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Preface

This thesis is a synthesisotiltiple scientificpublications reprinted inthe appendix.Two papers were
published in scientific journals with impact factor being thést author in fulfilment of the
requirements for the dissertation. All articles have their individual structure and citation style
conforming to thespecificjournal or type of publication.

Whereas a detailed description of experimental design, resdissussionand conclusions can be
found in the individual articles, thisynthesis aims at providing a comprehensive understanding of the
overall study by linking the contributions of the individual arti¢tea wider audience.

The research presented in this doctodissertationwas conductedn the frame of the INTERREG
Danube program (Project REFOCuUS: Resilient Riparian Forest in th®fdua@anube Biosphere
Reserve, DTP@44-2.3(Sallmannshofer et al., 2019b)

Please cite the thesis as

SallmannshoferM., 2023. ManagementPerspectivesfor Rparian Forestsin the Mura-Drava
DanubeRegion Dissertation, University of Natural Resources and Life Scievieena (BOKU).
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Abstract

Riparian forests arknown fortheir diversiyy andproductivity. Due to their high dynamicthey are
very vulnerableto environmentalchanges andherefore adaptation measureappearcrucial. This
dissertation deals with the problem in a mutlisciplinay wayby considering th@iosphere Reserve
Mura-DravaDanube (TBR) as a case stully assess themanagement,stakeholdersand their
adaptationbehaviourwere analysed Optimistic expectations towards the establishmenttbé TBR
were found, but also a need for stakeholder informat@amd conflict managemeniConsistent with
other dissertationresults the state of the forests is widely perceived as deterioratamgl key
problemswere broadly recognized. Almost all forest manager types intetidkeadaption measures,
with the conservation managers showihgyher toleranceimits than economically driven forestry
professionals or forest ownerddodels oftree habitat changes under climate warming and river
alterations were developed, aiming to support decismaking in forest and conservation
management at a local levedrioritization of conservation and restoration activities and awareness
raising.Alarmingdistribution changes across the wider area of the TBR were predicteddiortree
species To supporadaptationby assistedyene flow seed transfer zones were derivdelrthermore,
to relatethe stakeholder opinions andhodel predictiongo the real foest condition field data was
collected across five countrie¥he analysis showedhat the river systems forest management,
temperature, and precipitation affectadial tree growth,fungi and insect induced leaf damage,
abundance ofalien herbaceous specieand deadwood Tree gowth analysiswidely supported
modelled distribution trendsand severe invasive pests and diseases were recordRbger
management needs to urgently counteract furtheegativealterations of the rives, while forest
management needs tadapt to climate changand globalisation



Kurzfassung

Auwalder sind bekannt fur ihre Diversitat und Produikéit. Aufgrund ihrer Dynamik sind sie jedoch
anfallig bei Umweltverdnderungen, weshalb Anpassungsmaflnahmen erforderlich scheinen. In
multidisziplinarer Weise wird dieses Problem am Beispiel des BiospharenpardrdtDonau (TBR)
behandelt. Um Managemeainflisse zu erfassen, wurden relevante Stakeholder und ihr
Anpassungsverhalten analysiert. Eine positive Erwartungshaltung gegentber der Einrichtung des
TBRs, aber auch Informatiensnd Konfliktlosungsbedarf wurde quantifiziert. Ubereinstimmend mit
anderen Ergebnissen dieser Dissertation wurde der sich verschlechternde Zustand der Walder und
weitere Kernprobleme erkannt. Trotz unterschiedlicher Toleranzgrenzen beabsichtigen fast alle
Waldmanager Anpassungsmal3nahmen zu ergreifen. Die Baumartenverbreitumgr u
Klimaveranderungen und Flusspegelabsenkung wurde als Entscheidungshilfe fir kinftiges
Waldmanagement modelliert, aber auch um Renaturierungsprojekte und Bewusstseinsbildung zu
unterstitzen. Alarmierende Verbreitungsveranderungen wurden prognostiziad dynamische
Saatguttransferzonen entwickelt, um die Anpassung durch vorangepasstes Vermehrungsgut zu
unterstutzen. Zum Vergleich der Stakeholderhaltung und der Modellprognosen mit dem tatsachlichen
Waldzustand wurden Felddaten in finf Landern erhobeie. Auswertung zeigte Zusammenhange
zwischen  Flusssystemen, Waldbewirtschaftung, Temperatur und Niederschlagen mit
Radialzuwéchsen, pilz und insektenverursachten Blattschaden, Flachenbedeckung mit
fremdlandischen krautigen Pflanzen, und Totholzauftretenwvatchsbasierte Modelle bestétigten die
anhand der Baumverbreitung modellierten Trends. Zudem wurden gefahrliche invasive Krankheiten
und Schadlinge festgestellt. Wahrend im Management der Flusssysteme dringend weiteren negativen
hydrologischen Veranderungeentgegengewirkt werden muss, steht dem Waldmanagement die
Herausforderung der Anpassung an Klimawandel und Globalisierung bevor.



1. Introductionand objectives

1.1. Introduction

Lowland floodplain forest ecosysterfidfil important functions: A natural buffers along riverthey
providenot onlyessential protection against flood hazaltleyer et al., 2012; Sanjou et al., 2R1&it
alsophysical, chemical and biological protection of the @aihdstréom et al., 2018; Tiwari et al., 2016)
They are characterized by their high level of biodiversity and productivity and play an important role
in maintaining species diversifitevey, 2018; Schnitzler et,&2005) The recreational and aesthetic

value was more and morecognizedluring the last decades a I NHzOt { 2 @t 'y R { It Yl y
I ANA Odzf GdzNI £ Odzf GAQDF GA2Yy KIFa RSaAGNRESR (imer 27F 9 d;

et al., 2008) Worldwide, deforestation and fragmentation of floodpldorests is still a major issue
(Nagy et al., 2015)The remaining forestare sill under pressure byiver regulations large scale
environmental changes and globalisatiowhile these impacts decrease the 2 NBésilicha®
changing climatexdditionally raise the frequency and intensity of disturbance everfteCC, 2022,
2019)and the need for healthjloodplain forests is increasing. Furthermotieesehighly productive
forests carsubstantiallycontribute to climate change mitigatiof©naindia et al., 2013; Thompson e
al., 2009)

River systems were changed on a large scale to support navigation and enable the production of
hydroelectric powe(Tockner and Stanford, 2002Jhese channel modifications regulated river flows
andtogetherwith floodplain drainagdedto serious downgeam effects such as an increased risk for
floods (Roder et al., 2017; Rosenberg et al., 199he upstream consequencegere mainly of
ecological naturgNilsson and Berggren, 2008s a countermeasure to flood hazardsotection
levees were built andurther altered the ecosystems by severe ecological fragmentation and
disconnection of the watedependentriparianforests fromperiodicflooding (Nilsson and Begren,
2000; Tockner and Stanford, 2002)tose river regulations impede the lateral nutrient supply
(Rosenberg et al., 19977his has led tdegradation andabitat lossandthe natural regeneration of
typicalriparianforest species such as willoglosner et al., 2012pr black popla(Smulders et al.,
2008)wasdrastically reduced.

Furthermore, the downstream supply of gravel is interrupted by powerplants. In combination with
increased flow velocity and truncation of sediment transport, they cause riverbed irgiaimh
lowering of water levels. Yet, in European rivers more than 1.2 million barriers have bedB &llgitti

et al., 2020a)and the trend of river deepening has been identified the Mura (Globevnik and
Kaligaric, 2005the Dravao . 2y OOA YR h&a {1 2NEZ H namdihe Daguifet OOA
(Habersack, 20163uggesting large scale effects on ripagaosystems

Additionally, groundwater extraction lowers the water tab{&&imo et al., 2008; Nilsson and Berggren,
2000)with crucial longterm effects on natural hardwood forest communiti@detsvetov et al., 2019)
making them especially vulnerable to drougfit4onclus et al., 2006; Regier et,&009)

Forest disturbancesn generalare an integrapart of forest ecosysteméSeidl et al., 2017gspecially

in riparian forestswith periodic floodingas a key componeniClimate changé acombinationof
global warming, alteregrecipitation patterns frequency and magnitude of extreme evenénd
interacts withother forest disturbance¢Seidl et al., 2017; Van Lierop et al., 20IHus, changes and
interactions ofthe former disturbance regimemust be expected: (I) Aa consequence of climate
change, the habitasuitability within the current distribution area of local plant communities is
changing When decreasingthe vulnerability againsstressorsis increasing (I1) Driven by climate
change climatic extreme evets such as storméSeidl et al., 2017droughts(Dubrovsky et al., 2014;
Hanel et al., 2018; Spinoni et al., 2017; Stagge et al., 28hd)floods(Arnell and GoslingR016;

)



Dottori et al., 2018; Winsemius et al., 208 increase. In Southern Europe drought frequencies are
rising(Stagge et al., 2017¢specially in spring and summ@pinoni et al., 20)7while in southern

and Eastern Europe floods are estimated to decréBsgschl et al., 2019]l11)Habitat ranges of pests

and pathogengBebber, 2015; Kautz et al., 2017; Pureswaran et al., 2018; Van Lierop et alarad15)
their host speciegJump and Pefiuelas, 2005; Takolander et al., 2019; Thompson et al. a2®@%0
expectedto shift: For example, warmer winter temperatures can positively change survival rates of
pests and diseases andstét in potential range expansioriBergot et al., 2004; Pureswaran et al.,
20189, KAt S (KS K2adaQ .aTteadeptabiityd pestshaiddisgases idhyfiaeNdah & A y 3
that of many host species hus,abiotic and bioticinteractionsare seen asthe main drivers for
outbreaks of pests and diseaséSturrock et al.,, 2011)Nevertheless, climate changkiven
phenologicalchangegRoitberg and Mangel, 2016puldalso result in mismatches between host and
pest (Furlong and Zalucki, 2017; Pureswaran et al., 208@)ilar to pes and diseaseghe habitat
suitability of non-native plants can increag®yderski et al., 20)8resulting in a higher competitive
pressure on native plant communiti¢NadatSala et al., 2019)

Since prehistorythe transfer of plants and animalwas practiced Today, globalisation strongly
contributes to the accidentapread of nomative speciesinternational trade and travel belong to
the main vector§Hulme, 2009; Meyerson and Mooney, 200§3ding to anincreased incidence of
non-native pests and ideaseqBoyd et al., 2013and nonnative plant speciegAllard and Sigaud,
2005; Nisbet et al., 2015Alien plant speciesestablishthemselves depending othe propagule
pressure in interaction with prevailing disturbancégon Holle and Simberloff, 2005Healthy
floodplain forestsare recurrently disturbed by each flooding(Dyakov, 2019)Additionally,they are
characterized by goodater availability nutrient-rich alluvial soilscanopygaps andlight availability
(Zedler and Kercher, 2004)ot to forget, river networks are essentigéctors for reproductive
material (PlantyTabacchi et al., 1996 herefore,floodplain forestsare highly susceptibléo an
invasion by nomatives and havéecomehotspotsfor this group(Richardson et al., 2007as many
non-native plant species atgpical wetland species of riverine environments initteuntry of origin
For example, a metastudchnitzler et al., 2008howedthat the highest abundance of nemative
plant species was found in softwood plant communities close to the iJ&m pests and pathogens
areevenmore likely to an unintended transfer than plant material due to the small size and/or active
movement. As a consequence of lacking coevolution, hostsfae lackingesistancgHansen, 2008;
Jung and Burgess, 200Bjvasive homative plantgSikorska et al., 2019a)estsor pathogers (Dukes
et al., 2009ran caussevereecological effects ansignificantlyaffectforest functioning({Charles and
Dukes, 2007; Ramsfield et al., 2016; Sikorska et al., 2019a; Vila and HulmeTBei&fpre, arly
detection andscresning mechanismss well agesilient forest structuregppear crucial.

Riparian forests might arouse more conflicts than other forests due to their extent aioeis,
resultingin very long forest edges and bordemnd the intense dynamicspreviously described.
Stakeholders of riparian forests have diverse interests in thesnich can resulin disharmony
between water, forest, wildlifeand recreation management. For example, the highly productive
riparian forests are used for timber anibmass production on the one hari@artisano et al., 2013)
while on the other hand, many stakeholder groups highlight their rae sensitive biodiversity
hotspots(Kevey, 2018)cological corridors and ecological buffers along rifieesnos and dos Anjos,
2014; Surasinghe and Baldwin, 2QIR)ese characteristics are not adversarial by nature, but mistrust
and brokendown communication between stakeholders can create complex situafiangis, 1996)
Depending on the area studiedonflicts are of different intensityBell et al., 2009; Prébstl et.a
2010) Competing interests can be found within and between stakeholder grdkiparney and
Bradley, 1998and hinder sustainable development. Especially when considering the establishment
of protected areasconflicts wergfrequent, asa lack of gention is usually spent on collaborative and
participatory management approachéBelkayali et al., 2016; Lewis, 1996; Pelegti6pez et al.,
2017)highlighting the need to assess stakeholder views on management i@saieste et al., 2015)
Thus, a good understaimy of stakeholder perceptionappears to be crucidh early designation
phaseqMitsui et al., 202Q)



Classicaprotected areas werestrictly separatedspatiallyfrom production orientatedforestry. The
UNESCBiosphere Reserve concamimpriseghe goal ofsustainable development arahintegrated
biodiversity conservation perspectivéwith only a small strict conservation zone rather than
targeting atconservation exclusivelfMa et al., 2009; Winkler, 2019pften nitiated bybottom-up
approachesthe conceptis likely toreceive betteracceptancedy stakeholders

Forest management widely alters the natural stand composition,digfeibution, and structure and
can cause a loss of habitats and diver§fynpoorter et al., 2020; Sahadevan et al., 20HUman
activity, including hunting or recreationcan increase thevulnerability for pests and diseases
(Castagneyrol et al., 2017; Grossman et al., 2018; Guyot et al., 2016; Jactel et al., 2019; Van Halder et
al., 2019) invasion bynon-native species(Schnitzler et al., 2007rand environmental changes
(Thompson et al., 2009)n Europe, it is more and more recognized that adaptation of forest
managementis often necessary to supporesistance and resilience of foreqBrang et al., 2014;
hQl F N} HnamcT wl Regdrdin@ipaRan férésts, Ithe deStoration mf matural water
dynamics was yet considered as the most adequate strategy for conserving this fore@ttigiees

et al., 2005; Smulders et al., Z)0Frequently ompetinginterestswererisk managemenfAdams et

al., 2004; Hughes et al., 20G&)dnavigationor hydrgpower economicg¢Guerrin et al., 2014; Leyer et
al., 2012; Tockner and Stanford, 2)(ut forest management igsuallylimited to a more regional
level. Thus,an artificial, sitespecific restoratiorwas mostly applied(Hughes et al., 20055uch a
restoration of autochthonous plant communitiesas yet found suitalel to rebuild the biotic
resistance(Saccone et al., 2013but future dynamicsevoke uncertainty.To guide management
decisionsthere is a needor crosssectoral exchangescientific monitoringand forecasting of major
impacts(Adams et al., 2004; Cadotte et al., 2011; Kominoski et al., 2013; Sturrock et al., 2011)

The complex of problems around riparian forest management is illustrated in Figure 2.

Clashing interests and Ch d ri
as |_ng HEerests an I .nver Climate change Globalisation
lacking knowledge dynamics
Unsuitable forest Changing habitats Increased incidence of

and landscape and environmental * pests and diseases

management conditions * non-native species

Decreasing resilience New threats

Fig.1 Compilation of problems contributing to the decreasing the state of riparian forests



1.2. Objectives

Driven by previously described problems, riparian forests are assumed to be rapidly changing and the
resilience is supposed to decrease. Pi® thesigsims at providing background knowledge to support

the development of management strategies fostering thesilience of riparian forests. For
understanding the managemeigicosystem complex, the recently established transboundary
UNESCO Biosphere Reserve MbravaDanube (TBR) is considered as a tisdy of international
relevance.

This thesis contributesiia multidisciplinary way to ecological and social researdh.diructured in
three partsaddresingthe following objectives:

1) Exploringthe stakeholdeiinterests how different forest manager typegerceivethe effects of
environmental change on foreshanagement,and which are thekey target tree speciegor
various management goal¥he specific objectives were
a) to identify key stakeholder groupglaiminginterests towards the forests of the study area

their perceptionsandattitudes, and potential conflicts
b) todeterminekeyforest managetypesand theirperceptions of the direction and intensity of
expectedenvironmentalchanges in the forests ofhe Biosphere Reserve

C) to assess theensitivity of different types of forest managets environmental changesind
understand the drivers behind different sensitivities.

d) to identify the maintree speciesof native and nomative origintargetedwood production
or conservationby the identified types of forest managers.

2) Understandinghe spatial patternsand themain drivers for thecurrent and futuredistribution
of majorriparian tree speciesf the Biosphere Resenat thelocalandcontinent-wide scale The
specific objectives were
a) to developbioclimatic speciesdistribution models (SDMs)suitable forevaluatingclimate
changedriven habitat changeson acontinentwide scaleand SDMs enriched witkoil and
river datafor useon alocal scale

b) to identify expectedegional as well as largecale changes to species distributionaused
by environmental changes.

c) to evaluatethe use of continentwide and local scale SDMsin the context of forest
management and restoration.

d) to derive seedtransfer zonesacrossfive countries of thestudy areafor supporting the
adaptation of theforeststo afuture climate.

3) Assessinghe current state of the forestsin the Biosphere Reseryspecificallythe health status
anddeadwood accumulatioas a proxy fonaturalness in interactionwith localsite parameters
such as floodplain type, silvicultural management, climatic conditoxgree characteristic3 he
specific objectives were
a) toexplorethe LJI NJ Y &ffe@shh thdeaf damagecaused by insect pests and pathogens
on alien herbaceous plantandungulate browsing

b) to explore theLJ: NJ Y Sffie€dNdnte occurrence, thevolume, and the distribution
pattern of decay of deadwoodand discuss theuitability of deadwood assessments as a
proxy for naturalness in riparian forests.

c) to explorethe effects oftemperature, precipitation, and water level onradial tree growth
of the riparian keyree specieQuercus robuyrFraxinus excelsipandF. angustifolia

d) to assess th@resence okoilbornePhytophthoraspeciesacross thehreeriver systems

These objectives wergccomplished by multiple publications and are displayed in Figure 2.



Publication Paper | (7.1)

Stakeholder interests and

Questi . .
HESHONS potential conflicts?

Stakeholder survey

Stakeholder mapping
Stakeholder
workshop

Uncertainty
environmental
change

Preliminary
identified
needs and problems

Stakeholder and
forest manager Target species

survey d

Paper I (7.2)
Book chapter (7.5)

Future environmental
conditions?

Distribution modelling

Species distribution
modelling

Application under
climate change and
river level scenarios

Paper IlJ IV (7.3, 74)
Article I, 1l (7.6,7.7)

Current state of the forests?

Field observations

Field observations in 5
countries

Pl Tree occurrences

Health status

Radial tree growth

Naturalness

. . Functional relationships
: o 5 Area of risk
Habitat range shifts J with site and stand data

Fig.2 Schene of individualcontributionsto the overall study

\ 4

Forest condition




2. MaterialandMethods

2.1. Casestudyregion

This dissertationfocusses onriparian foress from central to southeastern Europe taking the
transboundary Biosphere Reserve MiDeavaDanube (TBRJig. 3)as a case study

The TBRhe 6 2 NJXirB fvé country UNESC®BiosphereReservewas approved in 2021 arams to
become an international model ardar longterm sustainable developmer({Sallmannshofer et al.,
2023) Four spatially connectedndapproved Biosphere Reserves in the countries of Austria, Slovenia,
Hungary, Croatia, and Serhigre joined to createthe TBRSomeparts of the TBR weilj@st recently
approvedfor this purposgSallmannshofer et al., 2021a)

Nearly 30% (2250 kinof the TBR are covered by forests, a share that increasesraprmthan 606
within the core zone. The belt of foresitong the three rivers Mura, Drayand Danubeepresents
an important ecological corridahat hasbeen designatedn various categories gfrotected areas
(Sallmannshofer et al., 2021 ayhileintensivelymanaged forests are mostlgcatedin the buffer and
transitionzone.dnhabitedby 900,000people,63%of the areais designatedasatransition zonewith
afocuson sustainableeconomicdevelopment 22%asa buffer zonewith extensivemanagementand
15%asa corezonewith low managemenintensty¢ (Sallmannshofeet al.,2023,p. 1).

The area was further characterizén Sallmannshofeet al. (2021, p. 3py the agriculturaluseof the
fertile land for cerealand pasturefarmingand forestry. Thedominant soil type is Phaeozen(35%),
followed by eutric Fluvisolg33%)alongthe rivers,surroundedby Luvisolq14%)and Cambisol$5%).
Thegradientof annualmeantemperaturerangesfrom the north-westernpart of the studyareaat 9.3
°Cto 11,7 °Cin the east. While in Styriaand Slovenialllyrian climate is predominant, Pannonian
conditionscanbe foundin the east Thisresultsin a variationof averageannualprecipitation,ranging
from almost1000mm in the westto lessthan 500mm in the northeast

The forestsare mainly built up opedunculate oakQuercus robuk.), European askiaxinus excelsior

L.), narromeaved ashHRraxinus angustifoli&ahl), Willow speciess@lixsp.),Poplar speciegPopulus

sp), EIm speciegUImus sp.)and black alder Alnus glutinosdL.) Gaertnexpressed itPK I NRg 2 2 RQ
(FFHi @ LIS dmCn 0 | y-fRpe VIXE@Fodpad DriedtypégSalirhannshofer et al., 2021a)

Since albf Eupope was better suited in terms of spacédtentto evaluatelargescale climate effects

on specieslistribution, thiscontinentwide areawasfirstly consideredor modellingg b Mmn ®c v (G2 nn d
E longitude and 34.56 to 71.19° N latitud8gcondly, fomodelling specific ecological niches including

soil and river datan higher resolutionan area of 8300 kfnalong 500 km of rivers of the TBRis
studied(15.647 to 19.448° E longitude and 45.165 to 46.765° N latitude, Fig(Ballkhannshofer et

al., 2021a)



Fig.3 The studyarea is the transboundary Biosphere Reserve MdravaDanube. It is displayed in dark grey,
country borders in black, and the three major rivers in l{8allmannshofer et al., 2021a)

2.2. Datacollection

2.2.1.Stakeholdesurvey

Based on the resultsf an international stakeholder workshdyeld in 2018 a questionnairesurvey
ond G I 1 S KpercaRtBrisdndbeliefsaboutthe TBRwvas developed. The surveyasconducted in
the five nationallanguagesand Englishand was addressed to the previously identified key
stakeholdersTheanonymousonline questionnaire was open from Julyl20until May 202@nd can
be found in the supplementary material &allmannshofer et al., 2022 paper version was also
distributed.

The27 questionswere mainly fixed response questions with a closed setrmdwersin randomized
orderorrating scales | f g1 & & 2 F FoptiNdito/adoidlgsftingibmsed BsNEEIark, 1956;
Fagley, 1987; Tellinghuisen and Sulikowski, 2008)

Thesurveyinvestigatel the expectations towards the TBR and its foregit® concept olan UNESCO

Biosphere Reseryéesired and intended management, target tree species and the acceptance-of non
native tree species asvell as the sensitivity to adapting the forest management to large scale

environmental changes. In addition, the willingness to cooperate between stékehgroups and
personal backgrounds are examined.

Byusingkeyanswerdo target specificquestionswith restrictedaccessthe subsetof forestmanagers
was offered more detailed questions Forest managersstated their sensitivity to environmental
changesand elaborated on the preferred target tree speciesof native and non-native origin

(Sallmannshofeet al.,2023)

2.2.2.Tree species distribution model

The two types oSDMswere built with different occurrence datasets. The contingnte models
were based on the EBorest tree occurrence datas@auri et al., 2017)It is deried from national



forest inventories at a spatial resolution of 1 km. Aftiata preparation 66060 occurrence points
were employedrom this datasetln comparison269460 spatially precise occurrendatapointsat
the tree and standevelswere collectedor the regional models. These data originatdicectly from
national forest inventories and forest enterprises Afistria, Hungary, Serhiand Slovenia. To
overcome a lack abccurrenceinformation for Austria and Croatia, approximately 258turrence
points from field observations carried owcross the TBR 2019 were employe@seealsothe next
chapter2.2.3 State of the forestsyWhenever availablecountry-wide datawere considered as it is
recommendedor restricted area model® apply data exceedinpe study area tanclude conditions
not yet present but possible in the futu(@iteux et al., 2017)After data preparatin, a total 0f236604
occurrencesvere appliedfor the regional models.

Pseudoabsencdata were generated foboth modelsby selecting backgroungoints at a certain
geographic distance from the presence poitdsbetter distinguish between the samgioclimatic
nichesandavoidpseudoreplication(BarbetMassin et al., 2012)

To train both types of SDMs, variables from three-tpaded datasets were taken. While only climatic
data were used for the contineswide model, all three types were employed in the regional model.

1 Biologically elevant bioclimatic variablesuch asannual trends, seasonality, and extremes of
temperatureand rainfallwere obtained from the ECLIPS 2.0 datagi a resolution of 30
arcsec (Chakraborty et al., 2020)Two RCRclimate changescenariosadopted by the
Intergovernmental Panel on Climate Char(&n Vuuren et al., 2@} are applied for the
predictions: RCP 4.5 was selectedd¢presentmoderate climate change as it assumes that
emissions peak around 2040 and then decliesulting ina global temperatureiise of 2.4 °C
by the year 2100. RCP 8tépresentssevere climate change effeatsth global temperature
increasingup to 4.9°Gvithout adaptive measures.

1 Riparian specigsindamentallydependon river systemsTo characterize this relationshihe
I NRAIFOofSa WNBRAGEXOREySOSQAN i ¥ BRA KRKWASQy (2 F
presence/absence location to the horizontatlpsest riveredgeor any other type of inland
waterbody connected to a majovatercoursewere calculatedand transformed toraster
layers with50 m final resolutionThis resolutiomlecreasedo 1 kmafter 1.5kmof distanceto
the next river The horizontal distance was calculated from polygeaia of the major river
networks taken from the EUHydro River NetworkDatabase, Version 1.2 (E{ydro)
(European Environment Agency, 20495 resolution of 2.5 m.

1 To employ soil descriptors, subset of the European Soil DatabaseRaster Library (ESDBv2
RL)Van Liedekerke et al., 2006jth a spatial resolution of 1 kmvas usedIt was reduced to
20 chemical, mechanical, and hydrologkey variable¢Sallmannshofer et al., 2021a)

More details regardinghe variable selection and modellirtan be found irSallmannshofer et al.,
2021a

2.2.3.Sate of the forests

To gather information on the specific characteristics of riparian foressrossthe full gradient
transect linesorthogonal to theNJA Jaidlier® assessedcross all countrieByorthophoto-analysis
of the riversfrom Bing satelliteorthophoto imaginary (Microsoft Bing 20),950 transects were
identified. Transecstarting pointswere equally distributed along the river polygons with a minimum
number of transects per countyyesulting ina country specific densitWhenever these points did
not fall into forests large enough to cover a length of 300frforest, starting pointswere relocated
along the riveto the closest positiomatchingthe criteria. The transectaere limited in length at the
borders of theforest compleyor after a maximum of 600 nT.o also cover potential historic riparian



forests in the TBRthe transect axis werextended and starting points for transects in reverse
direction were located at the borders of the TBRetransectsof 300600 m of lengthwere divided

in 75m segments, withampling plotsin the middle of each segmentand for arearelated
measurements transect width of 20n was consideredueto unpredictableflooding and land mine
danger, two transectswere skipped.In total, along 47 transect822 sampling plotsvere assessed
from spring to late summer 201B two observation period¢o cover seasonal differences (i.e.
defoliation). Samples gfests andliseases were transferred to plant protection labs in the responsible
countries for exacspeciesletermination.(de Groot et al., 2022; Oettel et al., 2022; Sallmannshofer,
2019)

As described in detail in the field mang&klimannshofer, 20)%he assessments and data collection
included several modules:

Site conditionsstand parameters While the distance to the next riveedge and soil
parameters werdaken fromthe tree species distribution modellir(grevious chapter)long
term mean tempeature and total precipitation during the vegetation seaswere derived
from the HISTALP databa@kuer et al., 2007 de Groot et al. (2022)0¢tel et al. (2022)
and Steinkellner (2022)or analysing the tree ringsiver leveldata dating baclat least40
years wereggathered from 7 stationand the additional variable distance to the rivastuary
was introduced(Steinkellner, 2022)In the field, sampling plots werefurther visually
categorized infour riparian forest typs and four managementlassesThe vertical stand
structure was assessed by assigning angiet trees to one of three possible stand layers by
their actual height (noheoretical straightening)The horizontatanopystructure wasvisually
derived from the canopy closudong the transect segmeilin six categoriess a proxy for
light availability and competitiorand the presence of nearbfprestroadswas recorded

Tree characteristicandradial growth: To identify the major tree species and to select trees

for heightand DBHmeasurementsangle count samplingBitterlich, 1947)was performed

with a basalarea factor of four. Increment drillingwas carried outo collect dataon the

growth performance ofup to two representativetrees of Q. robur, F. excelsioy and F.
angustifolia,that occurred in theangle countsample.Two cores were takewith a Pressler

drill at approximately 1.30 m above ground lekg#leach tree Furthermore, tree competition

was assessedtree Y RA @A Rdzl £ £ & | O02 NR(Pgvaungietal., 2ONB)F (1 Qa ONZ

Leaf damage by insect pests or fungal pathoge®s the treelevel of the anglecount plots,
fungus and insect induced leaf damage was quantified. Therefore, average percentage of
damage per leaf and average percentage of damaged leaves in the middle and upper crown
were assessed with the help of bindars. To assign the causal agent, branches were cut off
the tree with a 6 m telescope saw to take samples whenever posSitdens, branches and
leaves were examined in the fieldr necrotic lesions, fungal fruiting bodies, leaf mines and
other signs ofleaf diseases and insect pegtse Groot et al., 2022)Wherever necessary,
sampleswere brought tothe next lab and identified within 24 houBests and diseases were
reported to the online databas@Dgris, 2020puilt and administered in the project REFOCuS
(Sallmannshofer et al., 2020d)

Soitborne Phytophtora The sampling procedure included collecting soil fralong the
elevation gradientsf the transect. Additionally, samples were taken from four places around
stems of symptomatic broadleaved tregsughly at the distance of the crown radius to the
stem. After removal of the first 10cm layer of upper saldout two kg of soiind fne roofs of

the tree were taken on each of the sampling places. Samplesdoonparableenvironments
were alreadymixed in the field. After mixing, about one to two kg of soil per sample was
brought to the BFW lafCech and Sallmannshofer, 2021; Sallmannshofer, 2019)

Abundance of native treesaplings andungulate browsing Two regeneration plots were
installedbesideseach sampling plofThey hadh size of 1 rheach for seedlings < 50 cm and 5



m? each for seedlingbetween 50 and 200 crof height Ungulate browsing waguantified
per individual seedling within the regeneration pldig assigning browsing damage classes.

Herbaceous alien plant specieshe abundance of invasive alien plant species was assessed
by a modified BrawBlanquet approacfMoore, 1962)Whenever necessary for identification
purposes, saiples were dried and identified with experts at the Austrian Research Centre for
Forests.

Woody debris and decomposition stag8tandingleadwoodwasassesseth the anglecount

sampling.For lying deadwood, the transect segmentsof 75m length were consideredas
intersectlines(Marshallet al., 2003) Lyinglogs with a diameterof more than7.0 cm, which
werecrossedytheselines wereconsidered Therecordincludedthe respectiveree species,
the diameterat the point of intersectionmeasuredorthogonallyto the stem axis the total

length of the log, as well & the degreeof decompositionat the intersect The degreeof

decompositionwvasassignedo four categoriesrom recentlydiedto decomposed

2.3. Analysis

The R statistical software vers®8.6.2up to 4.1.0(R Core Team, 2021, 2019¢re usedfor data
formattingand analysig¢de Groot et al., 2022; Oettel et 82022; Sallmannshofer et al., 2023, 2021a)
For the preparation of geographic datéhe geographic information system QGI¥8rsions 3.4.14
dal RSANI ¢ dzLJ (2 (Q&8marg, 202Wasappli¢diBaidadrShdter et al., 2023, 2021a,
2020a, 2019a)

2.3.1.Stakeholder survey

The data were categorical, categoricadlylered or categorically scale@Generally, both descriptive

and statistical analysis was applied, aedponse patterns were identified using correlation analysis
(Sallmannshofer et al., 2023Yo0 estimate the relationship of the response variabtesthe
independent variables and the effeof interactionbetween them, the samesetof at least 7 factor
variables was applied for all questions: country, connection to the TBR, frequency of fsitsstel
identification with stakeholder group, gender, age class, and education. Variables of low quaintity
combined into a single category to satisfy the validity requirements for certain tests. For ordered
categorical response variables, ordinagjistic regression was performed to preserve the ranking
information in the dependent variable when returning the information on each independent variable.
Thus, the most important variables explaining response behaviour were identifiedcofheuted
oddsof each ordinal logistic regression were testied proportionality with the Brant Tes{Brant,

1990)0 @ | LJLJ @ Ay 3 i KSchlaped &kt Maich, 202B) B. Bindingl logistic regression

was applied in case of dichotomous response varialfleseriesof questions with similar ordinal
response items (labelled ith scaling numbers and descriptions) were computed to continuous
composite scores (justifiable by the Central Limit Theorem for Likert scales) and parametric analysis
of Multiple linear regression and Analysis of Variance were used. To meet assumptiomsnal
distribution, Shapiré¢ A f {1 Qa (1Sad FyR @Aadz € AYOSNIINBGIF GA2Y
sample ttests were performedecause they handlenequal variances and/or unequal sample sizes
better 0 KI y { (=R &symélnd SR3ISQa 3Ia STFSOG aAal S oI SR3ISa
performance especially for small samples<(20) (Cumming, 2012). To investigate differences in
ordinal rating distribution across multiple similar structured items, constituting three or paired

groups, the Friedmann and post hoc Wilcoxon signed rank sum test was applied. Besides the
regression frameworks, Kruskalallis test was applied as an omnibus test for median differences
among background dajauch as the stakeholder groups or cotes. Epsilon squargelley, 1935)

was used to indicate the strength of influence (Lakens, 20Ibis effect size was interpretated

1C



following (Rea and Parker, 2018) ! LI2y NBX2SOGA2y 2F (GKS ydzZ tf KeLRi
used as a procedure for pairwise multiple comparisons based on rank sums to pistoainastic

dominance among the factor levglBinno, 2017) Chisquared test was applied for categorical data

to determine whether there was statistically significant difference between expectaad observed
frequenciesof categories without ordinal scale (unpublishdata).

Furthermore, inSallmannshofer et al. (2022 2 NBa i Y I yledI<$polises tokcyfandgey in
forest dynamicsand thresholds until management adaptatiowere characterized Therefore,
managersansweredoéhow many target tree specig¢bey would tolerateto die-back, the percentage
of forest growth (woodincrement) that was allowed to decliner the percentage of target tree
species thatsallowed to fail in natural or artificial regeneration until forest managenmienhanged
(Sallmannshofer et al., 2023, p. BandomForest machine learning algorittfmaw and Wiener, 2002)
was used texaminethe drivers of these thresholdb¥ecause of its ability to capture complex non
linear relationships with noindependent predictors and a robust, permutatidased estimation of
variable importance(Cutler et al., 2007)Response categories were summarizesl éxamine the
relationship between stakeholder groupsand their perceptions on managementand a
correspondence analysis was conductéshlimannshofer et al., 2023)

2.3.2.Tree speciedistributionmodebk

For the variable selection, significantly correlating variables (p < @€%) identifiedbefore species

variables with a high multicollinearity (0.&ere excludedollowing Dorman et al(2013) Regarding

the continentwide mode] this step resulted irthree to five climatic variables per spesi from the

total list of 32 variables; anfibr the regionalmodelsa subset 020 to 24 predictorsemained out of

54 variablesinitially listed Limited by the availablenvironmental data, the spatial resolution was 1

km for continentwide modelsand50 m for the regional model3he continentwide and the regional

{5ad4 6SNB 020K o0dAAfd 6AGK GKS YI OKA y1g(LidwShdNy Ay 3
Wiener, 2002pvailable in KRR Core Team, 201%pr the nearterm (204X2060) andhe longterm
(2081¢2100) periodRCP 4.5 and RCP 8litnate changescenariosvere predicted with both models

The main drivers for tree species occurrence modedse estimatedby the percentagancrease in

mean square error (InNM$BEvhen a variable was dropped from the model and the other predictors

were left unaltered while otheraccuracy metrics wereomputeddza A y3 (G0 KS aS@I f dzr G Sa
packaged & RY ¢ @ SA9ENaiIrgi ¥ind Mradjp, 2016AAsrandonforestis not suitable for solving
extrapolation problems outside the ranges of the training dataset, the model will alpragsct the

closest output value covered by the training dataset. This implidiealictions exceedinthe range

of predictor variables ithe training period need to be handledore carefully, and these areagere
highlightedin all predictive maps.

Furthermore, the effect of further river deepening on the prediction of future tree species distribution

was investigated, aa trend of riverdeepening has beenbserved for the major rivers in the TBR
(Mura:Globevnik and Kaligarf2005) Drava. 2 y I OOA | (3068Th & ¥ NIMRO A0y R h & 2
Danube: Habersack (201%) Therefore a deepening of the riversolesby 0.5 mwas assume

throughout thestudy area(Sallmannshofer et al., 2021a)

For developing seed transfer zon#se speciesspecificpredictor variableselectedduringthe SDM
modelling procedurewere considered Based on this selection, geographic ranges with similar
environmental conditions have been clustered. Therefore, theters are specifically adapted to the
most important variables for each of the species. The number of clusters was defined by the variation
of the selected variable®y using theoint locations of theEuropean occurrence datasetnother
randomForest nodel was trained tgredict the clusters across Europe for each speéiesgraphical
demonstration, a uniqueolourcode attribute was assigned to each cluster. Wenal demonstration

11



of the seed transfer zonesl|usteredareas were limited t@reas abve certainoccurrence probability
thresholds thatbestmatched the current distributiofSallmannshofer et al., 2020a)

2.3.3.State of the forests

Forest health and deadwood

The analysiperformedfor forest healh dataform field observationss describedn de Grootet al.
(de Groot et al., 20223ndfor deadwood in Oettel et a(2022) Individual tree oregenerationplot
measurements were averaged on plot levelhe dataset was checked for normality,
heteroscedaticity, and outliers(Zuur et al., 2010)When necessary, imbendent variables were
transformed to approximate normality.

As the number of standing deadwood observations was low (n=24), the analysis focused on lying
deadwood only. Followingan Wagner (196&he volume of lying deadwood was calculatédtotal,
sevenmodels were prepared:

I.  Insectinduced leaf damagémedian of the leaf damage per tree measured in the plot was

used and log +1 transformed)

II. fungusinduced leaf damagémedian of the leaf damage per tree measured in the plot was
used and log +1 transformednd

lll.  herbaceous aliemplant abundancewere allthree modelled with a general linear model (GLM
with a Gaussian distributiQnwhile

IV. ungulate browsingvas analysed ith an ordinal regressiofiotal number of saplings per plot
were considered and the class with the largest percentage was analydedgroot et al.,
2022)

V. lyingdeadwood occurrencevas modelled with a GLKbinomial error distribution with a logit
link, data aggregated by sampling plot)

VI.  lyingdeadwood volumewas modelled witha GLM (gaussian distributipim transformation
on the dependent variablelata aggregated by sampling plo#nd
VII. the decay stageof lying deadwood was modelled with an ordinal regression (no data

aggregation)(Oettel et al., 2022)

When the modelswere spatially autocorrelated a 2 NJ Y § & Pditial fiits3idgivas appliedde
Groot et al., B22)or thetransectwas includedas a random effect which compensated for the spatial
autocorrelation (Oettel et al., 2022) Predictor combinations with high multicollinearity were
excluded.

Radial tree growth

Increment samples from transects in former floodplains, disconnected nowadays from the flooding
regime by structural alterations, were excluded af8of over 200 samples remained. The tree rings
were measured with a resolution of 1/100mm and assignecht matching year using TSHNAn™
(RinntechMetriwerk GmbH & Co. KG, 2024fjer watering the samples for 10 minutes. Detrending
(e.g. Heklau et al., 2019; Mikac et al., 20l@tsvetov et al., 2019, 2018; Rodrigi&anzalez et al.,
2021; Skiadaresis et al., 2019; Trlin et al., 2021; Tumajer and Treml,r88a¢d in a strong loss of
data variation, therefore the DBH was simply considered as a reference for age &tfeetdevel data

were standardized, outliers were removed. Tree age effects were represented by the reconstructed
diameter of the breast height. Tree ring widths were then analysed in Linear Mixed Models, variables
were selected according to their partiB? (Edwardset al., 2008; Jaeger et al., 201&onsidered
variables were annual and monthly temperature, precipitation, and river level, distance to the river,
competition, elevation difference, horizontal distance to the river shamg] distance to the river
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eduary. Time lags were tackled by assigning increment data to environmental data recorded up to
three years previously. Nesignificant variables were removed from each LMER according to the
Satterthwaiteapproximation (Kuznetsova et al., 2017 he relative quality of the models was
assessed by the Akaike Information Criterion (fM@)da and Blanchard, 200%%teinkellner, 2022)

Phytophtora-Baiting

To trigger sporangia and zoospgeduction he samples werenoistenedin boxes of 30 x 20 x 20
cmwith tap water for 48 hours. Aftevards,the samples in the boxes were floated with tap water.
When the water was clear, young leayegech, hornbeam, oak or horse chesthwere put on the
water surfaceDaily checking identifieddhenleafspots characteristic fdPhytophthoraappeared and
small piecesvere excisedand plateddirectly on selectivePhytophthoramedium (PARNPH). The
identification of the Phytophthoraspecies wascarried out morphologically andwith molecular
methods. DNA was extracted (Phytophthora Quick Extraction, Beatrix Mora Sala, UVP), B@®Rthe
was done with primers ITS4 and ITS6. Sequencinglevesby Eurofins.
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3. Results

3.1. Stakeholdeperceptions

The stakeholder investigationaimed to explore thestakeholder interestsand the perception of
different forest managers on the effects of environmental change forest managemenand key
target tree speciesParts of the survegre publisheqSallmannshofer et al., 20R3vhile others are
justattached to this thesisugpublishediata).

A total of 448 participants responded to this survey with an average completion rate of 74% and a
typical response time of 13 minutegost ofthe responses (364) were collected until December 2019.
After filtering and data validation, 38responses remained, ranging from 36 (HU) to 101 (SL)
responses per countryl.he identified key stakeholder groups were

9 forestry professionals(23%, interests of forestry enterprisesin economic benefits and
sustainability),
forest owners(10%,interest in economic benefits, securinghts of property andise)
conservationists(23%,interest in the protectiorof the environment and nature)
hunters (13%,economic and passionate interest in hunting possibilities)
residents (13%,interest in recreational use of lands, maintenance of cultural and natural
values, protective and provisioning functioespnomicbenefits)

9 tourism professionals and visitorél4%,interestsof the tourism economy and recreational

usersh Yy Of dzZRAy 3 | O0SaaroAftAider LINRPGSOlAZ2Y 2F OAa

Less than 5% of the respondents could identify the proper definition of a Biosphere Reserve.
Respondents working in the TBR hadgmigicantly better knowledge on the concept of a Biosphere
Reserve than other&imilarly, higher educatioand visiting the forests more frequenilycreased the
odds whileresidentshad a significant lower knowledgevertheless, thitNS & LI2 Yy RSy 14 Q S E LIS (
towards the establishment of the TBR wanainlyoptimistic: The ecological situation was expected
to improve most (69.5% optimistic responses; 4.2% pessimistic responses), followed by the state of
the forests (62.5%; 8.1%), ceesectoral cooperation between stakeholders (59.0%; 6.3%), social
situation (42.6%; 7.8%and economic situation (31.3%; 18.1%powledge on the concept was not
significant forthese mean optimism scored-urthermore, there was a highly significant moderate
effect of females being more optimistic than mal@sshare 066%of the respondentgonsidered the
state of the forestsleteriorating,20% no changesind 14% improvingAsignificant negativenfluence
on the odds of rating a better forest stateas foundwith rising education levelConsistent with the
results achieved at the preliminary stakeholder workshop, manntideges of water dynami¢koss
of habitats in riparian forestsyere perceied asghe most importantinfluence on the forestdollowed
by climate change and invasive alien specisong the severstakeholder groupssignificant
differences in response behavioappeared: Theirating was significantly different fateforestation,
game forest reproductive materialand native pesteind diseasesfig. 4). Regarding the perception
of appropriate management techniques, clasenature and small scaled interventionsere
preferredto more artificial systems in forestry. Comparing the endorsement for different regeneration
types, also artificial regeneration s broadly acceptedh addition to natural with considerable
restrictionsto the use of nomative speciedn contrast to hunting tourism, wildlife management has
obtained mainly acceptanceicross all 14 response items for proper management, \thgable
country contributed more often significalytto the selection of response items théime stakeholder
group (8 vs 5 timesA share of 73% of all respondents found that conservation should be integrated
in sustainable mainstream forest managemei®.4 % partly agree, and 7.9% negate. There was a

=A =4 =4 =4
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significant positive influencef increasing age and increasing education leaeldfor respondents

from Croatia. As intersectorgbnflicts were identifiedas one of the key problems during the
stakeholde workshop, the willingness to cooperate was investigated. Average scores of open
mindedness towards cooperation with all groups showed significant dependence on cayertder,

and education, with better educated and female respondents being more -opieded. The most

attractive partners were forestar natural scientists, and forest owners. Least attractive cooperation

partners were tourists, tourism professionals and hunteks. fori KS O2 2 LISNI G A2y LI N
J20SNYYSYy (i 2tNerelwdrdKRNANNSGAIQY G STFSOGa o0SieSSy K
groups for all potential partnersOn averagefor all potential partners, the mostpenminded

stakeholder groups were forester hunters, and tourists or visitorthe least operminded were

forest owners and residentdeverthelesshighlyselective behaviour was found for foresters, forest

owners, and residents, while visitors, conservationists, and others therieast seleave. Residents

showed preferencedowards hunters, hunters towards conservationists, and foresters towards
foresters. Lower attractiveness was detected for forest owners towards conservationists and vice
versa, forest owners towards natural scientisessdentstowards conservationists, forest owrssand
residentstowards tourists and tourism professiondfy. 5). Furtherinformation can be found in the
unpublisheddata (chapter 7.8)

- Forester

Manmade changes of water
dynamics

—— Forest owner
——Conservationist

Recreational activities Climate change

w— Hunter
Local resident
——Visitor

Other

Flooding Invasive alien speceis

Influence by game species Policy and regulation issues

- Changes in natural
Deforestation
regeneration potential

Availability of local high quality

Native pests and diseases
forest reproductive material

Fig.4 Importanceof impactson the forests in the Biosphere Reseageperceived by thstakeholder groupon
a scalaangingfrom 0(no impact)to 4 (strong impact)
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Conservationist ~i— Forest owner
40

—d— Hunter
Local
government/autho
rities

— i
Natural scientist Locl resident
&~ Conservationist

&~ Tourist or visitor to the BR

Tourism
/

2 Forester
professional 4

Tourist Forest owner

Local resident Hunter
Fig.5 Attractiveness scoresf potential partners to cooperata the BiospherdReserveon a scale ranging from
0 (cooperationnot likely at al) to 4 (cooperationvery likely.
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A subsetof key forest managertypeswas selected fronthe respondentsn Sallmannshofer et al. (2@Rand
their perceptions éthe direction and intensity afxpected changsin the forests of the Biosphere Reserve was
assessedThis subsetonsisted of

9 Forestry professionalgl8% of 132 respondenyts
9 forest ownerg24%, and
1 conservation managerd5%)

These three groups wergenerally higheeducatedwith 68% having an academic degree, of which
95% were in forestry or nature conservation. The group of forest owners had the lowest education in
this subset Additionally, a positive association betweendstry professionals and low visit frequency
emerged.

According to the study, theseoffiest managers in the TBR are aware of ongoing environmental
changes. Especially after observing changes themselves, the condition of foresisected to
decreaseThe ntensity of observed changes was significantly correlated thighexpected intensity
of future change for spread of nemative species and tree diebackurthermore tree dieback
additionally correlatedwith the expectationof increasingbiotic damage and a reduction in forest
growth. Besides observedspreadof non-native speciescorrelated with the expectedincreaseof
abioticandbiotic damage On averaggthe three types of forest manageexpect thatabiotic damage
will increase the most, followed by biotic damage, atative speciesand tree diebackAremarkable
shareof respondents expected a very large increase in-native species and abiotic damadyearly
80% of thethree types of forest managerexpected further changesand therefore almost all
managersntend to adaptforestmanagement(Sallmannshofer et al., 2023)

This study further aimed to assess the sensitivity different types of forest managers to
environmental changes and understand the drivers behind different sensitivisssitivity to
environmental changeas assessed in four classgasfoundto differamongthe three types of forest
managersConsidering the forest manager type and the given changes, forestry professionals were
most sensitive, followed closely by forest owneZanservation manageshowedhigher thresholds

for adaging their managementhencedower sensitivity andhigher tolerancehanthe other two types

of managers Conservation managers” adaption tolerangas especially high towards dieback of
target tree species andhiling regeneration therefore they appeared to be less sensitive in this
context.In contrast, forestry professionaltstended toadapt their management in response to sreall
changes in groth, reduced regenerative capacjiyr species mortality

As identified with theandomForest model, the most important drives meansensitivitytowards

the four classesf environmental changwere (indescending order)orest manager type, education,
frequency of visits to the forest, having personally observed changes, gender, living in the TBR and
age. In contrast to having observed changes in the forestgpingthe variableexpecting future
changesfrom the model decreased themean square errar Sensitivity increased with higher
educational leveand with forest visits at least once a weekoMénappeared to be more sensitive

to environmental changethan men.(Sallmannshofer et al., 2023)

In addition, this study identifiethe main tree specief native and nomative origintargeted for
wood production orconservationby the identified types of forest managerfhe most common
target species foforest management among native tree species across the three types of forest
managers wereQ. robur and Populusnigra, with a focus orwood productionfor Q. robur and on
conservation fofP. nigra. The other most outstanding multipurpose tree species, attractive for both
wood production and conservation, weiglix alba, Populus alba, .Aylutinosa, Fraxinusp, and
Ulmussp.Considering thepecific purposethe most frequently targetedative specieswvere

9 for wood production Q. robur Fraxinus sp.A. glutinosg Acer sp.and Juglans regigin
descending order)and
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9 forconservationUimuslaevis S alba, Umusminor, andP. nigra(in descending order).

In the TBRnon-native tree species, clones and hybridge already frequently targeted by forest
management.Neverthelessconservation aims to counteract their occurrence and spréadong
non-native species, wood productiomas found to behe mostcommonobjective: hybrid poplars,
Robinia pseudoacaciattificial poplar clonesandJuglans nigravere selected to baargeted for wood
production by at leastwo-thirds of respondents; a result comparable t. robur. Depending on the
species, management of narative tree species faronservationor other purposeswas selected by
a maximum of one quarter of respondents T 2AMdr negundp followed

0 &N EAydza LIS ywhRa adaBldsRROIOF OA I

Furthermore, dfferences between théhree types of forest managers their perceptions ohative
tree speciesin relation to their management purposeere assessedAs expected, anservation
managerssaw a higher number ofpecies for conservation purposes than forest ownevhile
forestry professionals were ibetween.Vice versaforestry professionals and forest ownesslected
a higher proportion of species to be used for timber productimem conservation managgrForestry
professionalsselected thelargest number of species being managed for any purp@gighout
considerable differenceshe three types omanagersagree thatnon-natives without a major role in
timber production should be considered in some form of manageme@ohservation managers
selectedA. negundoAilanthus altissimandF. pennsylvanica / F. americamere frequently for the
purpose of woodproduction than forestry professials or forest ownersin contrast tonon-native
speciessuch as). nigreor R. pseudoacaciavhich have longer presences in the arésallmannshofer
et al., 2023)

3.2. Current and futurdree specieslistribution

The studylescribedy Sallmannshofeet al.(20213 aimed atunderstanding the spatial patterngand
the main drivers for the current and future distributioaf major riparian tree species of the Biosphere
Reserve at the local and continemide scale.

Therefore,bioclimatic species distribution models (SDMghat are suitable for evaluating climate
changedriven habitat changes on a contineswide scaleand SDMs enrichedith soil and river data
for use on a local scajevere developedBy combining explanatory variables andcurrence data
these SIMs were trained to assess the ecological niche of the target speties continentwide
modelsexplaired 91% to 99%f the variation, whilethe regional models rangeflom 53%to 81%.
Similarly, theaccuraciesspecificites, sensitivites, and true skill statistics (T®8}he regional models
were slightlybelowthe continentwide models.The accuracyf the regional model$or the species
A. glutinosaand Q.roburwas slightlybelow theother specieswhilethe accuracy of theontinent
wide modelsdid not differ significantlybetween the speciesThe variation among speci@s Of A YI (A O
nichesrevealed the smallest amplitudes fé. nigraand U. leavis Occurrence data for the regional
models demonstratd the ecdogical niche$or P. nigraandU. leavisvithin 1¢3 km horizontal distance
and a 1@20 m altitudinal differencéo rivers The other species als@curredat larger distances from
the river or higher altitudes

While the continemwide modelwas only trained with climatic predictarshe highestvariable

importanceof the regional modelsvas found for the soil variables (151.688/SE+ 55.4%SD 18

potential predictorg facing thenarrow climatic amplitude of the regionednge The group of climate
variablesshoweda cumulated mean INMSE of 120.4% + 62(&%otential predictors)followed by
the river variables (75.6% = 42.7%predictorsonly).
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F.excelsiolandP. nigraoccurrencesvere found to be mostlynfluencedby the soil variables (41.3%
and 32.2%), to whicthe occurrence of).roburwas least sensitive (19.3%yhilethe occurrence of
U.laevisand F. angustifoliavasstrongly affected bylanate predictorsandP. nigraand F. excelsior
were most strongly affected by the river predictors (20.3% and 18(&allmannshofer et al., 2021a)

The studySallmannshofer et al., 202Xarther identified expectedregional as well as largecale
changes to species distributionsaused by environmental changé¥edicted climate change in the
TBRslikelyto displacemany species from their macro climatic niciidée predictions of both model
types forthe seven species asummarizedn Sallmannshofer et a(2021a)asthe following:

GAmong the seven riparian forest tree species across Europe, six species are expected to
expand their species range significantly under climate change. Increasing mean probabilities
of occurrence show gains between 686 ¢lutinosa and 27%. mina).

The specie®. nigra F. angustifoliaandU. minorare expected to gain additional habitats in
Western, Northern and Eastern Europe without larger losses in Southern Eufope.
angustifoliaand Q. roburare expected to gain additional areas in negaistern Europe, but

at the same time, a loss of climatically suitable habitat in Southern and Western Europe was
shown. In contrasty. laeviss expected to lose significant parts of its current distribution in
Central Europe and showed an overall decesasits probability of occurrence of 9%. Its
distribution range is expected to shift to nortrastern Europe and will be significantly smaller
than the current oneX).

At the regional scale of the TBR, the contiremtle model generally predicted drasfigture
losses for all seven species. The regional models predicted adabed, morecomplex
occurrence pattern. In contrast to the continewide models, the regional models were able
to depict the regional core areas of tree distribution around majparian landscapes by
including a higher number of limiting environmental variat{de}

Patterns of the regional model for high future habitat suitability were in line with the
continentwide model but varied locally, as different predictors wasedé

Severe habitat changes across the wider area of the TBR were predictedefceelsior, Q. robur, U.
laevis,and U. minot Driven by habitat changes, changes droccurrence ofspecieshave also been
found.

In contrast to the importance of the viable elevation difference to rivers for all specissnulating
the potential impact of river deepening by a river level drop of 0.5 m throughout the studyarkya
had a significant impact on the predicted occurrence probability distributiof fangustifoliaand A.

glutinosa Nevertheless, spatial patterns wegdfected and changes are stronglite dependent
(Sallmannshofer et al., 2021a)

Inthe context of forest management and restoratiothe use of continertwide and local scale SDMs
wasevaluated(Sallmannshofer et al., 2021dhe continentwide model assesses the climatic niche

for the continentwide population. Compared to the regional model, it is very sensitive to climate
change scenarios and might overestimate real occurrence changes, as it is limited to climate
predictors. Therefore, it is very suitable for early warning applioatiand deriving climatbased
management decisiong he benefits of the regional model are further describefalimannshofer et

al. (2021bks:

GThe precise occurrences applied in the regional model allowed us to model spatially complex
patterns at a significantly smaller grain size. The proximity to the river could be efficiently used

to understand the drivers for local variation in tree occurrenEurthermore, the regional

model focused on a subpopulation of the trees adapted to specific environmental conditions
YR R2Sa y20 OFLGd2NBE GKS FdzZ f LRLMzZFGA2yan
might be unsuitable for the local population beuld potentially match the requirements of
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other (sub)populations. Therefore, predicted mismatches are not equal to a low occurrence
LINPOIF OAfAGE F2NJGKS aLISOASE Ay 3ISYySNrf FyR
amplitude. Derived ecoldgal niches need to be seen in this context and are not spatially
transferable(Riordan et al., 2018; Yates et al., 2018) contrast, a general problem that
increases with smaller geographic scale is that changing climate conditions are not
encompassed by the training data. Nearly 60% of over 200 SDM studies reviewed by Porfirio
(Porfirio et al., 2014)pmssessed climate change impacts at the regional scale and wer
potentially forced to extrapolate, whereas only 14% considered contimedé scales. Our
investigations highlight this problem, driven by serious climatic changes both in RCP 4.5 and
RCP 8.5 scenarios, especially for the regional model. The prediciiicete major alterations

in species distribution even without the extrapolation of trends in occurrence probability, and
we assume that extrapolation would have further increased the magnitude of predicted
changes.

Nevertheless, the complex spatial pattethat can be realized with regional models reaching
down to stand level resolution, as well as the opportunity to precisely match the spatial extent
to certain purposes or populations, predestines them to support decisiaking by forest

and conservatin managers. Especially in terms of adapting to climate change, such realistic
predictions are of increasing value. For the operative use, standard-$aede bioclimatic
models alone are too coarse and frequently exclude relevant predictors. We recommend
using multiple model predictions with different scales and various predictor groups
(Beaumont et al., 2016&nd to consider the uncertainties related to the underlying model
assumptiongRiordan et al., 2018, p. 12@)p. 126127)¢

For supporting the adaptation of the forests to a future climatgnamicseedtransfer zoneswere
derivedacrosshe five countries of the study aredhesezonesare based orthe clustersof species
specificclimatic predictorsareas with species occurrence probability of above 0.5 (0.R.flaevig
was usedThisthreshold resulted in areaslose to the natural disibution range of therespective
speciesDerived fromthe variation of the specifiwariables, the number of clusterappliedwas 5 for
A. glutinosa, F. angustifoli&,. excelsior, Q. robud. minot 6 forU. laesis, and8 for P. nigra With
changng climatic conditionsthe spatial distribution pattern ofthe seed transfer zonesanchang
dynamicallyTherefore the area extent wapredictedfor three time periods (current, 20480, 2081
2100) and two climate changeenariofRCP 4.5 and R@).By demonstrating these spatial shifts
and highlightingtimely dynamicareas with similar climatic conditionshe identification of pre
adapted genetic materias fostered (Sallmannshofer et al.020a)

3.3. Sate of the forests

The field assessmenfSallmannshofer, 201@imed atexploring thecurrent state of the forestsn

the Biosphere Reserve, specificallylibalth status(Cech and Sallmannshofer, 2021; de Groot et al.,
2022; Sallmannshofer et al., 2020c; Steinkellner, 2@22)deadwood accumulationOettel et al.,
2022)as a proxy for naturalness, in interaction with local site parameters, such as flootypaijn
silvicultural management, climatic conditions, and tree characteristics.

R 2

Consideringpiotic threats, § KS LI N} YSGSNEQ SFFSOdGa 2y (GKS €SI ¥

pathogens, on alien herbaceous plants, and ungulate brovwsarg exploredOn the sampling plots,
averageinsectinduced leaf damage was 9¥anging from0%to 80%), fungusinduced leaf damage
6%(0%to 6099, and he abundance of alien species was 18% of the ground ¢0\er92%.

Site and stand characteristics significantifluenced biotic threats Fungusinduced leaf damage
decreased with increasing specieshness, whilansectinduced leaf damage and the presence of
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alien herbaceous plants were not affecteddditionally the horizontal structure significantly
influencedalien herbaceous plant specijeshich weremore abundant in areas with open canopy,
while fungus and insectinduced leaf damagés increasingwith closer canopyAlien herbaceous
plants are furthermore affeetd by thenumber of trees per layethat isrelated tocanopy closureA
strong positive correlatiotetween fungusinduced leaf damage and mean tree heigbas found.
Considering the management type, ins@utluced leaf damagevas higherin coppice than in even
aged forests, while the other management types were not significant compared teagezhforests
Damage by fungivas more prevalent in uneveaged continuousover forests than in eveaged
forests. There was a greater abundance of alien species closer to the river counge the other
threats were not significantly affecte@pecies browsingias significantly positively affectexhly by
the number of sapligs with a positive correlation between these two variabl@ghen considering
species individually, as not donede Groot et al. (2022a trendemerges, thaungulatesobviously
preferrare speciesFollowing this trenddifferent species are rare and most affectedsoftwood and
hardwood riparian forest types)

Furthermore, biotic threats were affected bljnaatic variabls: Insect leaf damage decreased with
increasingnean temperéure of the vegetative periodnd precipitation during the vegetation season.
In contrast leaf damage by pathogenic fungas notunaffected by temperature and precipitatian
the model, whilein this studyit wasmore stimulated bythe micro-climate regpesented asa closed
canopy

Based on the field observationdescriptivereports summarizedthe detectedpests anddiseases

within the REFOCuS Projéct SOK YR { I ffYlIYyYyaK2FSNE uwnumT | 20K
In addition,risk maps were preparely spatial interpolation of the tree health daf@e Groot et al.,

2021)

The study oDettel et al.(2022) exploredthe f 2 OF fLIANIGYSSHIENBE Q SFFSOGa 2y i
volume, and the distribution pattern of decay afeadwood In total, 1,291 lying deadwood
observationgdistributed on 322transect segmentslong 47 transectsvere consideredDeadwood

was recorded more often in natural (78% of sampling plots) and uraged (74%) forests than in
evenaged stands (64%) and coppices (4Futhermore, itwas recorded more frequently along the
transect in proximity to the river (first 75m of the tran$e83%, 75150m: 67%, 15@25m: 79%, 225

300m: 72%)Theaverage volumeaccumulationwas highest in softwood floodplain forests (94.3 *

16.1 nthat), followed by the transition zone (79.5 + 18.8ha') and hardwood floodplain forests

(55.0 + 24.8 iiha?). The lowest volumes were observed in the reference categopptantial historic
riparianforests at the borders of the TBR (21.1 + 93a®). The volume along the transect segments
ranged from 0.7 rtha! to 990.3 miha'. There was just a slight variation décay stagesmong the
floodplain types and no significant pattern in decay was detected. Nevertheless, in softwood
floodplain forests deadwood of ongoing (30%) and progressed (36%) decay dominated. Recent decay
stagescharacterized the transition zone (49%) and other forest types (56%). Hardwood floodplain
forests were also dominated by ongoing (40%) and recent (36%) decay stages. Decomposed
deadwood was rare across all typ&s699. (Oettel et al., 2022)

River distancevas found to be significanpredictor variablen the models fodeadwood occurrence
and volume.Furthermore,the models showeda significant decreasef deadwood occurrence
probability andvolume with decreasing distance from the riveDeadwood volumeincreased in
forests withlargerbasal area Temperature and prepitation had he greatest effect on deadwood
decay but the annual heaimoisture index waslso a relevant predictor for occurrence and the
volume increased witlincreasing annuaheantemperature.Horizontal structure and management
type weresignificantpredictorsfor the decay (Oettel et al., 2022)

The effects of temperature, precipitatigand water level on annuahdial tree growth of the riparian
keytree speciefuercus robyrFraxinus excelsipandF. angustifoliavere assessed isteinkellner,
2022 The collected data covered a period from 1957 to 20b&.river level datavasnot interpolated
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as itdecreased the explanatory powef the modelsin this period, theannual meartemperatures
showeda significant increasél4.2k 1.75, p< 0.05from 9,9° to 119° C in 2013Lowest mean
precipitation was found for Februargdld mm), higlest in July (97 mm)Averageriver levelswere
lowest in January and highest in Mdysignificant decrease (p<0.05) of #wenualand monthlyriver
levelswas foundfor the consideredperiod for all three riversPrecipitationinfluencedthe water
levels (Steinkellner, 2022)

Q. robumwas represented b3 samples and 548rings with an avergewidth of3.44+1.92 mm The
most imprtant significant effects negativelgffecting the radial growth arelevation difference,
compettion, water level three years in advandemperature in Jun@nd water level in March of the
considered yearPositivelyassociatedvasorthogonal distance to the riveand precipitation in May
of the considered yealf-. excelsiowas representecy 11 samples and 483 rings with an average
width of 47+ 11 mm. Temperature in June of the considered yee well as annual temperature in
the previous yegrannual precipitation of thexssessed/ear, the water level recorded two years
previously and tree agewere negatively affectinggrowth. F. angustifoliawas representediy 29
samples and 1075 rings with an average widtd @2 + 2.88 mmThe rdial growth was negatively
associated with competitiomnd age and positivelyassociatedwith orthogonal distanceThe river
levelin Aprilwas positively associatedvhilethe late summerg autumn values of the previous years
were negativelyassociated Also, nonthly temperatures showed ambivalent effec{Steinkellner,
2022)

To asess the presence sbilbornePhytophthoraspeciesacross the three river systensnil samples
were investigatedCech and Sallmannshofer, 202Qut of 41 transectswith availablesoil samples,
11 Phytophoraspeciesverefoundin 31 positivebaiting tesson 15 transects originating from all river
systems.Themost commonof thesewasP. plurivora (Jung and Burgess, 2009ther Phytophora
species found are known to be associated withusspp.or Quercusspp, but also more generaliit
species attacking several broadleaved tree species were identified. ApartPingtophthora other
Oomyceteswere alsoisolated. This refermainlyto the genusPythium(isolated from 21 transecjs
but also toPhytopythium(10 transects)(Further informdion shall be published separatel@ech and
Sallmannshofer, 2021)

Tab. 2Phytophorasolations from the mixed sampléaken across the five countries

Country Transectstotal No isolation Isolation
Austria (AT) 7 6 1
Slovenia (SL) 6 6 0
Croatia (CR) 11 4 7
Hungary (HU) 9 3 6
Serbia (RS) 8 7 1
Total 41 26 15

Other field detections

During thefield assessmentked by the author of this dissertatiothe North American Oak Ladéug
(Choritucha arcuatpwas detected for the first time in Austr{&allmannshofer et al., 2019a)his
invasive leaf damaging insect was thus widespread throughout the TBR, with recent invasion of the
north-western pats in 2019 Following this novelty and ipreparation for a repeated assessmeant
guantify the speed oinfestationin 2021, the pest was assessed additional sites anéh the field
usingan extended protocadleveloped by the authoof thisthesis(Sallmannshofer et al., 20198)e
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repeated surveyHoch et al., 2022, 202a)medat assessinfpow fast the lacebugis spreadingand
reproducing with focuson forest stand density.In the newly infested area Austria,many ofthe
assessed trees did not show asigns ofC. arcuatan 2019.While on theAustriansurveytransecs
only one oak out of 58 oaks was found to be infested 2021 13 out oll5 inspectedoaks onthe
transect plotsvere infestedn different intensityby C. arcuataOn the additional sampling site, along
the gradient from urban trees to the Mura River, in 2019 only the urban trees and trees on the edge
of the closed forests were infested (17 infested out of a total of 64 inspected trees), and irC2021
arcuataoccurred on all partsvith 52 out of 60 treedbeinginfested(Hoch et al., 2022, 2021Further
spread occurred very fast and the population also establisheétie northwesternparts of the TBR
during the twoyear observation periodlhe comparisoracross the TBhowed that the composition

of tree species had a significagfifect on the infestation levels of. arcuataln stands with a higher
percentage of oak, the degree offéstation was significantly more sevetgoch et al., 2021)

Furthermore, fruiting bodies oChalara fraxineawere observedn Serbiafor the first time To the
I dzi K2 NXQ & , theyfult Idefcy®IR & Sstieback caused by the funguslymeroscyphusraxineus
(Kowalski, 2006had not beerobserved inthe countryuntil this findingand was questioned due to
the warm and dry summer temperatureBhe disease has spread from Polanthi® South (Kowalski,
2006) Thereforedegrees of infestatiomand awarenesare yet muchhigherin Austria than in Serbia.
The observation took placeorth-6 Sa i 2 ¥ [N-46.49B0g&EH 18.01137dn 30.07.2019n
presence ofmola TenorieBaigorriaMilicazt | (3] 2[@ADLI2 { WPajnikEficSrain@saand
the author of this worklyet unpublished)

Additionally,F. angustifoliawasidentified for the first timeby the authorof this dissertatiorin south
eastern Styria Thetaxonomic identity was proven vigenetical analysis. Yet, the occurrence was
unknown andonly reported in the Marchauerfloodplains in thevery eastern part of Austridhe
observationof several treedy the author of thisvork took place between spring and summer 2019
along the Austrian side of the Mura between Donnersdorf and Bad Radkerisbilwg presence of
Hannes Schdnauer and Rok Y 2 .[Gghétid samples taken by the authofrthis workandprocessed

by the Slovenian Forestry Institutgnfirmed the speciek.angustifolia(yet unpublished)

Severabther pathogens includingfirst findings on specific host trees first reportsfor countries,

were identified usingmicroscopicand moleculartechniquesand pathogenicity test® %€ | (11 2 GA &
2021) As theseshall be published separately%2f | (1 2 @A ghe @fdrmatidni®excluded fram)d
thisthesis.
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4. Discussion

4.1. Comparisonof the resultavith other studies

4.1.1.Stakeholdesurvey

The findings pointed to a lack of information among the residents about the concepbiofphere
reserveand a higher level of knowledge in connection with frequent forest visits, bettecation or
professional activity in thdBR. Frequent forestisits and work might be connected to a higher
interest in the topic and therefore explain the positive réatonthe information levelj.e. knowing

the concept (unpublishedata). Nevertheless, optimism about improvements by installing the TBR
was not associatedith thisinformation level, indicating a good point to start information campaigns.

In addition toeffects of group membership anidcation attachmentacrossthe entire survey as
shown byothers inacomparablecontext(Huber and Arnberger, 2015; Mitsui et al., 2020jferences

in responsédehavour werealsoassociated with gender and educatighrecent studyProbstiHaider

et al., 2020)has also indicated differences in tlilegree ofadaptationto climate changéetween
male and female smad#icale private forest ownersJthough this study also observedircumstance
in which women seento be moreoptimistic towards the TBR more openminded towards cross
sectoral cooperation(unpublished data), and showing lower adaptation thresholds towards
environmental changéSallmannshofer et al., 2023jocus orstrongprotection of endangeredplant
and animal speciesndsoft protection ofculturalvaluesmatches theconcept of a BiospherReserve,
wherebyin Hungarygenerally lower protection levels are aimed athich in turn indicateplace
attachment andpotential for crossborder harmonisation Furthermore, the survey results showed a
majority of respondentsfrom all stakeholdergroupsbeingconcernedabout ongoingenvironmental
change comparableo findingsby Yousefpour and Hanewinkel (2015urvey respondents generally
considered mnmade changes of water dynamigs the most important ifluence on forests in the
TBRindicatinga good understanding othis farreachingdisturbance offundamentalprocessesn
riparian systemge.g. Belletti et al., 2020; Hughes et al., 2005; Klimo et al., 2008; Skiadaresis et al.,
2019; Smulders et al., 2008imilarly,climate changend invasive alien plants wergerceivedas
major influence across all respondentdighlightinga good awareness fofuture climate- (e.g.
Dubrovsky et al., 2014; Hanel et al., 2018; Seidl et al., 2id)globalisatiordriven problemsby
invasivespeciege.g.Jung et al., 2000; Richardson et al., 2007; Schnitzler et al., 2007; Sikorska et al.,
2019b; Von Holle and Simberloff, 2005)

Considering the three types of forest managersigmificant correlation between observation of past
changesnd expectabn of future changewas found for changes that are easy to observe in the.field
Forest ownersn particular didnot seem to basdheir expectations on experienagin contrast to
conservation managerdhis couldpossibly beexplained bythe fact thatmost of the conservation
managers and forestry professionaighis studyhavea higher levebf educationthan forest owners.
Consistent with the findings dfawrence andarzano (2014)expectations and awareness towards
specific changes such as pests and diseases were increased when these changes have obvious and
easily detectable impacts in the fiellherefore, instead of a correlation between expectations and
obsewations, the sensitivity levels could be mostly explained by forest manager type, education, and
frequency of forest visits. Adaptation thresholds depend both on specific management goalas and
personal characteristicd. A 1 K G KS 321 f 20T aRIA A RINDLAYWSY Gasy I Qi2dgNal S NI2
therefore appeared more tolerant towards ongoing changes in this stady far as natural
regeneration is not limited. Furthermore, sensitivity was increased figherlevel ofeducation and
frequency of forest vis#t and the individual background strongly contributes to management
adaptation behaviourwWhile differences between countries were linked to their semtmnomic and
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political contexts, a lack of knowledge and information could be one of the major batvigesds
forest management adaptation as shown ®gusaSilva et al(2018) (Sallmannshofer et al., 2023)

4.1.2.Tree species distribution models

The regimal modelsaimed foran optimal grain size as a traddf between the necessity to describe
riparian influencest forest stand levetesolutionand model efficiencyAs already expectedbased
on other studiegGuisan et al., 2007; Hanberry, 201iB)e more realistic regional models with higher
resolution explained less variation than the contingvitle models.Thedistribution patternsof the
targeted species are rarelyvestigated anadomparing the predictiont other studies was limited to
the continentwide model. Regarding. roburthe predictions wergenerally irmgreement with other
studies(Buras and Menzel, 2019; Schueler et al., 2014; Woziwoda et al.,, 2dd8Ylifferencesfor
the southern European rangehere the new predictiongdicated potential occurrencesAlsag for F
excelsiotthe predictiorns are mostly comparable to Dyderski et gR018) In contrast, the predicted
future distribution lossesup to 2100for U. laeviswere in disagreement witiThurm et al.(2018)
Similar to other studies predictof®iekmann et al., 2015; Mellert et al., 2018; Walthert and Meier,
2017) soil variables were found to be the most importgmedictor group of the regional models
contrast to soil variables being most important for the modeFofexcelsigrclimatic variables were
only slightly more important in our modé&r Q. robur whereas they clearly dominated in the study
by Walthert and Meief2017)for a mountainous landscape in Switzerlaiidesedifferences can be
explained by thenalysed populationseing locatectlose to the warm end of their distributian the
TBR and athe coldinduced edgean Switzerland Across the specieshe derivedvelocity of climate
changedriven changem species distributioprobabilityis consistent with other studieshowngthat
south-eastern European lowlands face the highest velagfitlimate change across the continearid
therefore containa highproportion of loser specie§Aradjo et al., 2011 oarie et al., 2009; Schueler
et al., 2014)(Sallmannshofer et al., 2021

4.1.3.State of the forests

Biotic threats

The positive correlation between funguend insectinduced leaf damageould be a result of d&)oth
being attracted by trees with reduced vitaltpusedor exampleby climate change or rivalterations
(Belletti et al., 2020b; Van Looy et al., 201d)b) each damaging agent decreasing the vitality of the
tree, attracting the other damaging agent as shownkigahan et al(2020) Although pests and
diseases can lead to canopy disturbamdikely to enhance the presence of alien plant species
(Eschtruth and Battles, 20089 correlation between leaf damaging agents and alien herbaceous plant
species was foundn contrast toother studies(Fernandezonradi et al., 2017; Field et al., 2020;
Guwot et al.,, 2019; Jactel et al., 201hsectinduced leaf damage and the presence of alien
herbaceous plantazas not affected by tree species richngisscontrast toother studiegSchnitzler et
al., 2007) Nevertheless, and in accordangéth Field et al. (202Q)fungusinduced leaf damage
decreasedsignificantlywith increasing tree species diversits expectedrom previous studies
(Eschtruth and Battles, 2009; Huber and Gillespie, 2003; Zelnik et al., abds)herbaceous plant
abundance increask with lighter canopy,while damage by fungi decreade The fluctuating
abundance of insect damagerossthe openness gradiennight not only reflect a combination of
resource availability as describedife Goot et al., 2022)but alsamirror speciesspecific preferences

T information discardedduring the data generalisatiorprocess Regarding climatic variablekaf
damage was negatively associated witkseasonprecipitation andhighertemperatures.While dry
and warmsummersare often linked withinsect outbreak¢Dak and Frank, 2017; Jactel et al., 2017;
Seidl et al., 2017)he contrasting finding could be based a) missing comparisons between the years
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asexplainedin de Groot et al. (2022)r b) the better ground water supply in riparian forests, that
allowshigh rates of photosynthes&venduringheat periods with low precipitatiarresulting ingood
vitality and resistanceAs fungusinduced leaf damage was more frequent tlosed canopyno
association with temperature and precipitation was fourts expected, leen herbaceous plant
abundance increased in proximity to rivemshere higher flood frequency increases propagule
pressure (Richardson et al., 2007; Spinoni et al., 20479 canopy disturbanceSchnitzler et al.,
2007) (de Groot etal., 2022)

Deadwood

Similarto previous studies in other forest systerfB0loni et al., 2017; Dahlstrom and Nilsson, 2006;
Lombardi et al., 2012; Nagel et al., 201§ probability of deadwood occurrence was lower in forests
with higher management intensitilot only thedeposition after flood event@ettel et al., 2022)out
alsoincreased disturbance frequenctree composition with shortelive spans, and more natural
forest typesthe deadwood accumulatclose to the riveat flow-calmed areasComparableaesults
were already obtained for other ecosystems Hgssanet al. (2005) Komonenet al. (2008) and
Dahlstrom and Nilsson (200&)evertheless, therolume of lying deadwoodn the siteis related to
growing stockconsideredvia the basal arean Oettel et al. (2022hnd also observed by others
(Garbarino et al., 2015; Keren and Diaci, 2018; Oettel et al., 2D2@dwood decayvas foundin
advancedstages ahigher temperatures and humidityelvels in agreement withbiological processes
and other studies(Garbarino et al., 2015; Harmon et al., 1986; MerganioJ.e@12; Pietsch et al.,
2019; Seibold et al., 202XDettel et al., 2022)

Radial tree growth

Results foQ. roburwere compared tqMikac et al., 2018)who also foundiver levels inMay to be
mostimportant for radial growthwith increasing importance in recent decadesit could activate
the development of fine roots in Jupevhichprotectsthe fine roots in the upper layefsom drying

out in July and Augudilany studies highlight the positive influence of precipitatiorspring to early
summer on radial growtliHeklau et al., 2019; Mikac et al., 2018; Netsvetov et al., 2018; Skiadaresis
et al., 2019)Other works found autumn water leveis be negatively associated with radial growth
(Tumajer and Treml, 20165ite-specific variation might influence such resultsRasger et al. (2097
only found dependence of radial growth on precipitatibievertheless, dth Rieger et al. (2015nd
Astrade und Bégin (199T9und physiological adaptation processes to be triggereduager levels.
Similar tothe presentstudy, high summer temperatures were found to negatively influence growth
in central to southkeastern EuropéMikac et al., 2018; Skiadaresis et al., 20W®jile in eastern Europe
positive effects were foun@Netsvetov et al., 2018; Tumajer and Treml, 20B®vation difference
wasthe most important variable in the modahd was negatively associated with growithis could

be caused bw lack of water supply anadeduced chances for nutriemtepositionby flooding(Gregory

et al., 1991; Osei et al., 2015; Sc¢hieir, 1997) (Steinkellner, 2022)

Considering~. excelsigrJunetemperatures werefound to be the most important variablémiting
radial growth similar to high December tempdtaes of the previous yearHeklau et al.(2019)
confirm the first finding butound a positive influence of December temperatuteisGermany while
Koprowski et al. (2018)onsidered warnspringtemperatures slightly negativefor radial growth in
Poland In contrastto this study, othepublicationsfound a positive influence of precipitation during
the vegetation seson(Heklau et al., 2019; Koprowski et al., 2018; Singer et al., 20k8)negative
influence ofsummerwater levelswasalsoconfirmed byRieger et al. (2037 but Heklau et al. (2019)
and Singer et al. (2018)und a positive influenceAlthoughRieger et al. (2017pund deeperashroot
systemdurther from the river, the matching variables were nainsidered significant in the present
study.(Steinkellner, 2022)
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Radial growth of. angustifoliawas positively driven bwater levels inApril, supported by similar
findings for spring and summéMikac et al., 2018; Trlin et al., 2021yhile autumn levels were
negatively asociated.High autumn water levels lead twerobe soil conditions and in consequence
reduced treevitality (Klimo et al., 2008)n contrast to the other speciesinter temperature had a
positive influence, aB. angustifoligorefers warmconditions(Raddi, 2014t the study sitdocated at
the northern edge of the distributionNevertheless,other studies also foundwarm summer
temperaturesto be negatively associated with radial growhlikac et al., 2018; Trlin et al., 2021)
RodriguezGonzalez et al. (202&pd positive, but lowinfluence of precipitatiomuring the vegetation
seasonGomes Marques et al., 2018; Mikac et al., 2018; RodriGuewzdalezt al., 2021; Trlin et al.,
2021) (Steinkellner, 2022)

Phytophthora

Altogether 11Phytophthoraspecies were identified from the sites in the TBR. The most frequent one
of this study P. plurivorg must be regarded as the riskigbht aggressivelgttacksa huge number of
broadleaved specigdung and Burgess, 2008jter most likely having beantroduced from overseas
(Brasier, 2008)The hosts are species@fiercusSalix Alnus FagusTiliaandAcer P. plurivoracauses

root destruction aerial cankers (stem necroses) atidbackand is associatedith the phenomenon

of oak declingBalci and Halnthlager, 2003; Hansen and Delatour, 1999; Jung et al., 2000; Jung and
Burgess, 2009; Vettraino et al., 200@therPhytophthoraspecies foungcover the range fromather
opportunistic to very specialized, from slightly pathogenic to aggressive. Soihe Bhytophora
species identified also affect seedlings of various broadleaved trees and others are known for quick
propagation also by wind and raifihe otherOomycetesisolated mostly refer to the genuRythium

and Phytopythiumboth genera known fotheir rather low pathogenicity to woody plants.

Choritucha arcuata

C. arcuaa was detected in an early establishment phase south-eastern Austria spreading
northwardsthroughout Europe Human transportover large distance and localscale dispersdby
wind were assumedo be the mainvectors making it impossible to stop widespreaddissemination
(Sallmannshofer et al., 2020dj the meantimg C. arcuah hasalsoarrivedin Souhern Germany
(Wonsack and Thomas, 2021)
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4.2. Synthesising the results between #tadies

In this chapter, the results of this dissertationare relatedto each other,and consistacies and
contradictionsare highlighted Figureé6 illustratesthe relationshipsdrawn between theresultsthat
matchthe specificresearch questionsitially described in chaptet.2 Objectives.

Synthesis of results
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Fig.6 Relationships, data exchange, and synthesis between the specific rgainéesl bythis dissertation project

4.2.1.Stakeholder andbfestmanagerperspectivesowardsenvironmental
changesconflicts,and crosssectoral cooperation

In the stakeholder surveyespondentsindicated manmade changes of water dynamjicdimate
change and invasive aliespeciesas major influence®n forests in the TBRThis perception is
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supported bythe other studies carried oufSallmannshofer et al., 20208)ith ongoingchange of
climate anddecreasingiver water leveldoth the species distribution mode(Sallmannshofer et al.,
2021a)andthe radial growth analysi€Steinkellner, 2022ndicated decreasing habitat suitabilitipr
main riparian tree species. Aither spread of invasive pests and diseases, such as cBhgtnphtora
speciesor C. arcuata(Sallmannshofer et al., 2019ajould additionallyreduce vitality andead to
fallout orlack ofregeneration of certain tree species targeted by forest manaffgaimannshofer et
al., 2023)In riparian forests, endangered tree species (Ergxinus sy still play an essential rofer
wood production (Sallmannshofer et al., 2023y case offallout(s), adaptationthresholds will be
progressively exceededSallmannshofer et al., 2028hd forestmanagers willook for appropriate
adaptation strategiesThe UNESCO Biosphere Res&rarmeworkcan contribute tahe development
of suchstrategies by fostering scientific suppoand exchanggeacrossthe area.With groupspecific
differences, takeholders generally perceival closeto-nature and smalscaled silvicultural
interventionsand both natural and artificial regenerationas appropriate management techniques
Nevertheless, they harkservations towards these of nonnative tree speciesalthoughtheseare
already frequentlytargeted in wood productioracross the TBRnd potentially more suitableor
future climate thansome native species in certain aregSallmannshofer et al., 2023, 2020a;
Sallmannshofer and Schiler, 202This contrasbf competing interestsegardingnon-native trees,
clonesand hybrids by forestry and conservatigremphasiseghe needfor at leastcrosssectoral
harmonization ofmanagement goalto a certain extent For this purposg stakeholderspecific
constraintsand prejudicemmong othergroups(Sallmannshofer et al., 2028%ed to beovercome

4.2.2.Tree species distribution and radial growth models, species relevance,
and seed transfer zones

The predictions of theontinentwide andregional model suggest théte currently present species
will be forcedout of their macrcclimatic nicheby climate changerive of the seven species decreased
in occurrence probability, whereds excelsioand U. minorcould benefit according to the regional
models(Sallmannshofer et al., 2021&jor three speciesall listed among the most important target
speciedor forestry and conservatioiin the TBRSallmannshofer et al., 2023}¥sultsgainedfrom the
radial growthmodels(Steinkellner, 20223re compared:

In the continentwide models ofQ. roburthe most important drivers were the autumn maximum
temperature, the summer precipitation amount, the degree of continentality, and the annual
precipitation amount(Sallmannshofer et al., 2021 onfirming this finding, radial growth models
showed a positive dependence on May and June precipitation, and negative association with high
temperatures(Steinkellner, 2022)The regional model alsshowed thatthe number of degreealays
above 5°C and extreme minimum temperatuappearedto be the strongest climatic drivers
emphasizing thathe orthogonal and elevation differenégimportant for spatial occurrence patterns
(Sallmannshofer et al., 2021doth future model prdications result in major losses occurrence
probability inhabitatsthat are very suitable todagcross the TBR and a shift to the northeast across
the continent(Sallmannshofer et al., 2021d)hese findings should be considered as an early warning,
asQ. robur whichplays @ economidkey role, is targeted by 90% of the forest managerthe TBR
(Sallmannshofer et al., 2023nd is increasingly affected by multipietic threats such as for example
Phytophtoraor C. arcuatgSallmannshofer et al., 2021d, 2019a&yoss the area.

ForF. excelsiarthe continentwide models indicated the preference for more humid, rather cooler
climate types resulting in agxpected southern decline and a northern spreamloss the continent,
with losses across the TBRallmannshofer et al., 2021latching this result, also radial growth of
F. excelsiowas found to be negatively associated with rising temperatume3une and December
(Steinkellner, 2022)At the regional levelthe niche was defined by theertical and horizontal
distances from riverggestricted by an increasingeatmoistureindex andpositively influenced bgn
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increasingnumber of degreedays below 18°@Sallmannshofer et al., 2021k\everthelessthe
combination of bioclimatic predictorsin the regional modetesulted inslight gainsof occurrence
probability over a largerarea of theTBR but in cruciallosses of higlguality habitats in Austria,
Slovenia, and Croat{&allmannshofer et al., 2021€) angustifoliarequires a warm, balanced climate
and the regional model highlights the importance of fr@ximityto wateraccording to the continent
wide model The occurrence is limited close to antumn maximum temperature of 12 dhd peaks
at around16 °C(Sallmannshofer et al., 20218)ith climate warming, bth SDMs predict &apid
expansion northwardg¢Sallmannshofer et al., 2021 @onsistent to thepositive influenceof warm
summer and winter temperatures on read growth performancegSteinkellner, 2022)According to
(Sallmannshofer et al., 2023drest managers in the TBR consitheth ash speciemost important
for wood productiorafter Q. robur Climate changecouldRRA G A2y f £ &8 NBRdzOS (KS
the severeimpact ofash diebackhat is still spreading throughout the souttastern parts of the TBR
as found in the field assessments of this dissertatieverthelessthe modelsindicate thatresistant
genotypes of. angustifolianight possiblyreplace sites yet occupied Isy excelsior

Regarding theriver water level radial growth analysisindicated that Q. roburwas negatively
influenced byhighwater levelsin springand F. excelsioin June while F. angustifoliavasnegatively
affected bylow water levels irApril (Steinkellner, 2022)Consistently, thesimulated decrease of the
river level by 0.5 nin the regional SDMlrastically changed the occurrence patternFofangustiftia
across the TBR thisscenarig F. angustifoliavas found to occupy niches yidted by the more water
tolerant A. glutinosaSallmannshofer et al., 2021a)

As the continentwide modek cover the continentwide populationand are sensitive for climate
change(Sallmannshofer et al., 2021ahis model type was taketo developseed transfer zones
(Sallmannshofer et al., 2020a; Sallmannshofer and Schiiler, 2024y aim to supportorest and
conservation managelig selectingree originsalreadytoday, that are potentially @itable forfuture
climateconditions.When the forestnanagesQhresholdsare exceededSallmannshofer et al., 2023)
the following options describeth (Sallmannshofer et al., 2021a, p. $RApuldbe considered
G 2NBaid FyR O02yaSNBIGA2y YIFylF3aSYSyidi ySSRa
to the changing environment, (ii) evaluate the artificial transfer of forest reproductive material
from matching locations to speed up adaptation processes and reslagtation laggAitken
et al., 2008) (iii) rely on the potential of the other remaining native tree species to fill
ecological gaps, or (iv) fill empty niches by means of assisted migration with new tree species
which have desired characteristics. All passimeasures raise the risk of uncontrolled
penetration by tree species of an invasive character. Conservation management is faced with
a decision between accepting such dynamics or counteracting them in advance or ex post
facto. There have been positive ameggative experiences with the active introduction of ron
native tree species to riparian forests, suchPdatanus orientalis, Juglans nigemd Robinia
pseudoacaciaas well as several nemative Populusspecies and their hybrid¥itkova et al.,
2017; Von Holle et al., 2018)

4.2.3.Forest health and deadwood affected by forest management, site
characteristicsand climate

Considering thenanagement type as a predictoin naturelike and uneveraged forestsfungk
inducedleaf danage(de Groot et al., 2022deadwood occurrence and decstagesncreasedOettel

et al., 2022)while coppices and plantations were more susceptible to ingeltced leaf damage and
deadwood was observed with lower frequency. Abundance of native saplings wascormaraonin
intensively managed forests like coppices or plantati@esGroot et al., 2022Proximityto the river
edgeincreased the abundance of alien specfde Groot etal., 2022)and it was also found that
deadwoodaccumulatednore frequently(Oettel et al., P22), as both figures are strongly disturbance
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driven.Increasing meatemperature andprecipitation during the vegetation season decreased mean
insectinduced leaf damage, while no association of macro climate data and fungi induced damage
was found. Mverthelessthe micro-climate representecby aclosed canopy cover was found to
stimulate this type of damagéde Groot et al., @22) Temperaturepositively affecteddeadwood
volume and decay, while precipitation was negatively associated with the latter. Therefore, deadwood
and observed leaf damage as a proxy for tree vitality cann@isseciated withthese results.

Forestdynamicsincreaseclose to the river, epresented byunevenaged structurs, deadwood
observations, tree species compositiaand non-native plant abundancen these forests, atural
processesn combination with external environmentahangedead tonew forest compositios. To
fulfil the I O (i expe&t&@ionsof the establishment of the TBEhat were assessed in the stakeholder
analysisand whichare primarily preserve and prote@cological and economic values and endangered
speciesactiveand future-orientated forestmanagementill be required

4.3. Data and survey constraints

4.3.1.Stakeholder survey

In this study, the respondents assigndetmselvesto a stakeholder category by using the single
OK2AO0S 2LJiAaAz2y aasStSOG GKS OFrGS3I2NR eé2dz Oy o0Sai
the criteria of multiple stakeholder categories. Furthermore, as the target groups were difficult to
reach aml it was impossible to create a database of all potential respondents for randomization,
survey respondents were nahosen at randomThe sample of respondents appears to be biased
towards well educated and opeminded forestmanagers asvell-establishednetworks of forestry,

forest science and conservation professionalgere used to disseminatehe survey. The derived
results might therefore represent the opinion of decisiorakers.Contrary to alefforts, quantitative
differences remainedn relation © the numberand compositionof respondentsper stakeholder

group and per country Furthermore these aims for an equal number of respondents per country
resulted in differences in density of respondents: Depending on the shares of the TBR, the density was
highest in Austria and Slovenia and lowest in Serbia, Croatia, and Hungary. In consequence, regional
issues have potentially biased some resy&llmannshofer et al., 2023)

4.3.2.Tree species distribution models

The two types of SMDs were based on two types of tree occurrence data sets and specific
environmental data. While the EBorest occurrence dataset includes the edges of contiméde

tree species distribution and is therefore frequently used for SDMs, liinited to a resolution of 1

km. More realistic finescaled predictions are possible with precise occurrence data as used in the
regional model. Similar in both types of SDMs was the bioclimatic dataset, also of 1km resolution
(downscaled). As the appll Soil Databas@/an Liedekerke et al., 2006} 1km spatial resolution
cannot compete in accuracy with the other employed ddtgotentially limits the accuracy of the
regional models. As geographic proximity to a river increases water availability and the probability of
flood events with a limiting effect for many tree species, the river variables derived from the digital
elevation model showed an explanatory powersdado bioclimatic variables. Considering the river
level change scenario, soil (water) parameters were not changed as the interaction with river level
changes is complex. Furthermore, active and former floodplains were not differentiated due to various
delineation systems across the five countries and lacing availability of flood area models covering all
three river systems. Despite these limitations, deriving river variables from DEMs abowetease

in resolution and accuracy. One of the usual assuomst for SDMs is that occurrence data represent
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the ecological niche of the respective species, but the spatial patterrcanmgposition ofEuropean
forests strongly reflect the anthropogenic influenc@oivin et al., 2016; Copenhaveary et al.,

2017; Serrddiaz et al., 2017)In addition, past river level changes might not be mirrored in the
observed tree occurrences due to time lags in forest transformatma a further change in river
depth of 50 could result in more severe duggs than predicted. Themodel maynot have been
sensitive enough to elevation modificatigres the predicted deepening of rivers omgnsiderably
affected two species. Furthermore, soil parameters connected to water supply have not been
modified and chanel modifications or flood prevention dams have not been considered.
Furthermore, differences in light regime, as they are sometimes derived from slope inclination and
orientation (Austin and Van Niel, 2011; Dubuis et al., 2018re not considered necessary for
lowlandforests. The study further highlights the importance of validating such predictions by existing
ecological knowledge besides the statistical parameters. Therefore, descriptions of the functional
relationships between the predictors aridrecast probabilies of occurrencéor both model types

and all speciewere provided as supplementary material of the stu@gallmannshofer et al., 2021a)

4.3.3.State of the forests

The field assessments were a strictly scheduled @mdprehensivegprocedureconducted overtwo
observation periods from February to August 2019 with a repeated health assessment in 2021 to
evaluate the development of some specific pests and diseases. By leadisgerdisinghe entire

field work in 2019, the author of this dissertation ensdi@nsistency across all observatiptsspite

the team membershanging from country to countriNevertheless, such a sampling is statistically
not comparable to other largecale forest inventories and the observed sampling areas are
exemplary Several asessment modules usually demand different sarapd@untsor procedures, but

as acompromisebetween data gained and feasibility in terms of time and manpower field work
manual(Sallmannshofer, 201%asfinalizedafter test runs in Austria.

During the second observatigreriod in 2019all observations thatemandedull foliage were carried
out. Although theseassessments tooklace inshort successignbeginningin Serbia, wherehe
vegetation season starts earlier anddingin Austria toassess the forestt approximately the same
stage of vegetation (and pest and disease) development, time lags are possible.

Both leaf damage by fungi and insects can lead to holes in led@kes.assignment to the pathogen
frequently demanded leaf sampleBhis identificatiorsampling turned out to be difficult as samples
were taken from branches in a maximum height of 6m, but infestation patterns change from the lower
shadeto the upper crownFurthermore, leatdamage in the upper crown of tall treesd#ficult to
identify evenwith binoculars

Ungulate browsing as well as the quality and quantity of regeneration was recorded in the field. The
analysis ofle Groot et al. (2022xcluded the latter, as this important figure is difficto interpret
without reference data form fenced control areas.

In the case ofleadwood, relocation by flood events turned out to be an important vector in the field
and the analysigOettel et al., 2020)Whenever possible, the species of recorded deadwood was
assigned in the field. By relating old grown tree species with the accumulatetivded species,
further analysis of the effects of relocation is possible. Nevertheless, relocation processes limit the
validity of deadwood as a proxy for naturalness, although the results show an association between
decreasing management intensity and deabod occurrence and volume.

Field data were not related to the (past) river management, although the transition between active
and former floodplain was assessed in the field whenever possible, as in many cases the assignment
was not clearly possible imé¢ field. Furthermore, the management typmder consideratiorwas
assignedbased onthe visual impression of the forest without validatitwy the responsibleforest
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manager Climate and soil data were interpolated and might not match the sscalled patern of
diverse conditions found in the riparian forests. Furthermore, as statatkiGroot et al. (2022)
relationships between climatic variables and biotic threats should be investigated whenever possible
with long term data instead of data of a single vegetation season (Dekprestau et al. 2006;
Hauptman et al. 2013).

Regarding theanalysis, data of leaf damage wepeesented inde Groot et al. (2022)o foster a
comprehensive overview and seveméces ofinformation recorded on single tree level were not
considered in the analysis. Furthermore, considering mean values for overall leaf damages instead of
speciesspecific damages could also be reason faack lof correlation between insect damage and

tree species richness as described@nGroot et al. (2022)

Radial tree growth

Considering only the subset of samples from active floodplains strongly reduceshiimgle size.
Neverthelessalreadya few drillsamplessancontainenoughgrowthringsto lead to significant results,
as comparable studiegichas- YSf 1 2 | YR Ha@Km&nRartbermora, mybridsAraxinus
x intermedid between F. excelsioand F. angustifoliaoccur in the study areawyhich can only be
distinguishedby genetic analysi§Gérard et al., 2006Raddi, 2014)As mistakes in morphological
identification are possible, @ammongrowth model wasalsodevelopedfor both ash species, which
however, did not lead to significant resultPetrendingis frequently performed to eliminate low
frequency variatiors due to age effects and competition, arttie data are standardized tobtain a
ringwidth-index (RWIYthat representsgrowth variation by environmental conditior(&ritts, 2012;
Heklau et al., 2019; Makinest al., 2002; Mikac et al., 2018; Netsvetov et al., 2019, 2018; Rodriguez
Gonzalez et al., 2021; Skiadaresis et al., 2019; Trlin et al., 2021; Tumajer and Tremlh 204 €pse
of this study, the remaining variation was too small. Furthermdine, sampled trees werebiased
towards more dominantindividuals This potentially resulted in the high variable importanédree
composition levefor F. angustifolia

32



5. Conclusion and practical implications

This crosglisciplinary dissertatioprovidesbackground knowledg® understand the management
ecosystem complex antb support the development of management strategies fostering the
resilience of riparian forests

The stakeholder surveyhighlightedoptimistic expectationstowards the estalishment of the TBR
Nevertheless, a need for stakeholder information became obviesgeciallyexplaining the concept
andeconomicpotential for the area Considering thetate of the forestsmost stakeholders perceive
them asdeteriorating¢ consistent to other resultgained in this dissertatiarikey problems, such as
the need to tacklevater dynamicsclimatechangeandinvasivealienspeciesvere broadlyrecognized

A positive mood tavardsan increasng crosssectoral cooperatiorby the establishment of the TBR
became apparenthat should beused totry to resolve onflicts betweenstakeholdergroups Group
specificdifferences in opemmindedness preferences and antipathy partly onesided, should be
tackled Srategiesto addresscommon problemghat arisein the areaneedto be developed using
participatory approaches

Considering forest managerforestry professionals, forest owners, conservatimanagers)the
expected intensity of future changes is likelyimgrease by further observations of environmental
changes in the fieldrurther environmentalchangesare broadlyexpected ad almost all managers
intend to adapt The conservation sector appears to adapt later than economically driven forestry
professionals or forest owners. In addition to management goals;hheacteristicef high education,
frequent forest visitsand being female appeareleneficialfor early adaption to environmental
changesThe results further suggest that invasive naative species need to be targeted more often

in management.

Due to the limited availability of environmental predictors andwtence datasets, riparian forests
as azonal forest communities have not been investigated in SDNnyktis dissertation, tweets of
species distribution modelsvere developedboth specifying theecologicalniches ofriparian tree
species anagnappinglargescale as well as regional changesspecies distributionThese toolsare
suitable forsupport decisiormaking at a local level, prioritization of conservation and restoration
activities, and awareness raisingevere habitat changes across the wider area of the W&
predicted for F. excelsiorQ. robur, U. laevisand U. minor and demanl attention by forest
managementAssisted migration ifrequently seen as possiblestrategy to support adaptation of
foreststo expectedfuture climate.For this purposgseed transferzones werederived fromthe
continentwide climatic modeland published

Neverthelessthe forests are not only threatened by the abiofiactors of changes inlimate and
water dynamics The study orbiotic threats showedthat theseimpacts are influenced byhe forest
stand, management, sit@nd climate characteristicd-ield data ofdefoliation by insects and fungi
alien herbaceous species, and native saplingse analysedin relation to stand data. Conclusions
drawn from the results are, thatlosed forests with singlgee interventions are rare successful at
resistingan invasion bylien herbaceouspecies buare more vulnerable to fundgaf damagewhich
is why multi-layer stands coultheoreticallybe fostered.In such standgpsectinduced leaf damage
occurredless often but native saplingsireless frequentoo.

Theassessments of deadwoaalong the gradienof riparian forestypes revealedeveraleffectson
occurrence and volumby forest management, temperature, and precipitatioviost interestingly,
river distanceappearedas a significant predictor variabl@his association is driven byigher
ecosystemdynamics close to the rivewhich include deadwoodrelocationand accumulatiorfrom
flooding,amongother parameters leading to increased deadwamzturrence.Therefore,common
deadwoodanalysis as a proxy for naturalnegghe riparianforest standsareless meaningful than in
other ecosystems.
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Radialtree growth analysisof three riparian key speciesllowedtime series of river water levels
dating back to 195% be related to annuarowth. The results highlighted seasonal importance of
the river water levels for all species and supported results from the SDMs regé#ndiimgportance

of climate and river ditancefor riparian tree specieRiver management needs to counteract further
alterations of the river systems and deepening of tiverbeds,as artificial water level changes and
disconnections from the active floodplains negatively affect the ripérie communities.

During the field assessmentgvere pests and diseasesre recorded They includedor exampleC.
arcuata multiple Phytophtoraspecies, and ash diebadRonsideringC. arcuata a rapid spread was
identified, althoughinfestation levelsvere lower in mixed forest standsvhichshould be targetedn
the future. The survey oPhytophtoraspecies revealethreats to the forest ecosysteitinat only few
forest managers are aware dreventivemeasureseed to target nurseries that frequently spread
the species,disinfection oftimber harvesting machinesand awareness raising/Vith the first
observation ofHymenoscyphus fraxineusuiting bodiesand yet lower infestation levels in Serbia
compared to the other countries of the TBRworsening of the situationouldbe expectedhere. In
addition to silvicultural strategies to maintain resistant genotygasthe field, selection programs
couldbe initiated toprovideresigant reproductive material from soutieastern Europas well

In summary the UNESCO biosphere reserve framevamkearsto bea very effective toolo support
sustainabldorest management and conservationtite case studyegionalong the Mura, Drava, and
Danube Topromote theapproachafurther exchange of knowledge betweéme stakeholdershould
be facilitated Furthermore such actiongan reducereservations between the groups amdomote
crosssectoral communication andotlaboration.Moreover, he new biosphere reserveeeds tobe
advertised in external communication &stablish sustainabl®urismand to strengthen the regian
Themodels ofspecies distribution, biotic threatsnd adial tree growth indicate that the riparian
forests are under pressure and that future developmeatts very likely taaggravate the situation.
Sustainable iver management is one of the key factoier resilient riparian forests. Further
degradation musbe preventedurgently, andthe reconnectionf riverswith their floodplainsneed
to be archived Forest managers themselves are willing to adaipticulture and conservation
practices but success requirefsirther scientific support andholistic strategies that do not stop at
national borders. Genetic monitoring, transboundalgtabase<f forest reproductive materialits
crossborder transfer, joint strategies against invasive pests and diseaaed,other measures to
safeguardorest health andyenetic diversityappearessential
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Riparian forests are particularly vulnerable to enwvironmental change and
anthropogenic influences because they are highly dynamic ecosystems, thus
proper adaptation measures are crucial. The implementation of these measures,
however, strongly depends on the actors’ perceptions of the specific problems
occurring in such forests. For understanding the constraints of specific interest
groups toward different adaptation activities, information in this field is essential.
By conducting a questionnaire survey we explore how different types of forest
managers, i.e., forestry professionals, forest owners, and conservation managers,
perceive the effects of environmental change on forest management in the
recently established Transboundary Biosphere Reserve Mura-Drava-Danube. We
show that these forest managers are highly aware of ongoing environmental
changes and appraise deteriorating forest conditions, especially after observing
changes themselves. Abiotic damage is expected to increase the most, followed
by biotic damage, the spread of non-native species, and tree dieback. Nearly
80% of the survey respondents expect further changes and almost all of
them intend to adapt their management of forests to mitigate or prepare for
these changes. MNevertheless, we show differences in sensitivity to change and
willingness to initiate adaptation actions by assessing adaptation thresholds:
conservation managers appear generally more tolerant to changes, which results
in higher thresholds to initiate management adaptation than forestry professionals
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and forest owners. Respondents’ selection of target tree species depends
on management goals and therefore, we found further differences between
forestry professionals and conservation managers. These aspects need to be
carefully considered to foster cooperation or develop sustainable management
frameworks and adaptation strategies.

KEYWORDS

biosphere reserve Mura-Drava-Danube, forest management, sensitivity to environmental
change, stakeholder perception, adaptation thresholds, riparian forest tree species

1. Introduction

Forest ecosystems threatened by human-induced
environmental impacts such as climate change and globalization
(Jones et al,, 2018). Changing climate results in a higher frequency

are

and intensity of disturbance events such as storms (Beniston et al,
2007), droughts (Dubrovsky et al., 2014; Hanel et al., 2018; Seidl
et al,, 2017), and floods (Arnell and Gosling, 2016; Dottori et al,
2018; Winsemius et al., 2016), influences habitat suitability for local
forest communities (Dyderski et al., 2018), and alters interactions
between pests and diseases (Benlz et al, 2010; Jonsson et al,
2009). Furthermore, globalization favors the accidental spread
of non-native species (Hulme, 2009; Meyerson and Mooney,
2007; Mikulova et al,, 2020) which include pests and diseases that
endanger forest tree species and biodiversity (Boyd et al,, 2013) as
well as non-native plants (Allard and Sigaud, 2005; Nisbet et al,,
2015) that create competitive pressure on native plant communities
(Nadal-Sala et al,, 2019). Both impacts were found to go beyond the
capability of native species and ecosystems to resist (Hansen, 2008).

Riparian forests are particularly vulnerable to environmental
change and other external influences because they are highly
dynamic ecosystems with complex and susceptible ecological
processes (Klimo and Hager, 2000; Netsvetov et al., 2019; Nilsson
and Berggren, 2000; Roder et al, 2017; Tockner and Stanford,
2002). Agricultural development is believed to have destroyed
90 per cent of Europe’s floodplain forests over the last century
(Klimo et al., 2008). As a result, many ecosystem services provided
by riparian forests are threatened, including their role as a
natural buffer for flood protection (Leyer et al, 2012; Sanjou
et al, 2018), their high productivity (Cartisano et al, 2013),
and biodiversity (Kevey, 2018; Schnitzler et al, 2005) as well as
their recreational and aesthetic qualities (Sikorska et al, 2019).
Consequently, climatic, morphological, and hydrological changes
(Globevnik and Kaligaric, 2005; Tadi¢ et al,, 2022; Tockner and
Stanford, 2002), and the spread of non-native plants (Sikorska et al.,
2019), pests and diseases (Dukes et al, 2009; Seidl et al, 2018)
have enormous ecological consequences and fundamentally affect
the provision of ecosystem services of riparian forests (Charles and
Dukes, 2007; Nilsson and Berggren, 2000; Ramsfield et al,, 2016;
Vila and Hulme, 2017).

To maintain the ecosystem services provided by riparian
forests, sustainable forest management concepts will thus need to
be adapted to these challenges by increasing the resilience of forest
ecosystemns (Funk et al., 2020; Riis et al., 2020; Rist and Moen, 2013).
However, uncertainty about local changes and their magnitude
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is high and experiences in large-scale adaption measures are still
scarce.

The implementation of proper adaptation measures depends
on the actors’ perceptions of the specific problems. While both the
public perception of forestry (Ranacher et al, 2020) and forestry
professionals’ perception of cimate change (Seidl et al, 2016;
Sousa-Silva et al,, 2018) have increasingly been investigated, the
differences between forest manager types dealing with various
aspects of forest management such as conservation or timber
production are rarely targeted. Nevertheless, such information is
crucial for understanding the attitudes of specific groups toward the
development and support of different adaptation processes. Thus,
due to different educational backgrounds and management goals,
divergent opinions are to be expected.

Previous studies have shown that local challenges such as
pests and diseases were often perceived as more pressing than the
large-scale problem of climate change by private forest owners
(Lawrence and Marzano, 2014), while over 70% of protected area
managers across Europe consider climate change and invasive
species to be relevant for their management areas (Matisson and
Vacik, 2018). Large differences between European countries in
forestry professionals’ beliefs about the effects of climate change
on their forests were found by Sousa-Silva et al. (2018). In this
context differences between stakeholder groups such as forestry
professionals and small-scale private forest owners were indicated
(Mostegl et al,, 2019), while a segmentation based on management
behavior and preferences rather than on predefined, stereotypical
characteristics of stakeholder groups were found to be necessary
(Mostegl et al, 2019; Seidl et al, 2016). It is also assumed
that changes in management behavior are triggered by both
expectations and experiences of environmental change. Therefore,
when assessing the vulnerability of the forest management system,
management behavior is often seen as a static component, while
possible responses to former and recent experiences should be
considered (Adger et al., 2009; Hajjar and Kozak, 2015; Seidl et al.,
2016). Initiating such management responses to environmental
changes depends on individual thresholds, ie., tolerance limits.
Low adaptation thresholds lead to early adaptation processes,
while high thresholds will consequently lead to late changes in
management behavior (Seidl et al,, 2016). In the forest management
context, low adaptation thresholds can characterize high sensitivity
toward envirenmental changes and vice versa.

According to the current state of the art, one of the most
important measures of adaptive forest management under climate
change is the selection of tree species and provenances that can
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FIGURE1
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The study area across Austria, Slovenia, Hungary, Croalia, and Serbia is the transboundary Biosphere Reserve Mura-Drava-Danube. It is displayed in
white, the country borders in black, and the three major rivers in blue. The geographical distribution and density of survey respondents are shown

increase resilience and resistance to maintain and restore ecosystem
services (Buras et al,, 2020; Havens et al, 2015; Konnert et al,,
2015). Tree species selection is also widely recognized as an
adaptation measure among stakeholders (Blennow et al, 2012;
Lawrence and Marzano, 2014; Sousa-Silva et al., 2018; Yousefpour
and Hanewinkel, 2015) and frequently includes the use of non-
native tree species (Thurm et al,, 2018). However, concerns about
the ecological risks of non-native species and differences in their
acceptance by forest managers and owners are common (Hajjar and
Kozak, 2015; Starfinger et al, 2003; Weidlich etal., 2020). Thus, also
the question of tree species selection will be a special focus of the
article.

Continuous adaptation to environmental changes is a key
component of sustainable development (Smit and Pilifosova, 2001).
UNESCO Biosphere Reserves aim to strengthen this development
in rural areas. As opposed to simply setting aside protected
areas, they take a broader landscape-based approach by promoting
sustainable use of natural resources around small core areas
with higher levels of protection following scientific support and
local engagement. By acting as role models, positive experiences
should be spread beyond their borders and spur widespread
changes in management standards to address the Sustainable
Development Goals. Biosphere Reserves pursue the goals of
conserving biological and cultural diversity, supporting sustainable
economic development, and providing logistical support through
research and education (UNESCO, 2021).

Established in the year 2021, the transboundary Biosphere
Reserve Mura-Drava-Danube (TBR) is larger than any other
riverine protected area in Europe. Spanning over five countries,
differences in administrative systems and ownership structure lead
to a variety of forest management systems used across the Biosphere

Frontiers in Forests and Global Change

Reserve. Forestry professionals, forest owners, and conservation
managers responsible for forest management in the area may also
differ in their mindsets and management goals.

Here we explore how different types of forest managers perceive
the effects of environmental changes on forest management. These
forest managers were grouped into forestry professionals, forest
owners, and conservation managers. The specific objectives were
to.

i determine forest managers perceptions of the direction
and intensity of expected changes in the forests of the
Biosphere Reserve.

ii assess the sensitivity of the three different types of forest
managers to environmental changes and understand the
drivers behind different sensitivities.

iii identify the main tree species of native and non-native origin
preferred by the three different types of forest managers.

For this purpose, we conducted a survey among forestry
professionals, forest owners and conservation managers
throughout the Biosphere Reserve Mura-Drava-Danube.

2. Materials and methods

2.1. Study area

Our study focused on the riparian forests of the TBR, located in
central and south-eastern Europe (Figure 1). The TBR, the world’s
first five-country UNESCO Biosphere Reserve, has been approved
in 2021 (Kock et al,, 2022). It aspires to become an international
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TABLE 1 Demographic structure, highest level of completed education (1st number: overall education level, 2nd: education in forestry or
conservation), connection to the Biosphere Reserve and frequency of forest visits of the types of forest managers (questions Q1. G2, Q8, Q24, Q25,
Q26, and Q27 in Supplementary material 1).

Forester Forest |Conservation  Other Total
owner professional
Country Austria [ 12 4 3 35
Croatia 24 1 2 1 28
Hungary & 1 [ 2 17
Serbia 13 - 8 2 23
Slovenia 12 8 [ 3 29
Age < 18 - - - - -
18-24 1 1 1 1 4
25-34 13 3 4 1 21
3544 10 3 4 3 20
45-54 2 8 [ 3 39
55-64 7 10 4 2 23
65 = 1 4 1 - [
No answer 9 3 [ 1 19
Ciender Female & 5 5 3 21
Male 46 24 15 7 a2
No answer 9 3 [ 1 19
Education level/Education Primary education (ISCED 1) - - 1o - 1o
Yevel in fisoestry or Lower secondary education (ISCED 2) - 33 21 - 54
conservation
Apprenticeship (ISCED 3) 1 95 - - 15
Upper secondary education incloding high 77 147 - o 20014
school graduation (ISCED 3)
Bachelor, master, doctoral or equivalent 16/46 54 17715 ofE T3
(ISCED 6-8)
No answer 10 in3 &1 13 19136
Connection to the Biosphere | Living 12 16 9 2 39
Reserve Waork within the arca 24 14 8 3 49
Forest related job (not only forestry sector) 9 14 a9 5 57
Leisure time ] 13 12 2 35
Hunting 10 10 3 2 25
No answer 5 1 4 2 12
Frequency of forest visits Onee per wock 7 20 & 4 59
Twice per month 7 2 6 2 17
Once per month 12 3 3 - 18
Once a month 13 [3 4 3 26
Other 4 1 5 2 12
Toral 63 32 26 11 132

model area for long-term regional development. It consists of
four recognized Biosphere Reserves in Austria, Slovenia, Hungary,
Croatia, and Serbia, which are spatially interconnected (Figure 1).
Inhabited by 900,000 people, 63% of the area is designated as a

transition zone with a focus on sustainable economic development,
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22% as a buffer zone with extensive management, and 15% as a
core zone with low management intensity. Forests account for 27%
(2,250 km?) of the TBR, of which 61% are in the core zone. The
TBR is dominated by fertile plains along the rivers Mura, Drava,
and Danube with intensive agricultural use for cereals and pastures
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as well as forestry. The TBR has a climatic gradient ranging from
the Illyrian climate in the west to the Pannonian climate in the
east. This results in a wide range of average annual precipitation
from about 1,000 mm to less than 500 mm and mean annual
temperatures from 9.3°C to 11.7°C (Sallmannshofer et al., 2021a).

2.2. Survey design

We used an online survey hosted on the surveymonkey.com
platform to collect quantitative information on stakeholders’
perceptions and beliefs about the TBR. We began developing the
survey after a preliminary research phase in 2018.

2.2.1. Preliminary research phase

First, we conducted stakeholder mapping through informal
interviews with forestry and conservation experts from all five TBR
countries. Then, we used this information and held a workshop for
41 experis from the key stakeholder groups across the study area to
collectively identify key forest management and conservation needs
and issues in the TBR. Based on the resulis we identified the major
research needs and developed the survey.

2.2.2. Survey development

The development of the survey considered technical aspects
such as the time needed to complete it and the technical
competence of the participants. The survey was developed in
English and translated by native speakers into five local languages:
Croatian, German, Hungarian, Serbian, and Slovenian. We pre-
tested the survey in English and German to see whether the
questions’ wording was interpreted by all stakeholder groups in
the same manner. Accounting for the results of pre-testing, the
survey was finetuned by the native speakers from the TBR countries
to ensure consistency across languages. The questionnaire was
anonymous to minimize respondents’ potential attempts to
hide their attitudes. Because certain words such as clearcut or
monoculture may be perceived as biased or potentially offensive,
we carefully considered terminology and used simple descriptions
instead. The full survey contained a total of 27 questions, 18 of
which were relevant to the objectives of the current study (see
Supplementary material 1). This subset was only available to
respondents who identified themselves as forestry professionals,
private forest owners, and conservation managers responsible for
managing forest land in the study area.

In this study, forestry professionals are defined as foresters and
others working in commercial forestry and timber management,
forest owners are defined as owners of all types of private forests,
and conservation managers are defined as managers of forest areas
primarily for conservation or biodiversity purposes — such as in
areas of higher protection levels in the core zone of the TBR.

To characterize the respondents, we asked them for details
about their background, complying with the EU General Data
Protection Regulation (European Union, 2016). The questions
aimed to assess respondents’ perceptions of forest condition as well
as observed and expected changes. By asking about thresholds for
forest management adaptation, we assessed the sensitivity of the
respondents to these changes following Seidl et al. (2016). To gain
a better insight into specific forest management practices, we asked
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the respondents to elaborate on the preferred target tree species of
native and non-native origin.

The questions included two multiple-choice questions, nine
single-choice questions, and four rating-scale questions providing
nominal and ordinal quantitative data. For choice questions, we
offered an “other” response option, where respondents could
provide free text as an answer, s0 as not to force them to limit
their answers to the given list of options, which could bias the
results. Since this option was available, all respondents were asked
to answer each question to proceed to the next one. We randomized
the order of items and attributes in the questions to avoid primacy
or recency effects (Clark, 1956; Fagley, 1987; Tellinghuisen and
Sulikowski, 2008). However, some items, such as alphabetically
ordered species names or rankings had to be presented in a specific
order and were therefore not randomized. For all rating scale
questions, we provided the context by using descriptive labeling
in combination with numbers to ensure equal intervals between
response categories. Questions of high importance were conducted
on individual pages as “forced single choice” rather than “select
all that apply” to obtain more accurate results (Lau and Kennedy,
2019). To deal with acquiescence response bias, all response
categories were lailored to be directly relevant to the questions
(Hohne and Lenzner, 2012). Throughout this manuscript, specific
question numbers are denoted by the letter Q.

2.2.3. Survey distribution

The survey was distributed online through a network of forest
research institutions in the five countries of the TBR. Therefore,
respondents were not randomly selected, and our sample was
purposive. Additionally, because the survey area includes very rural
areas, we distributed printed forms to reach respondents living in
these areas, particularly forest owners. The survey was conducted
from August 2019 to May 2020. A national contact person was
assigned for each of the five langnage versions to coordinate the
distribution of the survey to stakeholders in their countries and be
available for further information.

2.3. Analysis

We used R statistical software version 3.6.2 (R Core Team,
2019) for data preparation and analysis. Data were categorical,
categorically ordered, or categorically scaled. We focused on a
combination of descriptive and statistical analysis, because of
the small number of respondents, especially when limiting the
responses to those who answered each question completely.

Correlation analysis was used to identify response patterns.
In addition, we analyzed forest managers’ intended responses
to changes in forest dynamics, by assessing the sensitivity
to various management constraints caused by environmental
change. Respondents were asked to choose their thresholds until
management adaptation in three categories with four sensitivity
levels each. Sensitivity levels were defined according to how many
target tree species were allowed to die back (Q10), the percentage of
forest growth (wood increment) that was allowed to decline (Q11),
or the percentage of target tree species that was allowed to fail in
natural or artificial regeneration ((13) until forest management is

intended to be changed.
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To examine the differences and main drivers of the sensitivity
levels, we used the random Forest machine learning algorithm
version 4.6-14 (Liaw and Wiener, 2002}, because of its ability to
capture complex non-linear relationships with non-independent
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predictors and a robust, permutation-based estimation of variable
importance (Cutler et al, 2007). Therefore, responses from
questions that were similar in structure were combined into a single

composite score. The model revealed the relative importance of
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A random Forest model was built o investigate the importance of
different background variables on the mean sensitivity of each
respondent. The diagram displays the estimated percentage
increase in mean square error (%IncMSE) when a variable was
dropped from the model and the other predictors were left
unaltered.

individual independent variables when scores for that predictor
were randomly permuted, and all other predictors were left
unchanged.

We conducted a correspondence analysis (CA) to visually
examine the association between different stakeholder groups
and their characteristics with their perceptions of management
questions. Before conducting the CA, we summarized the response
categories for ease of interpretation.

3. Results

3.1. Respondents

In total, 132 forest managers have answered the survey, of
which 48% were forestry professionals, 24% forest owners, 15%
conservation managers, and 8% others (i.e., forest scientists or
forestry advisors responsible for area management, Table 1). These
shares approximately malich the zonation scheme of UNESCO
Biosphere Reserves, with large managed areas and only 15% of
core zone areas (UNESCO, 2021). The group of forest owners
is mainly represented by Austrian and Slovenian respondents
because the forests of the TBR in Hungary, Croatia and Serbia
are mainly or exclusively publicly owned. The respondents were
highly educated with 68% academics, 95% of which in forestry or
nature conservation. The group of forest owners had the lowest
education in this analysis with 72% being educated at the highest
on the ISCED 3 level (upper secondary education) and only 17%
academics. However, this group visited the forests most frequently,
had the highest quote living in the TBR, and had the highf:sl
age. A share of 70% of the respondents specified to be male.
Respondents were mainly from within the area of the TBR with the
highest densities in Austria and Slovenia (Figure 1).
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3.2. General perception of the state of
the forests

Sixty-six (n = 114, (J3) respondents believed that the condition
of forests is deteriorating. This correlates with 74% (a = 117,
(Q4) of respondents who have personally observed changes in
forest conditions (r = 0.54, p = < 0.001). Future changes were
expected by 78% (n = 119, Q6), of whom 98% intended to adapt
their management to these expected changes in the future (Q9).
The correlation between those having observed changes and those
expecting future changes is low (r=0.11, p = 0.1105).

3.3. Expected changes in the forests of
the TBR

A more detailed response on expected changes was submitted
by 92 respondents (()7), who indicated an overall increasing trend
for all categories of change. The greatest increase was expected for
biotic damage (66% of the respondents), abiotic damage (60%),
non-native species (59%), and tree dieback (55%). Thereof, a
remarkable number of respondents expected very strong increases
in non-native species (25%) and abiotic damage (22%). Most
frequent expectations for no change were indicated for forest area
(36%) and forest growth in terms of the annual increment (29%,
Figure 2).

Comparing weighted averages of observed changes in the past
(Q5) with expected changes in the future (Q7) showed that abiotic
damage is expected to increase the most, followed by biotic damage,
non-native species, tree dieback, increase in forest area, natural
forest regeneration, and forest growth.

The intensity of observed past changes (05) was significantly
correlated with the expected intensity of future change (Q7) for
only two of the seven categories: spread of non-native species
(r =063, p = 0.0001) and tree dieback (r = 0.33, p = 0.0261).
In addition, tree dieback also correlated with the expectation of
increasing biotic damage (r = 0.64, p = 0.0001) and a reduction in
forest growth (r = —0.26, p= 0.0033). Also, observed spread of non-
native species correlated with expected increase of abiotic (r = 0.42,
= 0.0110) and biotic damage (r = 0.30, p = 0.0017).

Expected change of abiotic and biotic damage were significantly
and positively correlated (r = 0.64, p = 0.0001). Expected changes
of natural regeneration were negatively correlated with the spread
of non-native species (r = —0.34, p = 0.0058). Addiliunall}r. there
were significant positive correlations between answers for expected
changes because of tree dieback and abiotic (r = 0.63, p = 0.0003)
and biotic damage (r = 0.61, p = 0.0018), spread of non-native
species (r = 062, p = 0.0080), and a negative correlation with natural
regeneration (r = —0.30, p = 0.0068) (Supplementary material 2).

3.4. Forest managers' sensitivity

Differences in  sensitivity toward negative impacts of
environmental changes occurred among the respondents:
Forestry professionals were found to be the most sensitive group
concerning forest growth (wood increment, Q10), tree dieback
(Q11), and artificial regeneration ((Q13). Among all respondents,
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the mean sensitivity level was highest toward natural regeneration
(Q13) with differences between the groups (Figure 3). We found a
significant negative correlation between sensitivity to tree dieback
and expected changes (Q7) in forest growth (annual increment)
(Q11, r = —0.22, p = 0.0014), but no significant correlations
between other expected (Q7) or observed changes (Q5) and the
corresponding sensitivity levels (Q10, Q11, Q13).

The random Forest model of mean sensitivity helped to identify
those respondent characteristics that best explain the sensitivity
across the four classes (Q10, Q11, Q13, see “Section 2.3 Analysis”).
The most important characteristics are (Figure 4): the forest
manager type (Q8), education (Q27), the frequency of visits to
the forest (Q2), having personally observed changes (Q4), gender
(Q26), living in the TBR (QI-1), and age (Q25). In contrast to
having observed changes in the forests, dropping the variable
expecting future changes (Q6) did not increase the Mean Square
Error of the model (Figure 4).

Partial dependence plots created in random Forest showed
the behavior of the model when individual variables changed. In
terms of forest manager type, forestry professionals were most
sensitive toward the given changes, followed closely by forest
owners. Conservation managers were the least sensitive group
in this context as they generally showed higher thresholds for
adjusting their management. Furthermore, sensitivity increased
with a higher level of education. When visiting forests once a
week or more, sensitivity increased, while there was no difference
between lower classes of visit frequencies. As respondents not
living in the TBR generally had higher education in forestry or
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natural sciences, they were also more sensitive to changes. In this
survey, female respondents appeared to be more sensitive than
male respondents.

3.5. Target tree species

A number of 125 respondents indicated their preferences for
native and non-native tree species (Q12, Q15). Among native tree
species Quercus robur (90%) and Populus nigra (86%) emerged
as the most common target species for management. The former
was mainly selected to be used for wood production and the
latter for conservation. Furthermore, Salix alba, Populus alba,
Alnus glutinosa, Fraxinus sp., and Ulmus sp. proved to be the
most outstanding multipurpose tree species/genera, very attractive
for both wood production and conservation. For conservation
purposes alone, Ulmus laevis, S. alba (both 59%), and Ulmus minor
(52%) were selected even more frequently than P. nigra (51%).
For wood production, Q. robur (70%) is followed by Fraxinus sp.,
A. glutinosa, Acer sp. and Juglans regia (Figure 5).

Among non-native species, wood production is the most
frequently selected objective in the survey: hybrid poplars, Robinia
pseudoacacia, artificial poplar clones and Juglans nigra were
targeted for wood production by at least 68% of respondents.

For each listed non-native tree species, management for
conservation was selected by only 10% of respondents or less.
In combination with other purposes (that frequently included
management for conservation as derived from comments), this
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figure reached a maximum of 26% for Acer negundo, followed by
Fraxinus pennsylvanica and R. pseudoacacia.

There were differences between the three types of forest
managers in their perceptions of native tree species concerning
their management purpose. Conservation managers tended to
see more species [or conservation purposes (50%) than forestry
professionals (40%) or forest owners (22%). As expected,
forestry professionals and forest owners indicated a higher
proportion of species to be used for timber production (35% and
33%, respectively) than conservation managers (17%). Forestry
professionals indicated the lowest proportion of species that were
not specifically managed (21%) compared to 31% for conservation
managers and 35% for forest owners. Seventy-six per cent of
conservation managers indicated that non-native species that do
not play a major role in timber production should be considered in
some form of management and so did forestry professionals (70%)
and forest owners (62%). In contrast to non-native species present
in the area for a long time such as J. nigra or R pseudoacacia,
conservation managers thought A. negundo, Ailanthus altissima
and F. pennsylvanica/F. americana were more important in wood
production than forestry professionals or forest owners themselves.

3.6. Species preferences and sensitivity
of manager types

The relationship between the three types of forest managers
and their perceptions of various management issues, as well as the
country of the respondents, were analyzed using correspondence
analysis (CA), with two axes explaining 100% of the variance
(Figure 6). Before running the CA, we created contingency
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tables and merged the lowest sensitivity levels to “Adaptlow”
and the highest two sensitivity levels to “Adapthigh.” Forestry
professionals would adapt their management already as a response
to small changes in growth, reduced regenerative capacity, or
species mortality (*Adapt.low™), while conservation managers and
forest owners would more likely adapt their management later
(“Adapt.high”). A difference in the groups’ perceptions of woody
species is also evident.

There is a positive association between conservation managers
who have not seen any changes in the condition of forests in
TBR themselves (“Pers.obsN”) but expect them in the [uture
(“expectY™). The opposite is true for forest owners. Furthermore,
the level of education differs greatly between conservation
managers and forestry professionals on the one side, most of whom
have an academic education (“Academic™), and forest owners
with non-academic education (*Non.Academic”) on the other side.
Additionally, a positive association between forestry professionals
and low visit frequency (“Frequenc.high”) emerged.

4. Discussion

4.1. Experiences, expectations, and forest
management adaptation

The majority of forest managers in the TBR is concerned
aboul ongoing environmental changes that pose threats to
forest management, as also shown for forest managers in other
areas for example, by Yousefpour and Hanewinkel (2015). The
respondents in our study estimated that the conditions of forests
are deteriorating, especially after observing changes themselves.
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This corresponds to ecological studies in the area (de Groot
et al, 2022; Sallmannshofer et al, 2021a; Tadic et al, 2022).
Nearly 80% of the survey respondents expected further changes,
which was significantly correlated with having observed past
changes. Specific expectations were based on experiences when
the investigated category of change was easy to observe by the
stakeholders in the field, such as dieback of trees. Almost all
forest managers that expected further changes intended to adapt
their forest management while just a few forest managers were
not convinced, a group that was also described by Lawrence and
Marzano (2014). Most respondents expected an increase of biotic
and abiotic damage, of non-native species, and of tree dieback in
future. This matches the estimation that non-native species belong
to the most pertinent threats to the environment (e.g., Simberloff,
2005; de Groot et al., 2022).

The group of forest owners does not tend to expect changes
in forest conditions in the future although they have already
personally observed changes. This is in strong contrast to
conservation managers. One of the reasons for difference could be
the level of education with most of the conservation managers and
forestry professionals having a higher education level than forest
owners within this study. Additionally, the frequency of forest
visits could be relevant for not having personally observed changes:
Those who sell-identified as forestry professionals were positively
associated with a low frequency of forest visits. This suggests that
they are likely rather office workers, which is supported by their
high education level, and have fewer field experiences than forest
owners. Thus, they might have a higher awareness and sensitivity to
expected future changes due to better access to scientific evidence
for environmental change and its potential impacts. In this study,
higher education and therefore rather formal knowledge appeared
to be associated with management adaptation (strategic decision),
whilst local ecological knowledge will play an important role for
the operative implementation. A recent study (Probstl-Haider et al,,
2020) has also indicated differences in the level of climate change
adaptation between male and female small-scale private forest
owners, which is confirmed by our indings among all respondents
of this study.

4.2. Forest managers’ sensitivity to
environmental changes

Specific adaptation thresholds are proxies for adaptation
goals as well as attitudes toward nature, skepticism, and trust
(Adger et al., 2009; Hajjar and Kozak, 2015). These thresholds
for adaptation, also called sensitivity levels in our study, were
correlated with observations and expectations in only a few cases.
The only significant correlation was found between expected
changes (Q7) in forest growth and sensitivity to tree dieback
(QI1). No other significant correlations were found between
observed (Q5) or expected changes (Q7) and the corresponding
sensitivity levels for forest growth (Q10), tree dieback (QI1),
or regeneration (Q13). This means that sensitivity was rather
stimulated by other factors: the importance of the forest manager
type shows the dependence of adaptation thresholds on specific
management goals and personal characteristics. Core zones in
a Biosphere Reserve have been installed by the idea - among

Frontiers in Forests and Global Change

10

6C

10.3389/1fgc 2023.1160166

others — of letting nature take its course and thus, conservation
managers in this study were more tolerant toward ongoing changes
as far as natural regeneration is not limited. In line with the
zonation scheme, sensitivity depended on the specific management
objectives. Nevertheless, several forest functions (e.g., carbon sink,
flood protection) call for high sensitivity and early adaptation of all
actors across the zones. Furthermore, the individual background
of the respondents, such as higher education level and frequency
of forest visits, increased the sensitivity and is therefore likely to
influence management adaptation behavior more than personal
observation of specific changes. In addition, also the information
level, which might differ from the education level, could play an
important role but was not investigated. This can be also confirmed
by Sousa-Silva et al. (2018), who found a lack of knowledge
and information as a major barrier toward forest management
adaptation for foresters’ of seven European countries.
Furthermore, in our study different response patterns were
found not only between manager types but also between countries.
This could be a result of different legal frameworks, education,
differences in ownership structure or local traditions (Sousa-Silva
et al, 2018; Westin et al, 2023). When cultivating transnational
cooperation in the study area or developing transnational
management frameworks and strategies, these aspects need to be
carefully considered: in Austria and Slovenia, for example, many
forest owners need to be reached to commence changes in forest
management, whereas in other countries, due to large shares of
publicly owned forests high-level stakeholders and policymakers
will play a key role in triggering adaptation management. Existing
initiatives like the PANORAMA platform to develop and host a
large portfolio of case studies on protected area management and
governance can help to further promote these management actions
(Matisson et al,, 2019b). The solution process considers reflection,
documentation, and communication, followed by adaptation and
uptake of successful management in and around protected areas.

4.3. Tree species selection in the context
of environmental change

Ongoing environmental change can alter habitat conditions
and pose new challenges for forest management. Our results
show a high awareness of these threats; respondents expect the
environmental situation to worsen. In recent decades, riparian
forests in particular have suffered from a range of biotic and abiotic
disturbances. For instance, oak (Quercus spp.) and ash (Fraxinus
spp.), both most commonly managed for wood production by
respondents in this study, have recently been affected by introduced
invasive pests and diseases such as the North American oak lace
bug (Choricha arcuata Say, 1832) (Csoka et al, 2020) and ash
dieback, caused by the fungus Hymenoscyphus fraxineus (Kowalski,
2006). While ash is still considered one of the most important tree
species for wood production in the TBR, elm species (Ulmus spp.)
have already become a dominant target species for conservation
activities after being severely aflected by the Dutch elm disease,
introduced a century ago and caused by the fungus Ophiostoma
novo-ulmi (Brasier, 1991). This trend of moving from a dominant
tree species Lo a species on the brink of extinction is also expected
for ash, and survey respondents expect such biotic damages to
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increase the most in the future. However, not only pests and
diseases but also human-induced habitat changes such as large-
scale river regulations (Nilsson and Berggren, 2000; Roder et al,
2017; Tockner and Stanford, 2002) or groundwater extractions
(Netsvetov et al,, 2019) have had crucial long-term consequences
for natural floodplain forests, evident in reduced vigor and lack of
natural regeneration - two impacts to which survey respondents
were most sensitive. Additionally, climate change is predicted to
severely alter the habitat suitability for key tree species in riparian
forests (Dyderski et al., 2018; Sallmannshofer et al., 202 1a; Schueler
et al, 2014). While the habitat suitability for native species may
decrease, exolic species may increase in abundance (de Groot
et al,, 2022). The present study shows that some forest managers
will aim to conserve native tree communities and counteract an
invasion by non-native species, while others will support certain
non-native species if this option is expected to pay off in terms
of resilience or productivity in the future. These disagreements
occur not only between commercial forestry and conservation
but also separate between conservation approaches. Production-
oriented stakeholders focus on species with excellent growth or
wood characteristics such as hybrid poplars or J. nigra, which
have been introduced long ago and are fully accepted regionally in
production-oriented forestry while some focus on new non-native
species such as Paulownia sp. (own field observation described in de
Groot et al,, 2022). Nevertheless, no non-native tree species can be
grown without risks and professionals in forestry and conservation
are fighting together against some undoubted invasive tree species,
e.g., tree of heaven (A. altissima), suggesting the need for site-
specific risk assessment (Bindewald et al,, 2021). The concept of
UNESCO Biosphere Reserves offers spatially separated various
management options for the three zones, but the spread of species
across zones and country borders demands a coherent management
framework targeting at potentially invasive or harmiul species
(as well as other cross-border ecological interactions that were
not mentioned in this study such as water dynamics or wildlife
preservation). In the long term drastic environmental changes
could potentially also require the acceptance of non-native species
to maintain the provision of the respective ecosystem services
in the respective zone. For example, the introduced black locust
(R. pseudoacacia) has become the most common tree species
in Hungary after habitat changes in former ocak forests, as it
copes better with warm temperatures and low water availability.
In this context, the application of collaborative decision analysis
could help to decompose and solve such ill-defined decision
problems involving diverse stakeholder groups and considering
future uncertainties (Mattsson et al., 2019a).

4.4. Data and survey constraints

Depending on the specific definition of the types of forest
managers studied, individuals may belong to multiple categories
such as forestry professionals who are also private forest owners.
By using the single-choice option “select the calegory you can
best identify with,” respondents were grouped, although there may
be overlaps between stakeholder categories. Furthermore, survey
respondents were not randomly selected, as the target groups were
difficult to reach, and it was impossible to create a database of
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all potential respondents for randomization purposes. By utilizing
established networks of individuals associated with forestry and
forest sciences, our sample of respondents might be biased toward
rather well-educated and open-minded forest managers. The high
level of education of the respondents could potentially indicate that
the results derived from the questionnaire represent the opinion of
decision-makers. Furthermore, there are quantitative differences in
the number of respondents and group composition per country and
stakeholder group. As an equal number of respondents per country
was aimed for, the density of respondents was highest in Austria
and Slovenia with only small paris of the TBR and lowest in Serbia,
Croatia, and Hungary with the |:lrgt:r areas. Therefore, n:glona]
issues have potentially biased some resulis obtained from this study.
Compared to another stakeholder survey in the area targeting at
residents only (Trisic et al,, 2022) our sample size was smaller but
represented a very specific target group and all five countries.

4.5. Conclusion

In the Biosphere Reserve Mura-Drava-Danube forests are the
main traditional source of income and hotspots of biodiversity.
Moreover, resilient forests are an important prerequisite for socio-
culturally and ecologically sustainable development. Nevertheless,
the riparian forests are threatened, and this study shows that most
forest managers, who expected further environmental changes,
already intend to adapt their forest management. However, the
assessed types of forest managers differed in their perceptions
of forest development and management. On the one hand,
this diversity might lead to a spatial (partially small-scaled)
pattern of early and late, soft and strong adaptation, which
might help distributing the risks of mismanagement under
environmental change spatially and temporarily. On the other
hand, environmental change calls for further education in this
field to promote sensitivity and support adaptation management.
Furthermore, due to ecological interactions between the different
management zones as well as between neighboring countries
exchange among the actors appears strikingly necessary. In this
context, the transfer of know-how and mutual understanding
between the actors could be promoted by trainings, excursion
sites, and guidelines (e.g., Sallmannshofer et al,, 2021b) to enhance
the development of proper adaptation strategies to environmental

changes and restore diverse and resilient forests.
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“Interreg M

REFOCuS stakeholder survey: Identification of forest and conservation management
objectives

1. Welcome to our survey!

This survey consists of an online questionnaire structured into 6 sections and will take about 15
minutes of your time. Your responses will be later analyzed and compared with those of other
participants across Austria, Croatia, Hungary, Slovenia, and Serbia.

Purpose of the questionnaire: The objective of the survey is to analyse the awareness of people
connected to the Mura-Drava-Danube Biosphere Reserve about issues related to riparian forests of

the area:
‘! ;
dogt : -
e Mura-Drava-Danube Biosphere Reserve
Austria = B R 7
P2 Anierres M

Croatia

:
S, ~\~f.\ ~ E
‘ ‘q\ (’ ~ J'\_q‘...,\\ fM\“ "\._.\ oo ) g
{ 7 S {_S}/\"? §

(link to high resolution map)

The survey is integrated in the process of identifying forest and conservation management
objectives, aiming to support the development of a management handbook in the REFOCuS project
that will be understandable and accepted by all groups.

Want to know more about our project? The REFOCuS project aims to increase resilience in the
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riparian forests of the Mura-Drava-Danube Biosphere Reserve. This reserve has recently been
extended to nearly 850,000 ha along the Drava, Mura and Danube rivers. The project consortium
consists of 5 project partners and 6 associated partners from Austria, Hungary, Slovenia, Croatia
and Serbia, geographically covering the entire territory of the Biosphere Reserve. We aim to better
understand regional disparities of national policies and explore the diversity of perceptions of the
riparian forests of the Biosphere Reserve by different forest stakeholders.

For more information:
Official REFOCuS Interreg Homepage
Facebook REFOCuS

Privacy notice: Data collected through this survey will be treated confidentially and anonymously
for the purposes of REFOCuS project research, in compliance with the General Data Protection
Regulation (GDPR), Regulation (EU) 2016/679.

By filling the questionnaire you give REFOCuS staff the permission to process data you provide for
the purposes of REFOCuS project research.

There are 27 question in this survey.

This survey is anonymous.

Administration: The questionnaire is administered by the Austrian Research and Training Centre

for Forests, Natural Hazards and Landscape in cooperation with all Project Partners.
Contact: 1131 Vienna, Austria, Seckendorff-Gudent-Weg 8, Tel.: +43 1 878 38-0
To contact for questions: Dipl.-Ing. Markus Sallmannshofer, markus.sallmannshofer@bfw.gv.at

68




69


















































































































































































































































































































































































































