since our intent was to correctly
capture the management regime rather than mimickingirea removal interventions where
speciesspecific removal percentages might be adjusted depending on the current species propor-
tions, this could have induced large, possibly unintended changes in the share of individual spe-
cies.

Simulated forest ahamics under current climate and BAM

Although stand basal area simulated for 2150 did not change significantly compared to initial
conditions (2010), species composition differed strongly. In the majority of the RSTs, we ob-
served a drastic reduction eilver fir basal area, followed by an expansion of beech. These
changes were due to (1) the higher establishment potential of beech, and (2) the direct impacts of
harvesting on silver fir.

First, the modification of the establishment potential of beedfonClim according to currently
observed natural regeneration strongly favored this species at the expense of conifers. As beech is
currently the dominant species in the understory, our simulations suggested that its proportion
would increase in the futur@&his trend was especially strong at low elevations, where spruce
originates from planting. In dense spruce plantations, beech regeneration is generally limited due
to the lack of seedéPoljanec et al. 2010)However, considering that planted stands in the
Snegni k area are small, thus allowing seed in
trees were initially present in these stands, there was no reason to exclude beech establishment in
the model.This resulted in nearly pure beech stands after the simulated regeneration fellings. In
ForClim, silver fir and spruce are parameterized to require a mean temperature of the coldest
months below3 and-1 °C, respectivelyBugmann and Solomon @0). At low elevations in
Snegni k, however, the average temperature of
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ments for silver fir (i.e., establishment was not possible at any time) and partly for spruce (estab-
lishment limitation in 40% of thgears), while it was not limiting for beech in the model. Above
1200 m a.s.l., stands were not dominated by beech in the simulations as its growth was limited by
low temperature during the growing season. Here, 8AU promoted a higher proportion of
conifers (Fig.3, RSTs 1E & 1Ua), which agrees with empirical studies where a decline of beech
in Slovenian subalpine forests was observed during the last 40(ye§anec et al. 2010)

Second, simulated harvesting intensity for silver fir was too high to maintain a sustainable
amount of its growing stock over tinand to cope with competition by beech. As a result, the
strong silver fir decline observed during thé"2@ntury in these fores{&lopcic et al. 2010and

in other forest types across Slovefkacko et al. 2011)may continue. Numerous authors have
anticipated a decline of silver fir the Dinaric mountaingDiaci et al. 2010; Poljanec et al. 2010;
Klopcic and Byncina 2011)Our simulations confirm this expectation. As silver fir is highly sen-
sitive to natural and human disturban¢eg., wildfires or harvesting; cf. Tinner et al. 2013)
harvesting intensities such as the ones prescribed in-Bldeem to be inappropriate to mwa
rant its conservation. I n addition, as silver
among the other tree specigdopcic et al. 2010; Cailleret et al. 2014fs decline could be fur-

ther amplified in case of increased ungulate density in the area.

Effect of climate change

Our study revealed that climate change would have strongly varying impacts on basal area and
species composition in Dinaric mountain forests, mainly depending on their elevation. This
broadly confirms the findings of a range of studies from other mouataas(Elkin et al. 2013;
Cailleret et al. 2014)

In high-elevationstands, climate change improved growing conditions for beech compared to the
current climate. Soil water availability is barely limiting in these forests, and thus the rise of tem-
perature and the extension of the growing season favored beech growthpastdsed by sev-

eral empirical and modeling studi@®retzsch et al. 2014b; Tegel et al. 20149 a consequence,

the higher leaf area index had a negative effect on spruce, whose regeneratiamdeszs! lby

low light availability( St anci oi u and O&éHara 2006)

At medium elevations, conditions for beech were already quite favorable under current climate,
and thus an increase in temperature did not further promote its growth. Theetigttion of
summer rainfall did not have a negative effect on beech increment, as simulated drought did not
exceed the tolerance of the species.

However, in lowelevation standghe increase isummer temperature associated with a decrease

in summer rainfall led to severe constraints on tree growth, and it caused drmlugietd tree
mortality as revealed by the reduction in beech stand basal area after ca. 2080, which was even
stronger under thscenario CC2 than under CC1. Drougitiuced mortality also occurred at low

and intermediate elevations in silver fir and spruce (e.g., RST 2U), whose drought resistance is
lower than that of beec{Morin et al. 2011) This dieback phenomenon was all the more im-
portant since nearly no regeneration of either conifer spsomsplace due to the anticipated
increase irwinter temperatures (at low elevations 3C from the year 2024 for CC1 and 2016
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for CC2, respectively), thus leading to a nearly complete absence of conifers after the final regen-
eration felling.

Methodologcal aspects and limitations of the study

Our simulation results provide a comprehensive assessment of future forest development in the
Dinaric mountain forests under BAEM and climate change. However, they represent an evalu-
ation of possible futurérends rather than definitdorecastsof forest propertiegcf. Bugmann

2014) We only considered harvesting and changes of climatic condition$lgencing factors

on forest productivity. Other changes may also impact forest dynamics. For example, the rise of
CO, nitrogen deposition and changing air pollut{&ting et al. 2009ps well as natural disturb-

ances such agindthrow or pathogen outbreakSeidl et al. 2014jnay need to be considered. In
addition, our simulations disregarded possible migration of species that are potentially more
adapted to future climatic oditions (e.g., drougkiblerant oaks or pines). Furthermore, we
acknowledge that the decline of silver fir may have been overestiffaiedch et al. 2015Alt-

hough many studies that have investigated past and current forest conditions agree on the future
decline of this specie@ddeuze et al. 2005; Olivand Colinas 2007; Klopcic and Boncina 2011)
recent paleeecological studies suggest that silver fir is probably more dretotgrant than pre-

viously thought, as it was quite abundant in the Mediterranean area as long as the disturbance
regime was low(Tinner et al. 2013)Based on these new observations,-pa@meterization of

this species in the model may be appropriate. Lastly, we acknowledge that in our study we inves-
tigated the effects of climate change based only on two climate scenariaetbatelected from

a widei if not infinite i range of possible climate projections.

Implications for forest management and conservation

Il n the Snegni k area, timber production contin
versity conservation. Our simulation results support future timber production, albeit not of coni-
fers although these are preferred by forest owners and managers for their economic value. The
main consequence of BABM would thus be that timber productiper secould be maintained,

as climate change would have detrimental effects on growth in the long term and at low eleva-
tions only. Although the interest for beech has been growing in the last d¢datiesand Fanta

2001) managers and scientists need to consider alternatives teFBAIDthey want to preserve

a considerable amount of conifers in these mountain forests. Moreover, forests entirely dominat-
ed by beech,sathey were present some centuries @iee to anthropogenic disturbances and
grazing; cf. Klopcic et al. 2010; Diaci et al. 20Mpuld likely be lesseasistant and resilient to
natural disturbances compared to mixed for@stoke et al. 2008; Neuner et al. 20,1&3pecial-

ly to spring frosts(Cailleret and Davi 2011and snow damage while leaves are still present
(Nykanen et al. 1997}t would therefore be desirable to preserve a considerable share of conifers
in these forests to maintain their economic value and to reduce vulnerability to major disturba
eventyVuletic et al. 2014)
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Condusions

Our study documents the high flexibility of the forest gap model ForClim to reproduce forest
dynamics and specific management regimes in two different mountain areas of Europe. However,
the success of gap models to capture the drivers of treehgiownanaged stands depends
strongly on the accuracy of the harvesting regime. Detailed empirical algorithms can be helpful
for evaluating model performance over short time scales, but they are at risk of failing if growth
is not simulated in a highly acate manner. Therefore, analytical algorithms are most likely
more promising for projecting the impacts of future forest management on forest structural pat-
terns in the long term.

Based on a set of representati vedeterinined that i n
BAU-FM combined with climate change would (i) maintain current growing stocks except at low
elevations, and (ii) strongly impact species composition by favoring beech at the expense of sil-
ver fir and spruce. Further research is requiredntestigate potentiahdaptive management
measures that aim at maintaining conifer timber production while also preserving tree species
diversity in Dinaric mountain forests.
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Appendix 1
Model evaluation: description of hHstorical data and simulation settings
Switzerland (CH)

Five forest growth and yield plots that had been set up and are monitored by the Swiss Federal
Institute for Forest, Snow and Landscape Research (WSle) etsen from the eight plots used

by Rasche et al. (2011pr evaluating a former version &brClim. We omitted stands with low
harvesting rates that are uninteresting to compare model behavior under different management
scenarios, and oatkominated stands, as this species is not present fivéh®lovenian sites used

for model evaluatioifsee below).

The five plots(Fig. S1)are located in the submontane to the upper subalpine vegetation belt,
have different stand structure and include species such as Norway spruce, European beech, Silver
fir and European lah. Inventory data comprise the species and DBH of living, dead and harvest-

ed stems, collected at intervals that ranged between 1 and 13 years for a long-iG y&ars).

For each site, baseline climate (198W06) was obtained from the WSL database spatially
interpolated with DAYMET(Thornton et al. 1997p a grid cell size of 1 ha. From daily climate

data, averages of monyhlemperature and precipitatioas well as their standard deveas and
crosscorrelations were calculated as inputs for ForCBucket size (i.e., water holding capaci-

ty), available nitrogen, slope and aspect parameters were estimated from the site descriptions
(Rasche et al. 2011pince the inventory data did not differentiate the causes of tree death (i.e.,
individuaktree mortality due to natural causes; disturbances affecting many treessenukly;
harvesting damages; etc.), we switched off the mortality function of ForClim and included the
number of trees | abeled as fideadd in the pool
almost no regeneration took place in the plots, withetteeption of Aarburg (beeaffominated).
Therefore, we allowed natural establishment only at this latter site.

Slovenia (SLO)

Five compartments whose area ranges between 5
in southern SloveniéFig. S1) The Onaric Mountains are located in the western part of the Bal-
kansandextahf r om sout hern Sl ovenia to Al banisa al on:q
karst limestone plateau covering about 5000 ha with a mean eleghtgsound 1000 m a.s.l.

(range ©0-1796 m). At 1000 m a.s.l., annual temperature average6\®ith mean monthly
temperatures aroun<8 °C in January and 1% in July. Annual precipitation is rather high
(>1500 mm yeat) and evenly distduted over the year (see AppendixFay. S5. Snow cover

duration is relatively long, oftem1 20 days per year (average aogoo
ests in Snedgnik have a long traditi®andi®f pl a
century they were subjected to uncongdllharvesting and serious forest degradafidopcic

and Boncina 2011With the development of plenter forest management in the edtlge2@ury,

this region is now mostly managadinguneveraged silvicultural practic8oncina 2011)

n

The forest stands in the compartments are located at an elevation of 800 to 1220 m a.s.l., and they
are characterized by an unesa&ged structure. In each compartment, data from three inventories
between 1963 and 2013 were used forrtiael evaluation. In each inventory, the number of
trees with DBH crdiaineter aiass and each speches vias rec¢®isi 2013)
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The model was itialized with the data from the first inventory. It is noteworthy that an unspeci-
fied number of small trees (i.e., those below the callipering limit) were present at this time, but
they could not be taken into account in the model. Since in ForClim eew dare established as
saplings with 1.27 cm DBH, new cohorts require several years or even decades until they reach
the callipering limit of 10 cm. This produced an artificial underestimation of stem numbers in the
low diameter classes that must be comed when comparing empirical and simulated diameter

distributions over time.

Monthly climate data were derived from daily climate data of the clos€B& 0.25 deg. grid
points for the period 1952011 (van den Besselaar et al. 201\Wjeather files for different altitu-

dinal zones, slopes and aspects were generated with the mountain microclimate model MTCLIM
(Thornton et al. 2000)Due to the lack of records from weather stations, lapse rates for maxi-
mum, minimum temperature and precipitation required by MTCl&te determined from the
E-OBS dataset surrounding the arépgendix 2, Table 91 Bucket size valuefor the five for-

est compartments were derived fromh e
paper for the definition of RST) based omer knowledge (unpublished data).

RSTs [

n  {skeesect®n 2.4jim thekmaiar e a

Removals were obtained from harvesting registers between 1963 and 2012 for which conifers and
broadleaves had been aggregated in 5 cm diameter classes. Since harvested trees were not availa-
ble at the level of individuapecies, we calculated the removals of each conifer (spruce and Sil-

ver fir only) proportionally to their initial share with respect to stand basal area in the compart-
ments. For broadleaves we assumed that the removals were entirely coofgosech. In on-

trast to the sites in Switzerland, we allowed natural mortality in the model since the number of
trees removed due to natural mortality or disturbances were not recordechantbsting regis-

ters In addition, we allowed natural regeneration in all pantmentdo compensa for the lack

of trees <10 cm DBH at the time of model initialization.
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Model evaluation: additional simulation results
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Visual comparison of basal area and stammbers over time, diameter distribution at the last
measured year and volume harvested against inventory data for the remaining seven sites (not
shown in Fig. 1) is presented in Fig.S2. As for the site Zofingen the SSR function strongly under-
estimated havested stems for the first two interventions (not noticeable when only harvested vol-
ume is shown), we displayed this in Fig.S3.
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Fig.S2 Change over time of stand basal area (m2/ha), stem numbers (per ha), and volume harvested (m3/ha/yr)
calculated using inventory data (observed; in black) and simulated by ForClim using the GEN (blue) and SSR (red)
functions Diameter distributions (6m bins) at the last inventory and at the end of the simulations were also
represented. The colored areas revealed the 2.5th and 97.5th percentile of the simulations.

42



Chapter |

stem sumber (nina) tovsanl wee [y e )

stom rumber (vha)

vekime (mra)

TA-SLO

R -

& -

s

‘.-v T T T T

i F 8 3 R B
year

)
-
w
el

118 - SLO

-
W) -
e
A
2000
Aoy -

T -
-
{1
w0 =
L
w0 -

B 2 s f - .-‘-.\
ﬁ" eaas E- .""‘. 2 .
= ¥ [ TSN
f \J Ll ' L 1 °-| T v T T L]
P e 1 B § 3 i B 8 & B 3
your yeu
¥~
L

Frryryrrrrrrrrrr11
" N ¥ 4 M =m N

NHNE
e

e

= 1
/v i g
! : § oo

| 4l
[} il
(8 e Jl sl
;

-

| gt mae g o age 2er Jam B 2 O np om o
¥ ¥ ¥ © B @ W

—a—  OBSERVED

SIM GENERIC

Fig.S2(Continued)

43



Chapter |

Zofingen - CH
2 § .\ ']
s ... é §<‘
5 e g 2 V10
E < T
é v g E- 0’\ g ﬂ-l
E W o0 9® .:"‘l"’" \.,-' E' .:‘.- E ﬁ"
2 o W 4 5 ‘o‘ M
’ g 4 .‘.c. 8+
8 .ee b
SN LS '.,‘.~I'I\
—— o - i bl 22 o e . 8~ .?0'...."“'.'.
SABILELE 3.7 3P T T rrrrrrrrrorrererT™ ': :' L2 I R, B
BRRRREERRRRFR R BRRGRERER AR KR A § Sl R
year e Dex
§ -
LB ;
—a— OBSERVED ===  SIMGENERIC = «.enn. SIMSSR.
it
(R e !
2l
§ U v
181
N '::
L ‘"
i
. .
| ZR |
FR
Fig.S2(Continued)
o
B . Zofingen - CH
° -
=81 % »
Yo " §|
£ noih
g 0ol e
= ] 5 :
ny i
E o | o B W
(7] 2 " z' :
h i ‘
noih p
:l =' ' "
i! i: ’ T _n " *
iy fnfuen |v o i
PO P | R B | ity Bl il 3 N = By e 4
[ —— T T T 1 T 2l
- v - o~ - - —
g g 3 2 83 28 5 8 8 B
. v .~ ~ - o v ~ - = . o~
year
—a— OBSERVED ===  SIMGENERIC = «.ccvee SIMSSR

Fig.S3 Number of stems harvesté¢stems/hpfor the plot Zofingencalculated using inventory data (observed; in
black) and simulated by ForClim using the GEN (blue) and SSRfiradjions

44



Chapter |

Model evaluation: comparison between ForClim v3.0 and v3.3
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Fig.S4 Change over time of stand basal ared/!fa), stem numbers €p ha), and volume harvested3(ha/yr) for

three sites calculated using inventory data (observed; in black) and simulated by ForClim using the former version
3.0 (blue) and the new versi®.3 (red). In both versions the GEN harvesting function was applied (version 3.0 did
not include the SSR function in the model code). Diameter distributieom (Bins) at the last inventory and at the

end of the simulations are also presented. The @dlareas show the 2.5th and 97.5th percentile of the simulations.
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Table S1Relative root mean square error (rmse; in %) and percentage bias (pbias; in %) of basal area and stem
numbers simulated by ForClim v3.0 and the latest v3.3 with regard to observed vakléthievaluation sites. In

both versions the GEN harvestinghition was appliegversion 3.0 did not included the SSR function in the model
code) The difference of cumulative volume harvested between observed and simulated data (diff; in %) is also indi-
cated. The last two columns represent the sample statisticdatatl with the Kolmogore®mirnov test to compare

the cumulative DBH distribution at the final observation year; values in bold indicating that distributions significant-

ly differ with a pvalue < 0.05.

Basal area Stem Numbers Volume DBH
o o L L Harvested _Distribution
FC w30 FC V33 FC v3.0 FC v3.3 Vi v33 V30 V33
Region  Site rmse p-hms rmse  phias rmse ﬁhms rmse pbias dift dift stat stat
CH  Aaburg 17 162 4 34 Ay a64 48 450 A90 400 025 025
CH Hospental 35 =311 7 <149 36 322 37 -32.9 354 202 037 03l
CH Horgen 21 -199 2 16 19 17.5 16 153 -34 204 0.62 0.63
CH Morissen 36 <329 19 -17.3 32 -287 33 204 ~414 230 025 0.13
CH Zofingen I 4162 16 153 1 0.6 0 0.5 198 4.7 0.56 0.63
SLO D 17 IS 7 -4.6 54 -357 Si -343 17.3 280 0.57 0.57
SLO 2C 24 -I58 IS5 =10.1 52 344 47 314 <118 29 057 057
SLO 7A 30 198 23 -155 49 <327 iV -26.1 -4 8 1.0 0.64 0.71
SLO LB 37 =245 30 =20 63 436 64 427 157 269 0.64  0.64
SLO 400 17 16 9 -6l 39 263 39 -5 318 258 (.43 0.43
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Appendix 2
Current and future climate scenarios

Daily temperature and precipitation data were obtained from the nea@BED.25° grid point

(45A 37N 300 N, 14A 22Nj 300 E, -2ell.cClimate datan 87 7
were processed in two successive steps. Fidd0gear time series with constant characteristics

was produced using the stochastic weather generator A&%Semenov and Barrow 1991h

a second step, the program MTCLIM was used to derive climatic conditions for each stand ac-
cordingto its elevation, slope and aspéthornton et al. 2000)

For assessing the effect of climate change on stand dynamics, we used outputs from two Regional
climate models (RCM) that projected future climate in the Slovenian region based on the A1B
greenhouse gas emission scenafiBCC 2007) i.e. the DMIHIRHAM5 ARPEGE and
HadRM3_HadCM3Q16 simulatioruns, respectively, hereafter named scen@@i and CC2
Seasorspecific delta values for future climate (26ZD00) were calculated taking baseline c

mate as a reference (Table)S2

34_600_fat B M 136 v ead_000_fhe

e . _A s _A_.A
' —
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F M A M J

FigS5.Cl i mat e di agr ams f\Waiter dandh ldeth $1969)gt hoiv kK600am), enediurh € 90Q m) and
high elevations (1200 m). Temperature and rainfall data are representative for the baseline pe26d 1951
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and

from the EOBS dataset surrounding the area.

precipitation

| apse

Maximum Minimum Preciptation
temperature  temperature (mm)
(W) Q)
-6.15 -8.61 631.3
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per

1000

Table S3.Seasonal mean temperature (Mean T) and precipitation (Mean P) anomalies, together with standard devia-
tion of the seasonal mean (sd T, sd P) for future climate (20@0) compared with reference scenario (12811)

along the elevatiog r adi ent i n Snegnik (600, 900 ancdrrelatdrd ¢TPM a . s . |
to stay constant during climate change.
Scenano CCl Scenario CC2
elevation  vanable umt Spring  Summer  Fall Winter Spring  Summer Fall Winter
Mean C 2.3 3.7 +1.9 1.9 4.4 3.0 +4.8 +5.4
sdT “C -0.1 =1.6 0.9 -1.1 +0.0 -1 +0.3 +1.4
600 Mean P % -8.7 -31.8 -8.9 1.0 -39 -30.5 -13.6 +8.0
sd P % +30.7 +77.7 +39.8 ~13.0 +29.4 ~64.4 +43.0 -12.6
TP - -0.5 03 0.1 0.1 0.6 0.4 -0.3 0.3
Mean T °C 2.3 +3.7 +1.9 +2.0 4.4 +5.0 +4.8 +5.4
sdT C -0.1 -1.6 +0.9 =1.1 +0.0 =1.7 +0.5 ~1.4
900 Mean P %o -8.35 -31.3 -8.8 +1.0 -5.7 -30.0 -134 +7.9
sd P %o +313 +80.5 +409 =123 +29.9 ~66.4 +44.3 -13.9
ITP - 0.5 0.3 0.1 0.1 -0.6 -0.4 -0.3 -03
Mean T & 22 3.7 +1.9 +1.9 +4.4 5.0 +4.8 +5.4
sd T C -0.1 -1.6 +0.9 +1.1 +0.0 +1.7 +0.5 1.4
1200 Mean P o 8.3 -30.9 -8.7 0.9 -5.6 -29.4 -13.2 7.8
sd P %o +31.8 +83.2 +42.0 +11.7 +30.2 ~68.3 +45.5 -15.1
TP - 0.5 -0.3 0.1 0.1 -0.6 -0.4 -0.3 -0.3
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Appendix 3

Model application: establishment settings, RSTs list and additional simulation results

Modifications to the establishment submodel

In contrast to the model evaluation part (stiertn simulation), we modified the establishment
submodel of ForClim for the model applicatidrypically, gap models feature unrestricted seed
availability (Price et al. 2001)To account for differences in regeneration strategies among tree
species, the maxiom number oftrees to be established in ForClikE6tMay depends ora
maximum establishment densityEstDens 0.006 n¥ yrl) and the speciespecific shade toler-
ance clasgkLas; Risch et al. 2005; Cailleret et al. 2014)s calculated as

EnOO- AB o® "QOi 0 Q9 &HidGQa ™)) (8)

This induces a higher maximum regeneration rate for spklh@e=(5) than for beech and Silver

fir (kLa=1) . However, regeneration data from Snegn
beech over the other tree species in the regeneration layer. Saplings (DBH <10 cm) of beech were
predominant although seedlinffeeight < 150 cm) were distributed fairly equally among the four

main species. We therefore decided to chddgein Eq. 1to ancéstablishment potential factor

based on the proportions of saplings in the data. We assigned a factor 7 to beech (meéah share:

91%), a factor 2 to Silver fir {21%) and a factor of 1 to spruce and maple, as their shares were

<8%.

The establishment potential of each species was reduced by browsing, gehesalintensity
was set to 10%. Although this intensity was constambray stands, its effect on regeneration
rates was speciepecific as each specissparameterized witlifferent sensitivity to browsing
(parametekBrow; see details in Didion et al. 2011)ith the exception of the minimum winter
temperature for beeck\WViT), which was modified te7 °C to allow for its regeneration at high
elevations, as observed in the regiae did not modify othespeciesspecificparameters related
to the establishnmd factorsregulatingthe effect of climate and competitiom ForClim (see the
parameter list for all species in Morin et al. 2011, Appendix S1)
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Table S4 List of the Representative Stand Types (RST) with specification of: ID used in the simulations, stand
development stage (or age), type of forest managementEA evenaged; UEAFM = uneveraged), elevation
range, slope, aspect, water holding capacitg{Bucket Size). The last column associates the RST with the stands

plotted in Fig.3.

RST Stand dev. Management  Elevation  Slope (°), BS Ref.
1D stage range Aspect (1) Fig.3
1.2 pole EA-FM 700-1100 0° 120 -
1.3 mature EA-FM 700-1100 0° 120 -
14 rejuvenation EA-FM 700-1100 0° 120 2Ea
22 pole EA-FM 1100-1400 25°. N 100 -
2.3 mature EA-FM 1100-1400 25°.N 100 1E
24 rejuvenation EA-FM 1100-1400 25°. N 100 -
43 mature EA-FM 600-900 0° 120 -
4.4 rejuvenation EA-FM 600-900 0° 120 3Eb
53 mature EA-FM 710-1100 0° 120 -
54 rejuvenation EA-FM 710-1100 0° 120 -
6.2 pole EA-FM 710-1070 0° 120 -
6.3 mature EA-FM 710-1070 0° 120 =
6.4 rejuvenation EA-FM T10-1070 0° 120 -
7.3 mature EA-FM 730-1150 25N 120 -
7.4 rejuvenation EA-FM 730-1150 25% N 120 -
8.3 mature EA-FM 760-940 25, 8 120 -
34 rejuvenation EA-FM 760-940 25,8 120 -
92 pole EA-FM 600-820 0° 120 -
93 mature EA-FM 600-820 0° 120 3Ea
24 rejuvenation EA-FM 600-820 0° 120 -
10.2 pole EA-FM 700-1070 0° 120 -
10.3 mature EA-FM 700-1070 0° 120 -
10.4 rejuvenation EA-FM 700-1070 0~ 120 -
11.2 pole EA-FM 700-1090 0° 120 -
11.3 mature EA-FM 700-1090 0° 120 2Eb
11.4 rejuvenation EA-FM 700-1090 0° 120 -
12.0 uneven-aged UEA-FM 1060-1350 25°, N 100 1Ua
14.0 uneven-aged UEA-FM 750-980 0° 120 2U
15.0 uneven-aged UEA-FM 750-980 0° 120 -
16.0 uneven-aged UEA-FM 750-1050 0¢ 120 -
17.0 uneven-aged UEA-FM 790-1100 25° N 120 -
18.0 uneven-aged UEA-FM 760-1100 25°.N 120 -
19.0 uneven-aged UEA-FM 760-1050 25°, S 120 3U

20.0 uneven-aged UEA-FM 820-1220 25°.N 100 -

21.0 uneven-aged UEA-FM 780-1140 25° N 120 -

22,0 uneven-aged UEA-FM 820-1200 25%'N 100 -

23.0 uneven-aged UEA-FM 1050-1360 25°. N 100 1Ub
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Fig S6 Simulated forest development for the remaining RST (not shown in Fibh&).lines represent species
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Methodology used for mapping simulation results displayed in Figure 3

Similarly as presented Iusing et al. (2007)for providing an overview of the simulation out-

puts for all stands at the final year we generated the maps shdwg 2 byplotting RSTFlevel

simulation resultsnto raster polygons (Fig. 5 and Fig. S7). Note that a single RST could be asso-
ciated tomultiple polygons, as displayed in Fig.S8. Maps were produced with the following
methodology: (1) we extracted the ASCII Grid file for the different RSTs from available GIS data
for the Snegni k study area; ( 2’haofnmal basalsaieg n e d s
to each polygon of the ASCII Grid file allocated to each RST; (3) we plotted raster files with dif-
ferent colors depending on the value assigned to each RST. The procedure was accomplished
using the ‘raster’ package of the openrce sftware R(R Core Team 2014)

In contrast tolandscapescale, spatiallyexplicit models(e.g., LandClim; cf. Schumachet al.
2004)horizontally norexplicit forestgapmodek such as ForClim do not consider seed dispersal,
species migration and largeale external disturbance events such as -thravs. Therefore

these maps should not be considered as landscaps, lit as aggregation of individual stands,

for which model simulations have been performed separately (in our case for a total of 37 stands).
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Stand Basal area (m“/ha)

Year 2010 Year 2150, current climate Year 2150, scenario CC2

0 10 20 30 40 50 60 0 10 20 30 40 S0 60 0 10 20 30 4 50 60

Fig S7Example of map that display aggregated simulated stand basal area.
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