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Preface 
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Abstract 

Riparian forests are known for their diversity and productivity. Due to their high dynamics, they are 

very vulnerable to environmental changes and therefore adaptation measures appear crucial. This 

dissertation deals with the problem in a multi-disciplinary way by considering the Biosphere Reserve 

Mura-Drava-Danube (TBR) as a case study. To assess the management, stakeholders and their 

adaptation behaviour were analysed. Optimistic expectations towards the establishment of the TBR 

were found, but also a need for stakeholder information and conflict management. Consistent with 

other dissertation results, the state of the forests is widely perceived as deteriorating and key 

problems were broadly recognized. Almost all forest manager types intend to take adaption measures, 

with the conservation managers showing higher tolerance limits than economically driven forestry 

professionals or forest owners. Models of tree habitat changes under climate warming and river 

alterations were developed, aiming to support decision-making in forest and conservation 

management at a local level, prioritization of conservation and restoration activities and awareness 

raising. Alarming distribution changes across the wider area of the TBR were predicted for main tree 

species. To support adaptation by assisted gene flow, seed transfer zones were derived. Furthermore, 

to relate the stakeholder opinions and model predictions to the real forest condition, field data was 

collected across five countries. The analysis showed that the river systems, forest management, 

temperature, and precipitation affect radial tree growth, fungi- and insect induced leaf damage, 

abundance of alien herbaceous species, and deadwood. Tree growth analysis widely supported 

modelled distribution trends and severe invasive pests and diseases were recorded. River 

management needs to urgently counteract further negative alterations of the rivers, while forest 

management needs to adapt to climate change and globalisation. 



 x 

Kurzfassung 

Auwälder sind bekannt für ihre Diversität und Produktivität. Aufgrund ihrer Dynamik sind sie jedoch 

anfällig bei Umweltveränderungen, weshalb Anpassungsmaßnahmen erforderlich scheinen. In 

multidisziplinärer Weise wird dieses Problem am Beispiel des Biosphärenparks Mur-Drau-Donau (TBR) 

behandelt. Um Managementeinflüsse zu erfassen, wurden relevante Stakeholder und ihr 

Anpassungsverhalten analysiert. Eine positive Erwartungshaltung gegenüber der Einrichtung des 

TBRs, aber auch Informations- und Konfliktlösungsbedarf wurde quantifiziert. Übereinstimmend mit 

anderen Ergebnissen dieser Dissertation wurde der sich verschlechternde Zustand der Wälder und 

weitere Kernprobleme erkannt. Trotz unterschiedlicher Toleranzgrenzen beabsichtigen fast alle 

Waldmanager Anpassungsmaßnahmen zu ergreifen. Die Baumartenverbreitung unter 

Klimaveränderungen und Flusspegelabsenkung wurde als Entscheidungshilfe für künftiges 

Waldmanagement modelliert, aber auch um Renaturierungsprojekte und Bewusstseinsbildung zu 

unterstützen. Alarmierende Verbreitungsveränderungen wurden prognostiziert und dynamische 

Saatguttransferzonen entwickelt, um die Anpassung durch vorangepasstes Vermehrungsgut zu 

unterstützen. Zum Vergleich der Stakeholderhaltung und der Modellprognosen mit dem tatsächlichen 

Waldzustand wurden Felddaten in fünf Ländern erhoben. Die Auswertung zeigte Zusammenhänge 

zwischen Flusssystemen, Waldbewirtschaftung, Temperatur und Niederschlägen mit 

Radialzuwächsen, pilz- und insektenverursachten Blattschäden, Flächenbedeckung mit 

fremdländischen krautigen Pflanzen, und Totholzauftreten. Zuwachsbasierte Modelle bestätigten die 

anhand der Baumverbreitung modellierten Trends. Zudem wurden gefährliche invasive Krankheiten 

und Schädlinge festgestellt. Während im Management der Flusssysteme dringend weiteren negativen 

hydrologischen Veränderungen entgegengewirkt werden muss, steht dem Waldmanagement die 

Herausforderung der Anpassung an Klimawandel und Globalisierung bevor. 
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1. Introduction and objectives 

1.1. Introduction 

Lowland floodplain forest ecosystems fulfil important functions: As natural buffers along rivers, they 
provide not only essential protection against flood hazards (Leyer et al., 2012; Sanjou et al., 2018), but 
also physical, chemical and biological protection of the soil (Lundström 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 diversity (Kevey, 2018; Schnitzler et al., 2005). The recreational and aesthetic 
value was more and more recognized during the last decades όaŀǊǳǑłƪƻǾł ŀƴŘ {ŀƭƭƳŀƴƴǎƘƻŦŜǊΣ нлмфύ. 

!ƎǊƛŎǳƭǘǳǊŀƭ ŎǳƭǘƛǾŀǘƛƻƴ Ƙŀǎ ŘŜǎǘǊƻȅŜŘ фл҈ ƻŦ 9ǳǊƻǇŜΩǎ ŦƭƻƻŘǇƭŀƛƴ ŦƻǊŜǎǘǎ ŘǳǊƛƴƎ ǘƘŜ ƭŀǎǘ ŎŜƴǘǳǊȅ (Klimo 
et al., 2008). Worldwide, deforestation and fragmentation of floodplain forests is still a major issue 
(Nagy et al., 2015). The remaining forests are still under pressure by river regulations, large scale 
environmental changes and globalisation. While these impacts decrease the ŦƻǊŜǎǘǎΩ resilience, 
changing climate additionally raises the frequency and intensity of disturbance events (IPCC, 2022, 
2019) and the need for healthy floodplain forests is increasing. Furthermore, these highly productive 
forests can substantially contribute to climate change mitigation (Onaindia et al., 2013; Thompson et 
al., 2009). 

River systems were changed on a large scale to support navigation and enable the production of 
hydroelectric power (Tockner and Stanford, 2002). These channel modifications regulated river flows 
and together with floodplain drainage led to serious downstream effects such as an increased risk for 
floods (Roder et al., 2017; Rosenberg et al., 1997). The upstream consequences were mainly of 
ecological nature (Nilsson and Berggren, 2000). As a countermeasure to flood hazards, protection 
levees were built and further altered the ecosystems by severe ecological fragmentation and 
disconnection of the water-dependent riparian forests from periodic flooding (Nilsson and Berggren, 
2000; Tockner and Stanford, 2002). Those river regulations impede the lateral nutrient supply 
(Rosenberg et al., 1997). This has led to degradation and habitat loss and the natural regeneration of 
typical riparian forest species such as willows (Mosner et al., 2012) or black poplar (Smulders et al., 
2008) was drastically 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 incisions and 
lowering of water levels. Yet, in European rivers more than 1.2 million barriers have been built (Belletti 
et al., 2020a) and the trend of river deepening has been identified for the Mura (Globevnik and 
Kaligaric, 2005), the Drava ό.ƻƴŀŎŎƛ ŀƴŘ hǎƪƻǊẼΣ нлмлΤ .ƻƴŀŎŎƛ ŀƴŘ hǎƪƻǊǳǑΣ нллуύ, and the Danube 
(Habersack, 2016), suggesting large scale effects on riparian ecosystems. 

Additionally, groundwater extraction lowers the water tables (Klimo et al., 2008; Nilsson and Berggren, 
2000) with crucial long-term effects on natural hardwood forest communities (Netsvetov et al., 2019), 
making them especially vulnerable to droughts (Monclus et al., 2006; Regier et al., 2009). 

Forest disturbances, in general, are an integral part of forest ecosystems (Seidl et al., 2017), especially 
in riparian forests with periodic flooding as a key component. Climate change is a combination of 
global warming, altered precipitation patterns, frequency and magnitude of extreme events, and 
interacts with other forest disturbances (Seidl et al., 2017; Van Lierop et al., 2015). Thus, changes and 
interactions of the former disturbance regime must be expected: (I) As a consequence of climate 
change, the habitat suitability within the current distribution area of local plant communities is 
changing. When decreasing, the vulnerability against stressors is increasing. (II) Driven by climate 
change, climatic extreme events such as storms (Seidl et al., 2017), droughts (Dubrovský et al., 2014; 
Hanel et al., 2018; Spinoni et al., 2017; Stagge et al., 2017), and floods (Arnell and Gosling, 2016; 
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Dottori et al., 2018; Winsemius et al., 2016) can increase. In Southern Europe drought frequencies are 
rising (Stagge et al., 2017), especially in spring and summer (Spinoni et al., 2017), while in southern 
and Eastern Europe floods are estimated to decrease (Blöschl et al., 2019). (III) Habitat ranges of pests 
and pathogens (Bebber, 2015; Kautz et al., 2017; Pureswaran et al., 2018; Van Lierop et al., 2015) and 
their host species (Jump and Peñuelas, 2005; Takolander et al., 2019; Thompson et al., 2009) are also 
expected to shift: For example, warmer winter temperatures can positively change survival rates of 
pests and diseases and result in potential range expansions (Bergot et al., 2004; Pureswaran et al., 
2018), ǿƘƛƭŜ ǘƘŜ ƘƻǎǘǎΩ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ƛǎ ƛƴŎǊŜŀǎƛƴƎΦ The adaptability of pests and diseases is higher than 
that of many host species. Thus, abiotic and biotic interactions are seen as the main drivers for 
outbreaks of pests and diseases (Sturrock et al., 2011). Nevertheless, climate change-driven 
phenological changes (Roitberg and Mangel, 2016) could also result in mismatches between host and 
pest (Furlong and Zalucki, 2017; Pureswaran et al., 2018). Similar to pests and diseases, the habitat 
suitability of non-native plants can increase (Dyderski et al., 2018), resulting in a higher competitive 
pressure on native plant communities (Nadal-Sala et al., 2019). 

Since prehistory, the transfer of plants and animals was practiced. Today, globalisation strongly 
contributes to the accidental spread of non-native species. International trade and travel belong to 
the main vectors (Hulme, 2009; Meyerson and Mooney, 2007) leading to an increased incidence of 
non-native pests and diseases (Boyd et al., 2013) and non-native plant species (Allard and Sigaud, 
2005; Nisbet et al., 2015). Alien plant species establish themselves depending on the propagule 
pressure in interaction with prevailing disturbances (Von Holle and Simberloff, 2005). Healthy 
floodplain forests are recurrently disturbed by each flooding (Dyakov, 2019). Additionally, they are 
characterized by good water availability, nutrient-rich alluvial soils, canopy gaps, and light availability 
(Zedler and Kercher, 2004). Not to forget, river networks are essential vectors for reproductive 
material (Planty-Tabacchi et al., 1996). Therefore, floodplain forests are highly susceptible to an 
invasion by non-natives and have become hotspots for this group (Richardson et al., 2007), as many 
non-native plant species are typical wetland species of riverine environments in their country of origin. 
For example, a metastudy (Schnitzler et al., 2007) showed that the highest abundance of non-native 
plant species was found in softwood plant communities close to the river. Alien pests and pathogens 
are even more likely to an unintended transfer than plant material due to the small size and/or active 
movement. As a consequence of lacking coevolution, hosts are often lacking resistance (Hansen, 2008; 
Jung and Burgess, 2009). Invasive non-native plants (Sikorska et al., 2019a), pests or pathogens (Dukes 
et al., 2009) can cause severe ecological effects and significantly affect forest functioning (Charles and 
Dukes, 2007; Ramsfield et al., 2016; Sikorska et al., 2019a; Vilà and Hulme, 2017). Therefore, early 
detection and screening mechanisms, as well as resilient forest structures appear crucial. 

Riparian forests might arouse more conflicts than other forests due to their extent along rivers, 
resulting in very long forest edges and borders, and the intense dynamics previously described. 
Stakeholders of riparian forests have diverse interests in them, which can result in disharmony 
between water, forest, wildlife, and recreation management. For example, the highly productive 
riparian forests are used for timber and biomass production on the one hand (Cartisano et al., 2013), 
while on the other hand, many stakeholder groups highlight their role as sensitive biodiversity 
hotspots (Kevey, 2018), ecological corridors and ecological buffers along rivers (Ramos and dos Anjos, 
2014; Surasinghe and Baldwin, 2015). These characteristics are not adversarial by nature, but mistrust 
and broken-down communication between stakeholders can create complex situations (Lewis, 1996). 
Depending on the area studied, conflicts are of different intensity (Bell et al., 2009; Pröbstl et al., 
2010). Competing interests can be found within and between stakeholder groups (Kearney and 
Bradley, 1998) and hinder sustainable development. Especially when considering the establishment 
of protected areas, conflicts were frequent, as a lack of attention is usually spent on collaborative and 
participatory management approaches (Belkayali et al., 2016; Lewis, 1996; Pelegrina-López et al., 
2017) highlighting the need to assess stakeholder views on management issues (Valente et al., 2015). 
Thus, a good understanding of stakeholder perceptions appears to be crucial in early designation 
phases (Mitsui et al., 2020). 
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Classical protected areas were strictly separated spatially from production orientated forestry. The 
UNESCO Biosphere Reserve concept comprises the goal of sustainable development and an integrated 
biodiversity conservation perspective (with only a small strict conservation zone), rather than 
targeting at conservation exclusively (Ma et al., 2009; Winkler, 2019). Often initiated by bottom-up 
approaches, the concept is likely to receive better acceptance by stakeholders. 

Forest management widely alters the natural stand composition, age distribution, and structure and 
can cause a loss of habitats and diversity (Ampoorter et al., 2020; Sahadevan et al., 2017). Human 
activity, including hunting or recreation, can increase the vulnerability 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 by non-native species (Schnitzler et al., 2007), and environmental changes 
(Thompson et al., 2009). In Europe, it is more and more recognized that adaptation of forest 
management is often necessary to support resistance and resilience of forests (Brang et al., 2014; 
hΩIŀǊŀΣ нлмсΤ wŀƳǎŦƛŜƭŘ Ŝǘ ŀƭΦΣ нлмсύ. Regarding riparian forests, the restoration of natural water 
dynamics was yet considered as the most adequate strategy for conserving this forest type (Hughes 
et al., 2005; Smulders et al., 2008). Frequently competing interests were risk management (Adams et 
al., 2004; Hughes et al., 2005) and navigation or hydropower economics (Guerrin et al., 2014; Leyer et 
al., 2012; Tockner and Stanford, 2002), but forest management is usually limited to a more regional 
level. Thus, an artificial, site-specific restoration was mostly applied (Hughes et al., 2005). Such a 
restoration of autochthonous plant communities was yet found suitable to rebuild the biotic 
resistance (Saccone et al., 2013), but future dynamics evoke uncertainty. To guide management 
decisions, there is a need for cross-sectoral exchange, scientific monitoring, and 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. 

 

 

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

Driven by previously described problems, riparian forests are assumed to be rapidly changing and the 
resilience is supposed to decrease. The PhD thesis aims at providing background knowledge to support 
the development of management strategies fostering the resilience of riparian forests. For 
understanding the management-ecosystem complex, the recently established transboundary 
UNESCO Biosphere Reserve Mura-Drava-Danube (TBR) is considered as a case-study of international 
relevance. 

This thesis contributes in a multidisciplinary way to ecological and social research. It is structured in 
three parts addressing the following objectives: 

1) Exploring the stakeholder interests, how different forest manager types perceive the effects of 
environmental change on forest management, and which are the key target tree species for 
various management goals. The specific objectives were 

a) to identify key stakeholder groups claiming interests towards the forests of the study area, 
their perceptions and attitudes, and potential conflicts. 

b) to determine key forest manager types and their perceptions of the direction and intensity of 
expected environmental changes in the forests of the Biosphere Reserve. 

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

d) to identify the main tree species of native and non-native origin targeted wood production 
or conservation by the identified types of forest managers. 

 

2) Understanding the spatial patterns and the main drivers for the current and future distribution 
of major riparian tree species of the Biosphere Reserve at the local and continent-wide scale. The 
specific objectives were 
a) to develop bioclimatic species distribution models (SDMs) suitable for evaluating climate 

change-driven habitat changes on a continent-wide scale and SDMs enriched with soil and 
river data for use on a local scale. 

b) to identify expected regional as well as large-scale changes to species distributions caused 
by environmental changes. 

c) to evaluate the use of continent-wide and local scale SDMs in the context of forest 
management and restoration. 

d) to derive seed-transfer zones across five countries of the study area for supporting the 
adaptation of the forests to a future climate. 
 

3) Assessing the current state of the forests in the Biosphere Reserve, specifically the health status 
and deadwood accumulation as a proxy for naturalness, in interaction with local site parameters, 
such as floodplain type, silvicultural management, climatic conditions and tree characteristics. The 
specific objectives were 
a) to explore the ǇŀǊŀƳŜǘŜǊǎΩ effects on the leaf damage caused by insect pests and pathogens, 

on alien herbaceous plants and ungulate browsing. 
b) to explore the ǇŀǊŀƳŜǘŜǊǎΩ effects on the occurrence, the volume, and the distribution 

pattern of decay of deadwood and discuss the suitability of deadwood assessments as a 
proxy for naturalness in riparian forests. 

c) to explore the effects of temperature, precipitation, and water level on radial tree growth 
of the riparian key tree species Quercus robur, Fraxinus excelsior, and F. angustifolia 

d) to assess the presence of soilborne Phytophthora species across the three river systems 

These objectives were accomplished by multiple publications and are displayed in Figure 2. 
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Fig. 2 Scheme of individual contributions to the overall study 
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2. Material and Methods 

2.1. Case study region 

This dissertation focusses on riparian forests from central to south-eastern Europe taking the 
transboundary Biosphere Reserve Mura-Drava-Danube (TBR) (fig. 3) as a case study. 

The TBR, the ǿƻǊƭŘΩǎ first five country UNESCO Biosphere Reserve, was approved in 2021 and aims to 
become an international model area for long-term sustainable development (Sallmannshofer et al., 
2023). Four spatially connected and approved Biosphere Reserves in the countries of Austria, Slovenia, 
Hungary, Croatia, and Serbia were joined to create the TBR. Some parts of the TBR were just recently 
approved for this purpose (Sallmannshofer et al., 2021a). 

Nearly 30% (2250 km2) of the TBR are covered by forests, a share that increases up to more than 60% 
within the core zone. The belt of forests along the three rivers Mura, Drava, and Danube represents 
an important ecological corridor that has been designated in various categories of protected areas 
(Sallmannshofer et al., 2021a), while intensively managed forests are mostly located in the buffer and 
transition zone. άInhabited by 900,000 people, 63% of the area is designated as a transition zone with 
a focus on sustainable economic development, 22% as a buffer zone with extensive management, and 
15% as a core zone with low management intensityέ (Sallmannshofer et al., 2023, p. 1). 

The area was further characterized in Sallmannshofer et al. (2021, p. 3) by the agricultural use of the 
fertile land for cereal and pasture farming and forestry. The dominant soil type is Phaeozem (35%), 
followed by eutric Fluvisols (33%) along the rivers, surrounded by Luvisols (14%) and Cambisols (5%). 
The gradient of annual mean temperature ranges from the north-western part of the study area at 9.3 
°C to 11,7 °C in the east. While in Styria and Slovenia Illyrian climate is predominant, Pannonian 
conditions can be found in the east. This results in a variation of average annual precipitation, ranging 
from almost 1000 mm in the west to less than 500 mm in the northeast. 

The forests are mainly built up of pedunculate oak (Quercus robur L.), European ash (Fraxinus excelsior 
L.), narrow-leaved ash (Fraxinus angustifolia Vahl), Willow species (Salix sp.), Poplar species (Populus 
sp.), Elm species (Ulmus sp.), and black alder (Alnus glutinosa (L.) Gaertn) expressed in ΨƘŀǊŘǿƻƻŘΩ 
(FFH-ǘȅǇŜ фмCлύ ŀƴŘ ΨǎƻŦǘǿƻƻŘΩ όCCI-type 91E0) floodplain forest types (Sallmannshofer et al., 2021a). 

Since all of Europe was better suited in terms of spacial extent to evaluate large-scale climate effects 
on species distribution, this continent-wide area was firstly considered for modelling όҍмлΦсн ǘƻ ппΦнпϲ 
E longitude and 34.56 to 71.19° N latitude). Secondly, for modelling specific ecological niches including 
soil and river data in higher resolution, an area of 8300 km2 along 500 km of rivers of the TBR was 
studied (15.647 to 19.448° E longitude and 45.165 to 46.765° N latitude, Figure 1) (Sallmannshofer et 
al., 2021a). 
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Fig. 3 The study area is the transboundary Biosphere Reserve Mura-Drava-Danube. It is displayed in dark grey, 
country borders in black, and the three major rivers in blue (Sallmannshofer et al., 2021a). 

2.2. Data collection 

2.2.1. Stakeholder survey 

Based on the results of an international stakeholder workshop held in 2018, a questionnaire survey 
on ǎǘŀƪŜƘƻƭŘŜǊǎΩ perceptions and beliefs about the TBR was developed. The survey was conducted in 
the five national languages and English and was addressed to the previously identified key 
stakeholders. The anonymous online questionnaire was open from July 2019 until May 2020 and can 
be found in the supplementary material of Sallmannshofer et al., 2022. A paper version was also 
distributed. 

The 27 questions were mainly fixed response questions with a closed set of answers in randomized 
order or rating scalesΣ ŀƭǿŀȅǎ ƻŦŦŜǊƛƴƎ ŀƴ άƻǘƘŜǊέ option to avoid getting biased results (Clark, 1956; 
Fagley, 1987; Tellinghuisen and Sulikowski, 2008). 

The survey investigated the expectations towards the TBR and its forests, the concept of an UNESCO 
Biosphere Reserve, desired and intended management, target tree species and the acceptance of non-
native tree species as well as the sensitivity to adapting the forest management to large scale 
environmental changes. In addition, the willingness to cooperate between stakeholder groups and 
personal backgrounds are examined. 

By using key answers to target specific questions with restricted access, the subset of forest managers 
was offered more detailed questions: Forest managers stated their sensitivity to environmental 
changes and elaborated on the preferred target tree species of native and non-native origin 
(Sallmannshofer et al., 2023). 

2.2.2. Tree species distribution models 

The two types of SDMs were built with different occurrence datasets. The continent-wide models 
were based on the EU-Forest tree occurrence dataset (Mauri et al., 2017). It is derived from national 
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forest inventories at a spatial resolution of 1 km. After data preparation, 66060 occurrence points 
were employed from this dataset. In comparison, 269460 spatially precise occurrence datapoints at 
the tree and stand levels were collected for the regional models. These data originated directly from 
national forest inventories and forest enterprises of Austria, Hungary, Serbia, and Slovenia. To 
overcome a lack of occurrence information for Austria and Croatia, approximately 2500 occurrence 
points from field observations carried out across the TBR in 2019 were employed (see also the next 
chapter 2.2.3 State of the forests). Whenever available, country-wide data were considered, as it is 
recommended for restricted area models to apply data exceeding the study area to include conditions 
not yet present but possible in the future (Titeux et al., 2017). After data preparation, a total of 236604 
occurrences were applied for the regional models. 

Pseudoabsence-data were generated for both models by selecting background points at a certain 
geographic distance from the presence points to better distinguish between the same bioclimatic 
niches and avoid pseudo-replication (Barbet-Massin et al., 2012). 

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

¶ Biologically relevant bioclimatic variables such as annual trends, seasonality, and extremes of 
temperature and rainfall were obtained from the ECLIPS 2.0 dataset with a resolution of 30 
arcsec (Chakraborty et al., 2020). Two RCP climate change scenarios adopted by the 
Intergovernmental Panel on Climate Change (Van Vuuren et al., 2011) are applied for the 
predictions: RCP 4.5 was selected to represent moderate climate change as it assumes that 
emissions peak around 2040 and then decline resulting in a global temperature rise of 2.4 °C 
by the year 2100. RCP 8.5 represents severe climate change effects with global temperature 
increasing up to 4.9°C without adaptive measures. 
 

¶ Riparian species fundamentally depend on river systems. To characterize this relationship, the 
ǾŀǊƛŀōƭŜǎ ΨǊŜƭŀǘƛǾŜ ŜƭŜǾŀǘƛƻƴ ŘƛŦŦŜǊŜƴŎŜΩ ŀƴŘ ΨƘƻǊƛȊƻƴǘŀƭ ŘƛǎǘŀƴŎŜΩ ƻŦ ŀ ŎŜǊǘŀƛƴ 
presence/absence location to the horizontally closest river edge or any other type of inland 
waterbody connected to a major watercourse were calculated and transformed to raster 
layers with 50 m final resolution. This resolution decreases to 1 km after 1.5km of distance to 
the next river. The horizontal distance was calculated from polygon data of the major river 
networks taken from the EU-Hydro River Network Database, Version 1.2 (EU-Hydro) 
(European Environment Agency, 2019) at a resolution of 2.5 m. 
 

¶ To employ soil descriptors, a subset of the European Soil Database v2-Raster Library (ESDBv2 
RL) (Van Liedekerke et al., 2006) with a spatial resolution of 1 km was used. It was reduced to 
20 chemical, mechanical, and hydrological key variables (Sallmannshofer et al., 2021a). 

More details regarding the variable selection and modelling can be found in Sallmannshofer et al., 
2021a. 

2.2.3. State of the forests 

To gather information on the specific characteristics of riparian forests across the full gradient, 
transect lines orthogonal to the ǊƛǾŜǊǎΩ axis were assessed across all countries. By orthophoto-analysis 
of the rivers from Bing satellite orthophoto imaginary (Microsoft Bing 2019), 50 transects were 
identified. Transect starting points were equally distributed along the river polygons with a minimum 
number of transects per country, resulting in a country specific density. Whenever these points did 
not fall into forests large enough to cover a length of 300 m of forest, starting points were relocated 
along the river to the closest position matching the criteria. The transects were limited in length at the 
borders of the forest complex or after a maximum of 600 m. To also cover potential historic riparian 
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forests in the TBR, the transect axis were extended and starting points for transects in reverse 
direction were located at the borders of the TBR. The transects of 300-600 m of length were divided 
in 75m segments, with sampling plots in the middle of each segment, and for area related 
measurements a transect width of 20 m was considered. Due to unpredictable flooding and land mine 
danger, two transects were skipped. In total, along 47 transects 322 sampling plots were assessed 
from spring to late summer 2019 in two observation periods to cover seasonal differences (i.e. 
defoliation). Samples of pests and diseases were transferred to plant protection labs in the responsible 
countries for exact species determination. (de Groot et al., 2022; Oettel et al., 2022; Sallmannshofer, 
2019) 

As described in detail in the field manual (Sallmannshofer, 2019), the assessments and data collection 
included several modules: 

Site conditions stand parameters: While the distance to the next river edge and soil 
parameters were taken from the tree species distribution modelling (previous chapter), long 
term mean temperature and total precipitation during the vegetation season were derived 
from the HISTALP database (Auer et al., 2007) in de Groot et al. (2022), Oettel et al. (2022) 
and Steinkellner (2022). For analysing the tree rings, river level data dating back at least 40 
years were gathered from 7 stations and the additional variable distance to the river estuary 
was introduced (Steinkellner, 2022). In the field, sampling plots were further visually 
categorized in four riparian forest types and four management classes. The vertical stand 
structure was assessed by assigning angle count trees to one of three possible stand layers by 
their actual height (no theoretical straightening). The horizontal canopy structure was visually 
derived from the canopy closure along the transect segment in six categories as a proxy for 
light availability and competition, and the presence of nearby forest roads was recorded.  

Tree characteristics and radial growth: To identify the major tree species and to select trees 
for height and DBH measurements, angle count sampling (Bitterlich, 1947) was performed 
with a basal area factor of four. Increment drilling was carried out to collect data on the 
growth performance of up to two representative trees of Q. robur, F. excelsior, and F. 
angustifolia, that occurred in the angle count sample. Two cores were taken with a Pressler 
drill at approximately 1.30 m above ground level for each tree. Furthermore, tree competition 
was assessed tree-ƛƴŘƛǾƛŘǳŀƭƭȅ ŀŎŎƻǊŘƛƴƎ ǘƻ YǊŀŦǘΩǎ ŎǊƻǿƴ ŎƭŀǎǎŜǎ (DeYoung et al., 2016). 

Leaf damage by insect pests or fungal pathogens: On the tree-level of the angle-count 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 binoculars. To assign the causal agent, branches were cut off 
the tree with a 6 m telescope saw to take samples whenever possible. Stems, branches and 
leaves were examined in the field for necrotic lesions, fungal fruiting bodies, leaf mines and 
other signs of leaf diseases and insect pests (de Groot et al., 2022). Whenever necessary, 
samples were brought to the next lab and identified within 24 hours. Pests and diseases were 
reported to the online database (Ogris, 2020) built and administered in the project REFOCuS 
(Sallmannshofer et al., 2020d). 

Soil-borne Phytophtora: The sampling procedure included collecting soil from along the 
elevation gradients of the transect. Additionally, samples were taken from four places around 
stems of symptomatic broadleaved trees, roughly at the distance of the crown radius to the 
stem. After removal of the first 10cm layer of upper soil, about two kg of soil and fine roots of 
the tree were taken on each of the sampling places. Samples from comparable environments 
were already mixed in the field. After mixing, about one to two kg of soil per sample was 
brought to the BFW lab (Cech and Sallmannshofer, 2021; Sallmannshofer, 2019). 

Abundance of native tree saplings and ungulate browsing: Two regeneration plots were 
installed besides each sampling plot. They had a size of 1 m2 each for seedlings < 50 cm and 5 
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m2 each for seedlings between 50 and 200 cm of height. Ungulate browsing was quantified 
per individual seedling within the regeneration plots by assigning browsing damage classes.  

Herbaceous alien plant species: The abundance of invasive alien plant species was assessed 
by a modified Braun-Blanquet approach (Moore, 1962). Whenever necessary for identification 
purposes, samples were dried and identified with experts at the Austrian Research Centre for 
Forests. 

Woody debris and decomposition stage: Standing deadwood was assessed in the angle count 
sampling. For lying deadwood, the transect segments of 75m length were considered as 
intersect lines (Marshall et al., 2003). Lying logs with a diameter of more than 7.0 cm, which 
were crossed by these lines, were considered. The record included the respective tree species, 
the diameter at the point of intersection measured orthogonally to the stem axis, the total 
length of the log, as well as the degree of decomposition at the intersect. The degree of 
decomposition was assigned to four categories from recently died to decomposed. 

2.3. Analysis 

The R statistical software versions 3.6.2 up to 4.1.0 (R Core Team, 2021, 2019) were used for data 
formatting and analysis (de Groot et al., 2022; Oettel et al., 2022; Sallmannshofer et al., 2023, 2021a). 
For the preparation of geographic data, the geographic information system QGIS versions 3.4.14 
άaŀŘŜƛǊŀέ ǳǇ ǘƻ оΦмсΦмс άIŀƴƴƻǾŜǊέ (QGIS.org, 2022) was applied (Sallmannshofer et al., 2023, 2021a, 
2020a, 2019a). 

2.3.1. Stakeholder survey  

The data were categorical, categorically ordered or categorically scaled. Generally, both descriptive 
and statistical analysis was applied, and response patterns were identified using correlation analysis 
(Sallmannshofer et al., 2023). To estimate the relationship of the response variables to the 
independent variables and the effect of interaction between them, the same set of at least 7 factor 
variables was applied for all questions: country, connection to the TBR, frequency of forest visits, self-
identification with stakeholder group, gender, age class, and education. Variables of low quantity were 
combined into a single category to satisfy the validity requirements for certain tests. For ordered 
categorical response variables, ordinal logistic 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 identified. The computed 
odds of each ordinal logistic regression were tested for proportionality with the Brant Test (Brant, 
1990) ōȅ ŀǇǇƭȅƛƴƎ ǘƘŜ άōǊŀƴǘέ ǇŀŎƪŀƎŜ (Schlegel and Marco, 2020) in R. Binomial logistic regression 
was applied in case of dichotomous response variables. A series of questions with similar ordinal 
response items (labelled with 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 assumptions of normal 
distribution, Shapiro-²ƛƭƪΩǎ ǘŜǎǘ ŀƴŘ Ǿƛǎǳŀƭ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ǿŀǎ ŀǇǇƭƛŜŘΦ CǳǊǘƘŜǊƳƻǊŜΣ ²ŜƭŎƘ ¢ǿƻ 
sample t-tests were performed because they handle unequal variances and/or unequal sample sizes 
better ǘƘŀƴ {ǘǳŘŜƴǘΩǎ ǘ-test, as well as IŜŘƎŜΩǎ Ǝǎ ŜŦŦŜŎǘ ǎƛȊŜ όIŜŘƎŜǎ ŀƴŘ hƭƪƛƴΣ мфурύΣ ǿƛǘƘ ōŜǘǘŜǊ 
performance especially for small samples (n < 20) (Cumming, 2012). To investigate differences in 
ordinal rating distribution across multiple similar structured items, constituting three or more paired 
groups, the Friedmann and post hoc Wilcoxon signed rank sum test was applied. Besides the 
regression frameworks, Kruskal-Wallis test was applied as an omnibus test for median differences 
among background data, such as the stakeholder groups or countries. Epsilon square (Kelley, 1935) 
was used to indicate the strength of influence (Lakens, 2015). This effect size was interpretated 



 11 

following (Rea and Parker, 2014)Φ ¦Ǉƻƴ ǊŜƧŜŎǘƛƻƴ ƻŦ ǘƘŜ ƴǳƭƭ ƘȅǇƻǘƘŜǎƛǎ ƻŦ ǘƘƛǎ ǘŜǎǘΣ 5ǳƴƴΩǎ ǘŜǎǘ ǿŀǎ 
used as a procedure for pairwise multiple comparisons based on rank sums to pinpoint stochastic 
dominance among the factor levels (Dinno, 2017). Chi-squared test was applied for categorical data 
to determine whether there was a statistically significant difference between expected and observed 
frequencies of categories without ordinal scale (unpublished data). 

Furthermore, in Sallmannshofer et al. (2022), ŦƻǊŜǎǘ ƳŀƴŀƎŜǊǎΩ ƛƴǘŜƴded responses to changes in 
forest dynamics and thresholds until management adaptation were characterized: Therefore, 
managers answered άhow many target tree species they would tolerate to die-back, the percentage 
of forest growth (wood increment) that was allowed to decline, or the percentage of target tree 
species that is allowed to fail in natural or artificial regeneration until forest management is changedέ 
(Sallmannshofer et al., 2023, p. 3). RandomForest machine learning algorithm (Liaw and Wiener, 2002) 
was used to examine the drivers of these thresholds, because of its ability to capture complex non-
linear relationships with non-independent predictors and a robust, permutation-based estimation of 
variable importance (Cutler et al., 2007). Response categories were summarized to examine the 
relationship between stakeholder groups and their perceptions on management, and a 
correspondence analysis was conducted. (Sallmannshofer et al., 2023) 

2.3.2. Tree species distribution models  

For the variable selection, significantly correlating variables (p < 0.05) were identified before species 
variables with a high multicollinearity (0.7) were excluded following Dorman et al. (2013). Regarding 
the continent-wide model, this step resulted in three to five climatic variables per species from the 
total list of 32 variables; and for the regional models a subset of 20 to 24 predictors remained out of 
54 variables initially listed. Limited by the available environmental data, the spatial resolution was 1 
km for continent-wide models and 50 m for the regional models. The continent-wide and the regional 
{5aǎ ǿŜǊŜ ōƻǘƘ ōǳƛƭǘ ǿƛǘƘ ǘƘŜ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ǇŀŎƪŀƎŜ άǊŀƴŘƻƳCƻǊŜǎǘέΣ ǾŜǊǎƛƻƴ пΦс-14 (Liaw and 
Wiener, 2002) available in R (R Core Team, 2019). For the near-term (2041ς2060) and the long-term 
(2081ς2100) period RCP 4.5 and RCP 8.5 climate change scenarios were predicted with both models. 
The main drivers for tree species occurrence models were estimated by the percentage increase in 
mean square error (InMSE), when a variable was dropped from the model and the other predictors 
were left unaltered, while other accuracy metrics were computed ǳǎƛƴƎ ǘƘŜ άŜǾŀƭǳŀǘŜǎ ŦǳƴŎǘƛƻƴά ƛƴ w 
package άǎŘƳέ ǾŜǊǎƛƻƴ мΦл-49 (Naimi and Araújo, 2016). As randomForest is not suitable for solving 
extrapolation problems outside the ranges of the training dataset, the model will always predict the 
closest output value covered by the training dataset. This implies that predictions exceeding the range 
of predictor variables in the training period need to be handled more carefully, and these areas were 
highlighted in all predictive maps. 

Furthermore, the effect of further river deepening on the prediction of future tree species distribution 
was investigated, as a trend of river deepening has been observed for the major rivers in the TBR 
(Mura: Globevnik and Kaligaric (2005); Drava: .ƻƴŀŎŎƛ ŀƴŘ hǎƪƻǊǳǑ (2008)Τ .ƻƴŀŎŎƛ ŀƴŘ hǎƪƻǊẼ (2010); 
Danube: Habersack (2016)). Therefore, a deepening of the river soles by 0.5 m was assumed 
throughout the study area. (Sallmannshofer et al., 2021a) 

For developing seed transfer zones, the species-specific predictor variables selected during the SDM 
modelling procedure were considered. Based on this selection, geographic ranges with similar 
environmental conditions have been clustered. Therefore, the clusters 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 variables. By using the point locations of the European occurrence dataset, another 
randomForest model was trained to predict the clusters across Europe for each species. For graphical 
demonstration, a unique colour code attribute was assigned to each cluster. For visual demonstration 
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of the seed transfer zones, clustered areas were limited to areas above certain occurrence probability 
thresholds that best matched the current distribution (Sallmannshofer et al., 2020a). 

2.3.3. State of the forests 

 
Forest health and deadwood 

The analysis performed for forest health data form field observations is described in de Groot et al. 
(de Groot et al., 2022) and for deadwood in Oettel et al. (2022): Individual tree or regeneration plot 
measurements were averaged on plot level. The dataset was checked for normality, 
heteroscedasticity, and outliers (Zuur et al., 2010). When necessary, independent variables were 
transformed to approximate normality.  
 
As the number of standing deadwood observations was low (n=24), the analysis focused on lying 
deadwood only. Following Van Wagner (1968) the volume of lying deadwood was calculated. In total, 
seven models were prepared: 
 

I. Insect-induced leaf damage (median of the leaf damage per tree measured in the plot was 
used and log +1 transformed), 

II. fungus-induced leaf damage (median of the leaf damage per tree measured in the plot was 
used and log +1 transformed), and 

III. herbaceous alien plant abundance were all three modelled with a general linear model (GLM, 
with a Gaussian distribution), while 

IV. ungulate browsing was analysed with an ordinal regression (total number of saplings per plot 
were considered and the class with the largest percentage was analysed). (de Groot et al., 
2022) 

V. lying deadwood occurrence was modelled with a GLM (binomial error distribution with a logit 
link, data aggregated by sampling plot),  

VI. lying deadwood volume was modelled with a GLM (gaussian distribution, ln transformation 
on the dependent variable, data aggregated by sampling plot), and 

VII. the decay stage of lying deadwood was modelled with an ordinal regression (no data 
aggregation). (Oettel et al., 2022) 

When the models were spatially autocorrelated όaƻǊŀƴΩǎ L ǘŜǎǘ), a spatial filtering was applied (de 
Groot et al., 2022) or the transect was included as 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 and 73 of over 200 samples remained. The tree rings 
were measured with a resolution of 1/100mm and assigned to the matching year using TSAP-WinTM 

(Rinntech-Metriwerk GmbH & Co. KG, 2021) after watering the samples for 10 minutes. Detrending 
(e.g. Heklau et al., 2019; Mikac et al., 2018; Netsvetov et al., 2019, 2018; Rodríguez-González et al., 
2021; Skiadaresis et al., 2019; Trlin et al., 2021; Tumajer and Treml, 2016) resulted in a strong loss of 
data variation, therefore the DBH was simply considered as a reference for age effects. River level 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 partial R² (Edwards et al., 2008; Jaeger et al., 2016). Considered 
variables were annual and monthly temperature, precipitation, and river level, distance to the river, 
competition, elevation difference, horizontal distance to the river shore, and distance to the river 
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estuary. Time lags were tackled by assigning increment data to environmental data recorded up to 
three years previously. Non-significant variables were removed from each LMER according to the 
Satterthwaite approximation (Kuznetsova et al., 2017). The relative quality of the models was 
assessed by the Akaike Information Criterion (AIC) (Vaida and Blanchard, 2005). (Steinkellner, 2022) 
 

Phytophtora-Baiting 

To trigger sporangia and zoospore production the samples were moistened in boxes of 30 x 20 x 20 
cm with tap water for 48 hours. Afterwards, the samples in the boxes were floated with tap water. 
When the water was clear, young leaves (beech, hornbeam, oak or horse chestnut) were put on the 
water surface. Daily checking identified when leaf spots characteristic for Phytophthora appeared, and 
small pieces were excised and plated directly on selective Phytophthora-medium (PARNPH). The 
identification of the Phytophthora species was carried out morphologically and with molecular 
methods. DNA was extracted (Phytophthora Quick Extraction, Beatrix Mora Sala, UVP), and the PCR 
was done with primers ITS4 and ITS6. Sequencing was done by Eurofins.  
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3. Results 

3.1. Stakeholder perceptions 

The stakeholder investigations aimed to explore the stakeholder interests and the perception of 
different forest managers on the effects of environmental change on forest management and key 
target tree species. Parts of the survey are published (Sallmannshofer et al., 2023), while others are 
just attached to this thesis (unpublished data). 

A total of 448 participants responded to this survey with an average completion rate of 74% and a 
typical response time of 13 minutes. Most of the responses (364) were collected until December 2019. 
After filtering and data validation, 387 responses remained, ranging from 36 (HU) to 101 (SL) 
responses per country. The identified key stakeholder groups were  

¶ forestry professionals (23%, interests of forestry enterprises in economic benefits and 
sustainability),  

¶ forest owners (10%, interest in economic benefits, securing rights of property and use) 

¶ conservationists (23%, interest in the protection of 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 functions, economic benefits) 

¶ tourism professionals and visitors (14%, interests of the tourism economy and recreational 
users ƛƴŎƭǳŘƛƴƎ ŀŎŎŜǎǎƛōƛƭƛǘȅΣ ǇǊƻǘŜŎǘƛƻƴ ƻŦ ǾƛǎƛǘƻǊǎΩ ƘŜŀƭǘƘ ŀƴŘ ǉǳŀƭƛǘȅ ƻŦ ǾƛǎƛǘǎύΦ  

Less than 50% of the respondents could identify the proper definition of a Biosphere Reserve. 

Respondents working in the TBR had a significantly better knowledge on the concept of a Biosphere 

Reserve than others. Similarly, higher education and visiting the forests more frequently increased the 

odds, while residents had a significant lower knowledge. Nevertheless, the ǊŜǎǇƻƴŘŜƴǘǎΩ ŜȄǇŜŎǘŀǘƛƻƴǎ 

towards the establishment of the TBR were mainly optimistic: 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%), cross-sectoral cooperation between stakeholders (59.0%; 6.3%), social 

situation (42.6%; 7.8%), and economic situation (31.3%; 18.1%). Knowledge on the concept was not 

significant for these mean optimism scores. Furthermore, there was a highly significant moderate 

effect of females being more optimistic than males. A share of 66% of the respondents considered the 

state of the forests deteriorating, 20% no changes, and 14% improving. A significant negative influence 

on the odds of rating a better forest state was found with rising education level. Consistent with the 

results achieved at the preliminary stakeholder workshop, manmade changes of water dynamics (loss 

of habitats in riparian forests) were perceived as the most important influence on the forests, followed 

by climate change and invasive alien species. Among the seven stakeholder groups, significant 

differences in response behaviour appeared: Their rating was significantly different for deforestation, 

game, forest reproductive material, and native pests and diseases (fig. 4). Regarding the perception 

of appropriate management techniques, close-to-nature and small scaled interventions were 

preferred to more artificial systems in forestry. Comparing the endorsement for different regeneration 

types, also artificial regeneration was broadly accepted in addition to natural, with considerable 

restrictions to the use of non-native species. In contrast to hunting tourism, wildlife management has 

obtained mainly acceptance. Across all 14 response items for proper management, the variable 

country contributed more often significantly to the selection of response items than the stakeholder 

group (8 vs 5 times). A share of 73% of all respondents found that conservation should be integrated 

in sustainable mainstream forest management, 19.4 % partly agree, and 7.9% negate. There was a 
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significant positive influence of increasing age and increasing education level, and for respondents 

from Croatia. As intersectoral-conflicts were identified as one of the key problems during the 

stakeholder workshop, the willingness to cooperate was investigated. Average scores of open-

mindedness towards cooperation with all groups showed significant dependence on country, gender, 

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

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

partners were tourists, tourism professionals and hunters. As for ǘƘŜ ŎƻƻǇŜǊŀǘƛƻƴ ǇŀǊǘƴŜǊ ΨƭƻŎŀƭ 

ƎƻǾŜǊƴƳŜƴǘ ƻǊ ŀǳǘƘƻǊƛǘƛŜǎΩ, there were ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘǎ ōŜǘǿŜŜƴ ǘƘŜ ǊŜǎǇƻƴŘŜƴǘǎΩ ǎǘŀƪŜƘƻƭŘŜǊ 

groups for all potential partners. On average, for all potential partners, the most open-minded 

stakeholder groups were foresters, hunters, and tourists or visitors, the least open-minded were 

forest owners and residents. Nevertheless, highly selective behaviour was found for foresters, forest 

owners, and residents, while visitors, conservationists, and others were the least selective. Residents 

showed preferences towards hunters, hunters towards conservationists, and foresters towards 

foresters. Lower attractiveness was detected for forest owners towards conservationists and vice 

versa, forest owners towards natural scientists, residents towards conservationists, forest owners and 

residents towards tourists and tourism professionals (fig. 5). Further information can be found in the 

unpublished data (chapter 7.8). 

      

Fig. 4 Importance of impacts on the forests in the Biosphere Reserve as perceived by the stakeholder groups on 
a scale ranging from 0 (no impact) to 4 (strong impact). 

 
Fig. 5 Attractiveness scores of potential partners to cooperate in the Biosphere Reserve on a scale ranging from 
0 (cooperation not likely at all) to 4 (cooperation very likely).  
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A subset of key forest manager types was selected from the respondents in Sallmannshofer et al. (2023) and 
their perceptions of the direction and intensity of expected changes in the forests of the Biosphere Reserve was 
assessed. This subset consisted of 

¶ Forestry professionals (48% of 132 respondents),  

¶ forest owners (24%), and  

¶ conservation managers (15%).  

These three groups were generally higher educated with 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 between forestry professionals and low visit frequency 
emerged. 

According to the study, these forest managers in the TBR are aware of ongoing environmental 
changes. Especially after observing changes themselves, the condition of forests is expected to 
decrease. The intensity of observed changes was significantly correlated with the expected intensity 
of future change for spread of non-native species and tree dieback. Furthermore, tree dieback 
additionally correlated with the expectation of increasing biotic damage and a reduction in forest 
growth. Besides, observed spread of non-native species correlated with the expected increase of 
abiotic and biotic damage. On average, the three types of forest managers expect that abiotic damage 
will increase the most, followed by biotic damage, non-native species, and tree dieback. A remarkable 
share of respondents expected a very large increase in non-native species and abiotic damage. Nearly 
80% of the three types of forest managers expected further changes, and therefore almost all 
managers intend to adapt forest management. (Sallmannshofer et al., 2023) 

This study further aimed to assess the sensitivity of different types of forest managers to 
environmental changes and understand the drivers behind different sensitivities. Sensitivity to 
environmental change, as assessed in four classes, was found to differ among the three types of forest 
managers. Considering the forest manager type and the given changes, forestry professionals were 
most sensitive, followed closely by forest owners. Conservation managers showed higher thresholds 
for adapting their management, hence lower sensitivity and higher tolerance than the other two types 
of managers. Conservation managers´ adaption tolerance was especially high towards dieback of 
target tree species and failing regeneration, therefore they appeared to be less sensitive in this 
context. In contrast, forestry professionals intended to adapt their management in response to smaller 
changes in growth, reduced regenerative capacity, or species mortality. 

As identified with the randomForest model, the most important drivers for mean sensitivity towards 
the four classes of environmental change were (in descending order): forest 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 forests, dropping the variable expecting future 
changes from the model decreased the mean square error. Sensitivity increased with higher 
educational level and with forest visits at least once a week. Women appeared to be more sensitive 
to environmental changes than men. (Sallmannshofer et al., 2023) 

In addition, this study identified the main tree species of native and non-native origin targeted for 
wood production or conservation by the identified types of forest managers. The most common 
target species for forest management among native tree species across the three types of forest 
managers were Q. robur and Populus nigra, with a focus on wood production for Q. robur and on 
conservation for P. nigra. The other most outstanding multipurpose tree species, attractive for both 
wood production and conservation, were Salix alba, Populus alba, A. glutinosa, Fraxinus sp., and 
Ulmus sp. Considering the specific purpose, the most frequently targeted native species were 

 

¶ for wood production Q. robur, Fraxinus sp., A. glutinosa, Acer sp. and Juglans regia (in 
descending order), and 
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¶ for conservation Ulmus laevis, S. alba, Ulmus minor, and P. nigra (in descending order). 
 

In the TBR non-native tree species, clones and hybrids are already frequently targeted by forest 
management. Nevertheless, conservation aims to counteract their occurrence and spread. Among 
non-native species, wood production was found to be the most common objective: hybrid poplars, 
Robinia pseudoacacia, artificial poplar clones, and Juglans nigra were selected to be targeted for wood 
production by at least two-thirds of respondents ς a result comparable to Q. robur. Depending on the 
species, management of non-native tree species for conservation or other purposes was selected by 
a maximum of one quarter of respondents ŦƻǊAcer negundo, followed 
ōȅCǊŀȄƛƴǳǎ ǇŜƴƴǎȅƭǾŀƴƛŎŀŀƴŘwΦ ǇǎŜǳŘƻŀŎŀŎƛŀ.  

 

Furthermore, differences between the three types of forest managers in their perceptions of native 

tree species in relation to their management purpose were assessed. As expected, conservation 

managers saw a higher number of species for conservation purposes than forest owners, while 

forestry professionals were in-between. Vice versa, forestry professionals and forest owners selected 

a higher proportion of species to be used for timber production than conservation managers. Forestry 

professionals selected the largest number of species being managed for any purpose. Without 

considerable differences, the three types of managers agree that non-natives without a major role in 

timber production should be considered in some form of management. Conservation managers 

selected A. negundo, Ailanthus altissima and F. pennsylvanica / F. americana more frequently for the 

purpose of wood production than forestry professionals or forest owners - in contrast to non-native 

species such as J. nigra or R. pseudoacacia, which have longer presences in the area. (Sallmannshofer 

et al., 2023) 

3.2. Current and future tree species distribution 

The study described by Sallmannshofer et al. (2021a) aimed at understanding the spatial patterns and 
the main drivers for the current and future distribution of major riparian tree species of the Biosphere 
Reserve at the local and continent-wide scale.  

Therefore, bioclimatic species distribution models (SDMs), that are suitable for evaluating climate 
change-driven habitat changes on a continent-wide scale and SDMs enriched with soil and river data 
for use on a local scale, were developed. By combining explanatory variables and occurrence data, 
these SDMs were trained to assess the ecological niche of the target species. The continent-wide 
models explained 91% to 99% of the variation, while the regional models ranged from 53% to 81%. 
Similarly, the accuracies, specificities, sensitivities, and true skill statistics (TSS) of the regional models 
were slightly below the continent-wide models. The accuracy of the regional models for the species 
A. glutinosa and Q. robur was slightly below the other species, while the accuracy of the continent-
wide models did not differ significantly between the species. The variation among speciesΩ ŎƭƛƳŀǘƛŎ 
niches revealed the smallest amplitudes for P. nigra and U. leavis. Occurrence data for the regional 
models demonstrated the ecological niches for P. nigra and U. leavis within 1ς3 km horizontal distance 
and a 10ς20 m altitudinal difference to rivers. The other species also occurred at larger distances from 
the river or higher altitudes. 

While the continent-wide model was only trained with climatic predictors, the highest variable 
importance of the regional models was found for the soil variables (151.6% InMSE ± 55.4% SD, 18 
potential predictors) facing the narrow climatic amplitude of the regional range. The group of climate 
variables showed a cumulated mean InMSE of 120.4% ± 62.1% (8 potential predictors), followed by 
the river variables (75.6% ± 42.7%, 2 predictors only). 
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F. excelsior and P. nigra occurrences were found to be mostly influenced by the soil variables (41.3% 
and 32.2%), to which the occurrence of Q. robur was least sensitive (19.3%), while the occurrence of 
U. laevis and F. angustifolia was strongly affected by climate predictors, and P. nigra and F. excelsior 
were most strongly affected by the river predictors (20.3% and 18.2%). (Sallmannshofer et al., 2021a) 

The study Sallmannshofer et al., 2021a further identified expected regional as well as large-scale 
changes to species distributions caused by environmental changes. Predicted climate change in the 
TBR is likely to displace many species from their macro climatic niche. The predictions of both model 
types for the seven species are summarized in Sallmannshofer et al. (2021a) as the following: 

άAmong 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 6% (A. glutinosa) and 27% (U. minor).  

The species P. nigra, F. angustifolia, and U. minor are expected to gain additional habitats in 
Western, Northern and Eastern Europe without larger losses in Southern Europe. F. 
angustifolia and Q. robur are expected to gain additional areas in north-eastern Europe, but 
at the same time, a loss of climatically suitable habitat in Southern and Western Europe was 
shown. In contrast, U. laevis is expected to lose significant parts of its current distribution in 
Central Europe and showed an overall decrease in its probability of occurrence of 9%. Its 
distribution range is expected to shift to north-eastern Europe and will be significantly smaller 
than the current one (Χ). 

At the regional scale of the TBR, the continent-wide model generally predicted drastic future 
losses for all seven species. The regional models predicted a fine-scaled, more complex 
occurrence pattern. In contrast to the continent-wide models, the regional models were able 
to depict the regional core areas of tree distribution around major riparian landscapes by 
including a higher number of limiting environmental variables (Χ). 

Patterns of the regional model for high future habitat suitability were in line with the 
continent-wide model but varied locally, as different predictors were used.έ 

Severe habitat changes across the wider area of the TBR were predicted for F. excelsior, Q. robur, U. 
laevis, and U. minor. Driven by habitat changes, changes in co-occurrence of species have also been 
found. 

In contrast to the importance of the variable elevation difference to rivers for all species, simulating 
the potential impact of river deepening by a river level drop of 0.5 m throughout the study area, only 
had a significant impact on the predicted occurrence probability distribution for F. angustifolia and A. 
glutinosa. Nevertheless, spatial patterns were affected and changes are strongly site dependent. 
(Sallmannshofer et al., 2021a) 

In the context of forest management and restoration the use of continent-wide and local scale SDMs 
was evaluated (Sallmannshofer et al., 2021a). The continent-wide model assesses the climatic niche 
for the continent-wide 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 applications and deriving climate-based 
management decisions. The benefits of the regional model are further described in Sallmannshofer et 
al. (2021b) as:  

άThe 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 occurrence. Furthermore, the regional 
model focused on a subpopulation of the trees adapted to specific environmental conditions 
ŀƴŘ ŘƻŜǎ ƴƻǘ ŎŀǇǘǳǊŜ ǘƘŜ Ŧǳƭƭ ǇƻǇǳƭŀǘƛƻƴǎΩ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŀƴƎŜΦ ¢ƘŜ ŦǳǘǳǊŜ ŜƴǾƛǊƻƴƳŜƴǘ 
might be unsuitable for the local population but could potentially match the requirements of 
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other (sub)populations. Therefore, predicted mismatches are not equal to a low occurrence 
ǇǊƻōŀōƛƭƛǘȅ ŦƻǊ ǘƘŜ ǎǇŜŎƛŜǎ ƛƴ ƎŜƴŜǊŀƭ ŀƴŘ Řƻ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ ŜȄŎŜŜŘ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴΩǎ ŜŎƻƭƻƎƛŎŀƭ 
amplitude. Derived ecological niches need to be seen in this context and are not spatially 
transferable (Riordan et al., 2018; Yates et al., 2018). In 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) assessed climate change impacts at the regional scale and were 
potentially forced to extrapolate, whereas only 14% considered continent-wide 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 predictions indicate 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 pattern that 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 decision-making by forest 
and conservation managers. Especially in terms of adapting to climate change, such realistic 
predictions are of increasing value. For the operative use, standard large-scale 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) and to consider the uncertainties related to the underlying model 
assumptions (Riordan et al., 2018, p. 126) (pp. 126ς127).έ 

 

For supporting the adaptation of the forests to a future climate, dynamic seed-transfer zones were 
derived across the five countries of the study area. These zones are based on the clusters of species-
specific climatic predictors, areas with species occurrence probability of above 0.5 (0.2 for U. laevis) 
was used. This threshold resulted in areas close to the natural distribution range of the respective 
species. Derived from the variation of the specific variables, the number of clusters applied was 5 for 
A. glutinosa, F. angustifolia, F. excelsior, Q. robur, U. minor, 6 for U. laevis, and 8 for P. nigra. With 
changing climatic conditions, the spatial distribution pattern of the seed transfer zones can change 
dynamically. Therefore, the area extent was predicted for three time periods (current, 2041-60, 2081-
2100) and two climate change scenarios (RCP 4.5 and RCP 8.5). By demonstrating these spatial shifts 
and highlighting timely dynamic areas with similar climatic conditions, the identification of pre-
adapted genetic material is fostered. (Sallmannshofer et al., 2020a) 

3.3. State of the forests 

The field assessments (Sallmannshofer, 2019) aimed at exploring the current state of the forests in 
the Biosphere Reserve, specifically the health status (Cech and Sallmannshofer, 2021; de Groot et al., 
2022; Sallmannshofer et al., 2020c; Steinkellner, 2022) and deadwood accumulation (Oettel et al., 
2022) as a proxy for naturalness, in interaction with local site parameters, such as floodplain type, 
silvicultural management, climatic conditions, and tree characteristics. 

Considering biotic threats, ǘƘŜ ǇŀǊŀƳŜǘŜǊǎΩ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ ƭŜŀŦ ŘŀƳŀƎŜ ŎŀǳǎŜŘ ōȅ ƛƴǎŜŎǘ ǇŜǎǘǎ ŀƴŘ 
pathogens, on alien herbaceous plants, and ungulate browsing were explored. On the sampling plots, 
average insect-induced leaf damage was 9% (ranging from 0% to 80%), fungus-induced leaf damage 
6% (0% to 60%), and the abundance of alien species was 18% of the ground cover (0 to 92%). 

Site and stand characteristics significantly influenced biotic threats: Fungus-induced leaf damage 
decreased with increasing species richness, while insect-induced leaf damage and the presence of 
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alien herbaceous plants were not affected. Additionally, the horizontal structure significantly 
influenced alien herbaceous plant species, which were more abundant in areas with open canopy, 
while fungus- and insect-induced leaf damage is increasing with closer canopy. Alien herbaceous 
plants are furthermore affected by the number of trees per layer, that is related to canopy closure. A 
strong positive correlation between fungus-induced leaf damage and mean tree height was found. 
Considering the management type, insect-induced leaf damage was higher in coppice than in even-
aged forests, while the other management types were not significant compared to even-aged forests. 
Damage by fungi was more prevalent in uneven-aged continuous cover forests than in even-aged 
forests. There was a greater abundance of alien species closer to the river course, while the other 
threats were not significantly affected. Species browsing was significantly positively affected only by 
the number of saplings, with a positive correlation between these two variables (When considering 
species individually, as not done in de Groot et al. (2022), a trend emerges, that ungulates obviously 
prefer rare species . Following this trend, different species are rare and most affected in softwood and 
hardwood riparian forest types). 

Furthermore, biotic threats were affected by climatic variables: Insect leaf damage decreased with an 
increasing mean temperature of the vegetative period and precipitation during the vegetation season. 
In contrast, leaf damage by pathogenic fungi was not unaffected by temperature and precipitation in 
the model, while in this study it was more stimulated by the micro-climate represented as a closed 
canopy.  

Based on the field observations, descriptive reports summarized the detected pests and diseases 
within the REFOCuS Project ό/ŜŎƘ ŀƴŘ {ŀƭƭƳŀƴƴǎƘƻŦŜǊΣ нлнмΤ IƻŎƘ Ŝǘ ŀƭΦΣ нлнмΤ ½ƭŀǘƪƻǾƛŏ Ŝǘ ŀƭΦΣ нлнмύ. 
In addition, risk maps were prepared by spatial interpolation of the tree health data (de Groot et al., 
2021). 

The study of Oettel et al. (2022) explored the ƭƻŎŀƭ ǎƛǘŜǎΩ ǇŀǊŀƳŜǘŜǊǎΩ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ ƻŎŎǳǊǊŜƴŎŜΣ ǘƘŜ 
volume, and the distribution pattern of decay of deadwood. In total, 1,291 lying deadwood 
observations distributed on 322 transect segments along 47 transects were considered. Deadwood 
was recorded more often in natural (78% of sampling plots) and uneven-aged (74%) forests than in 
even-aged stands (64%) and coppices (49%). Furthermore, it was recorded more frequently along the 
transect in proximity to the river (first 75m of the transect: 93%, 75-150m: 67%, 150-225m: 79%, 225-
300m: 72%). The average volume accumulation was highest in softwood floodplain forests (94.3 ± 
16.1 m3ha-1), followed by the transition zone (79.5 ± 18.6 m3ha-1) and hardwood floodplain forests 
(55.0 ± 24.8 m3ha-1). The lowest volumes were observed in the reference category of potential historic 
riparian forests at the borders of the TBR (21.1 ± 9.4 m3ha-1). The volume along the transect segments 
ranged from 0.7 m3ha-1 to 990.3 m3ha-1. There was just a slight variation of decay stages among 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 
stages characterized 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 types (5-6%). (Oettel et al., 2022) 

River distance was found to be a significant predictor variable in the models for deadwood occurrence 
and volume. Furthermore, the models showed a significant decrease of deadwood occurrence 
probability and volume with decreasing distance from the river. Deadwood volume increased in 
forests with larger basal areas. Temperature and precipitation had the greatest effect on deadwood 
decay, but the annual heat-moisture index was also a relevant predictor for occurrence and the 
volume increased with increasing annual mean temperature. Horizontal structure and management 
type were significant predictors for the decay. (Oettel et al., 2022) 

The effects of temperature, precipitation, and water level on annual radial tree growth of the riparian 
key tree species Quercus robur, Fraxinus excelsior, and F. angustifolia were assessed in Steinkellner, 
2022. The collected data covered a period from 1957 to 2013. The river level data was not interpolated 
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as it decreased the explanatory power of the models. In this period, the annual mean temperatures 
showed a significant increase (14.21± 1.75, p< 0.05) from 9,9° to 11,9° C in 2013. Lowest mean 
precipitation was found for February (41 mm), highest in July (97 mm). Average river levels were 
lowest in January and highest in May. A significant decrease (p<0.05) of the annual and monthly river 
levels was found for the considered period for all three rivers. Precipitation influenced the water 
levels. (Steinkellner, 2022) 

Q. robur was represented by 33 samples and 1548 rings with an average width of 3.44 ± 1.92 mm. The 
most important significant effects negatively affecting the radial growth are elevation difference, 
competition, water level three years in advance, temperature in June and water level in March of the 
considered year. Positively associated was orthogonal distance to the river and precipitation in May 
of the considered year. F. excelsior was represented by 11 samples and 483 rings with an average 
width of 47 ± 11 mm. Temperature in June of the considered year, as well as annual temperature in 
the previous year, annual precipitation of the assessed year, the water level recorded two years 
previously, and tree age were negatively affecting growth. F. angustifolia was represented by 29 
samples and 1075 rings with an average width of 4.32 ± 2.88 mm. The radial growth was negatively 
associated with competition and age and positively associated with orthogonal distance. The river 
level in April was positively associated, while the late summer ς autumn values of the previous years 
were negatively associated. Also, monthly temperatures showed ambivalent effects. (Steinkellner, 
2022) 

To assess the presence of soilborne Phytophthora species across the three river systems, soil samples 
were investigated (Cech and Sallmannshofer, 2021). Out of 41 transects with available soil samples, 
11 Phytophora species were found in 31 positive baiting tests on 15 transects originating from all river 
systems. The most common of these was P. plurivora (Jung and Burgess, 2009). Other Phytophora 
species found are known to be associated with Alnus spp. or Quercus spp., but also more generalistic 
species attacking several broadleaved tree species were identified. Apart from Phytophthora, other 
Oomycetes were also isolated. This refers mainly to the genus Pythium (isolated from 21 transects), 
but also to Phytopythium (10 transects). (Further information shall be published separately) (Cech and 
Sallmannshofer, 2021)  

 

Tab. 2 Phytophora isolations from the mixed samples taken across the five countries 

Country Transects total 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 the field assessments led by the author of this dissertation, the North American Oak Lace Bug 
(Choritucha arcuata) was detected for the first time in Austria (Sallmannshofer et al., 2019a). This 
invasive leaf damaging insect was thus widespread throughout the TBR, with recent invasion of the 
north-western parts in 2019. Following this novelty and in preparation for a repeated assessment to 
quantify the speed of infestation in 2021, the pest was assessed at additional sites and in the field 
using an extended protocol developed by the author of this thesis (Sallmannshofer et al., 2019a). The 
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repeated survey (Hoch et al., 2022, 2021) aimed at assessing how fast the lace bug is spreading and 
reproducing, with focus on forest stand density. In the newly infested area in Austria, many of the 
assessed trees did not show any signs of C. arcuata in 2019. While on the Austrian survey transects 
only one oak out of 58 oaks was found to be infested, in 2021 13 out of 15 inspected oaks on the 
transect plots were infested in different intensity by C. arcuata. On 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 in 2021 C. 
arcuata occurred on all parts with 52 out of 60 trees being infested (Hoch et al., 2022, 2021). Further 
spread occurred very fast and the population also established in the north-western parts of the TBR 
during the two-year observation period. The comparison across the TBR showed that the composition 
of tree species had a significant effect on the infestation levels of C. arcuata. In stands with a higher 
percentage of oak, the degree of infestation was significantly more severe (Hoch et al., 2021). 

Furthermore, fruiting bodies of Chalara fraxinea were observed in Serbia for the first time. To the 
ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜ, the full life cycle of ash dieback, caused by the fungus Hymenoscyphus fraxineus 
(Kowalski, 2006), had not been observed in the country until this finding and was questioned due to 
the warm and dry summer temperatures. The disease has spread from Poland to the South (Kowalski, 
2006). Therefore, degrees of infestation and awareness are yet much higher in Austria than in Serbia. 
The observation took place north-ǿŜǎǘ ƻŦ [ŀōǳŘƴƧŀőŀ όN 45.493096 E 19.011374) on 30.07.2019 in 
presence of Imola Tenorio-Baigorria, Milica ½ƭŀǘƪƻǾƛŏΣ [ŜƻǇƻƭŘ tƻƭƧŀƪƻǾƛŏ-Pajnik, Eric Szamosvari, and 
the author of this work (yet unpublished). 

Additionally, F. angustifolia was identified for the first time by the author of this dissertation in south-
eastern Styria. The taxonomic identity was proven via genetical analysis. Yet, the occurrence was 
unknown and only reported in the Marchauen, floodplains in the very eastern part of Austria. The 
observation of several trees by the author of this work took place between spring and summer 2019 
along the Austrian side of the Mura between Donnersdorf and Bad Radkersburg in the presence of 
Hannes Schönauer and Rok 5ŀƳƧŀƴƛŏ. Genetic samples taken by the author of this work and processed 
by the Slovenian Forestry Institute confirmed the species F. angustifolia (yet unpublished). 

Several other pathogens, including first findings on specific host trees or first reports for countries, 
were identified using microscopic and molecular techniques and pathogenicity tests ό½ƭŀǘƪƻǾƛŏ Ŝǘ ŀƭΦΣ 
2021). As these shall be published separately ό½ƭŀǘƪƻǾƛŏ Ŝǘ ŀƭΦΣ нлноύ, the information is excluded from 
this thesis.  
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4. Discussion 

4.1. Comparison of the results with other studies 

4.1.1. Stakeholder survey 

The findings pointed to a lack of information among the residents about the concept of a biosphere 
reserve and a higher level of knowledge in connection with frequent forest visits, better education, or 
professional activity in the TBR. Frequent forest visits and work might be connected to a higher 
interest in the topic and therefore explain the positive relation on the information level, i.e. knowing 
the concept (unpublished data). Nevertheless, optimism about improvements by installing the TBR 
was not associated with this information level, indicating a good point to start information campaigns.  

In addition to effects of group membership and location attachment across the entire survey, as 
shown by others in a comparable context (Huber and Arnberger, 2015; Mitsui et al., 2020), differences 
in response behaviour were also associated with gender and education. A recent study (Pröbstl-Haider 
et al., 2020) has also indicated differences in the degree of adaptation to climate change between 
male and female small-scale private forest owners, although this study also observed a circumstance 
in which women seem to be more optimistic towards the TBR, more open-minded towards cross-
sectoral cooperation (unpublished data), and showing lower adaptation thresholds towards 
environmental change (Sallmannshofer et al., 2023). Focus on strong protection of endangered plant 
and animal species and soft protection of cultural values matches the concept of a Biosphere Reserve, 
whereby in Hungary generally lower protection levels are aimed at, which in turn indicates place-
attachment and potential for cross-border harmonisation. Furthermore, the survey results showed a 
majority of respondents from all stakeholder groups being concerned about ongoing environmental 
change, comparable to findings by Yousefpour and Hanewinkel (2015). Survey respondents generally 
considered manmade changes of water dynamics as the most important influence on forests in the 
TBR, indicating a good understanding of this far-reaching disturbance of fundamental processes in 
riparian systems (e.g. Belletti et al., 2020; Hughes et al., 2005; Klimo et al., 2008; Skiadaresis et al., 
2019; Smulders et al., 2008). Similarly, climate change and invasive alien plants were perceived as 
major influences across all respondents, highlighting a good awareness for future climate- (e.g. 
Dubrovský et al., 2014; Hanel et al., 2018; Seidl et al., 2017) and globalisation-driven problems by 
invasive species (e.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 managers, a significant correlation between observation of past 
changes and expectation of future changes was found for changes that are easy to observe in the field. 
Forest owners in particular did not seem to base their expectations on experience ς in contrast to 
conservation managers. This could possibly be explained by the fact that most of the conservation 
managers and forestry professionals in this study have a higher level of education than forest owners. 
Consistent with the findings of Lawrence and Marzano (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 field. Therefore, instead of a correlation between expectations and 
observations, the sensitivity levels could be mostly explained by forest manager type, education, and 
frequency of forest visits. Adaptation thresholds depend both on specific management goals and on 
personal characteristics. ²ƛǘƘ ǘƘŜ Ǝƻŀƭ ƻŦ ǎǳǇǇƻǊǘƛƴƎ άƴŀǘǳǊŀƭέ ŘŜǾŜƭƻǇƳŜƴǘΣ ŎƻƴǎŜǊǾŀǘƛƻƴ ƳŀƴŀƎŜǊǎ 
therefore appeared more tolerant towards ongoing changes in this study, as far as natural 
regeneration is not limited. Furthermore, sensitivity was increased by a higher level of education and 
frequency of forest visits and the individual background strongly contributes to management 
adaptation behaviour. While differences between countries were linked to their socio-economic and 
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political contexts, a lack of knowledge and information could be one of the major barriers towards 
forest management adaptation as shown by Sousa-Silva et al. (2018). (Sallmannshofer et al., 2023) 

4.1.2. Tree species distribution models 

The regional models aimed for an optimal grain size as a trade-off between the necessity to describe 
riparian influences at forest stand level resolution and model efficiency. As already expected, based 
on other studies (Guisan et al., 2007; Hanberry, 2013), the more realistic regional models with higher 
resolution explained less variation than the continent-wide models. The distribution patterns of the 
targeted species are rarely investigated and comparing the predictions to other studies was limited to 
the continent-wide model. Regarding Q. robur, the predictions were generally in agreement with other 
studies (Buras and Menzel, 2019; Schueler et al., 2014; Woziwoda et al., 2018), with differences for 
the southern European range, where the new predictions indicated potential occurrences. Also, for F. 
excelsior the predictions are mostly comparable to Dyderski et al. (2018). In contrast, the predicted 
future distribution losses up to 2100 for U. laevis were in disagreement with Thurm et al. (2018). 
Similar to other studies predictors (Diekmann et al., 2015; Mellert et al., 2018; Walthert and Meier, 
2017), soil variables were found to be the most important predictor group of the regional models. In 
contrast to soil variables being most important for the model of F. excelsior, climatic variables were 
only slightly more important in our model for Q. robur, whereas they clearly dominated in the study 
by Walthert and Meier (2017) for a mountainous landscape in Switzerland. These differences can be 
explained by the analysed populations being located close to the warm end of their distribution in the 
TBR and at the cold-induced edge in Switzerland. Across the species, the derived velocity of climate 
change driven changes in species distribution probability is consistent with other studies, showing that 
south-eastern European lowlands face the highest velocity of climate change across the continent and 
therefore contain a high proportion of loser species (Araújo et al., 2011; Loarie et al., 2009; Schueler 
et al., 2014). (Sallmannshofer et al., 2021a)  

4.1.3. State of the forests 

Biotic threats  

The positive correlation between fungus- and insect-induced leaf damage could be a result of a) both 
being attracted by trees with reduced vitality caused for example by climate change or river alterations 
(Belletti et al., 2020b; Van Looy et al., 2017), or b) each damaging agent decreasing the vitality of the 
tree, attracting the other damaging agent as shown by Kinahan et al. (2020). Although pests and 
diseases can lead to canopy disturbances likely to enhance the presence of alien plant species 
(Eschtruth and Battles, 2009) no correlation between leaf damaging agents and alien herbaceous plant 
species was found. In contrast to other studies (Fernandez-Conradi et al., 2017; Field et al., 2020; 
Guyot et al., 2019; Jactel et al., 2017), insect-induced leaf damage and the presence of alien 
herbaceous plants was not affected by tree species richness, in contrast to other studies (Schnitzler et 
al., 2007). Nevertheless, and in accordance with Field et al. (2020), fungus-induced leaf damage 
decreased significantly with increasing tree species diversity. As expected from previous studies 
(Eschtruth and Battles, 2009; Huber and Gillespie, 2003; Zelnik et al., 2015), alien herbaceous plant 
abundance increased with lighter canopy, while damage by fungi decreased. The fluctuating 
abundance of insect damage across the openness gradient might not only reflect a combination of 
resource availability as described in (de Groot et al., 2022), but also mirror species-specific preferences 
ï information discarded during the data generalisation process. Regarding climatic variables, leaf 
damage was negatively associated with in-season precipitation and higher temperatures. While dry 
and warm summers are often linked with insect outbreaks (Dale and Frank, 2017; Jactel et al., 2017; 
Seidl et al., 2017), the contrasting finding could be based on a) missing comparisons between the years 
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as explained in de Groot et al. (2022) or b) the better ground water supply in riparian forests, that 
allows high rates of photosynthesis even during heat periods with low precipitation, resulting in good 
vitality and resistance. As fungus induced leaf damage was more frequent in closed canopy, no 
association with temperature and precipitation was found. As expected, alien herbaceous plant 
abundance increased in proximity to rivers, where higher flood frequency increases propagule 
pressures (Richardson et al., 2007; Spinoni et al., 2017) and canopy disturbances (Schnitzler et al., 
2007). (de Groot et al., 2022) 

 

Deadwood 

Similar to previous studies in other forest systems (Bölöni et al., 2017; Dahlström and Nilsson, 2006; 
Lombardi et al., 2012; Nagel et al., 2017), the probability of deadwood occurrence was lower in forests 
with higher management intensity. Not only the deposition after flood events (Oettel et al., 2022), but 
also increased disturbance frequency, tree composition with shorter live spans, and more natural 
forest types the deadwood accumulated close to the river at flow-calmed areas. Comparable results 
were already obtained for other ecosystems by Hassan et al. (2005), Komonen et al. (2008), and 
Dahlström and Nilsson (2006). Nevertheless, the volume of lying deadwood on the site is related to 
growing stock, considered via the basal area in Oettel et al. (2022) and also observed by others 
(Garbarino et al., 2015; Keren and Diaci, 2018; Oettel et al., 2020). Deadwood decay was found in 
advanced stages at higher temperatures and humidity levels, in agreement with biological processes 
and other studies (Garbarino et al., 2015; Harmon et al., 1986; Merganiov et al., 2012; Pietsch et al., 
2019; Seibold et al., 2021). (Oettel et al., 2022) 

 

Radial tree growth 

Results for Q. robur were compared to (Mikac et al., 2018), who also found river levels in May to be 
most important for radial growth with increasing importance in recent decades, as it could activate 
the development of fine roots in June, which protects the fine roots in the upper layers from drying 
out in July and August. Many studies highlight the positive influence of precipitation in spring to early 
summer on radial growth (Heklau et al., 2019; Mikac et al., 2018; Netsvetov et al., 2018; Skiadaresis 
et al., 2019). Other works found autumn water levels to be negatively associated with radial growth 
(Tumajer and Treml, 2016). Site-specific variation might influence such results, as Rieger et al. (2017) 
only found dependence of radial growth on precipitation. Nevertheless, both Rieger et al. (2015) and 
Astrade und Bégin (1997) found physiological adaptation processes to be triggered by water levels. 
Similar to the present study, high summer temperatures were found to negatively influence growth 
in central to south-eastern Europe (Mikac et al., 2018; Skiadaresis et al., 2019), while in eastern Europe 
positive effects were found (Netsvetov et al., 2018; Tumajer and Treml, 2016). Elevation difference 
was the most important variable in the model and was negatively associated with growth. This could 
be caused by a lack of water supply and reduced chances for nutrient deposition by flooding (Gregory 
et al., 1991; Osei et al., 2015; Schnitzler, 1997). (Steinkellner, 2022) 

Considering F. excelsior, June temperatures were found to be the most important variable limiting 
radial growth, similar to high December temperatures of the previous year. Heklau et al. (2019) 
confirm the first finding but found a positive influence of December temperatures for Germany, while 
Koprowski et al. (2018) considered warm spring temperatures slightly negative for radial growth in 
Poland. In contrast to this study, other publications found a positive influence of precipitation during 
the vegetation season (Heklau et al., 2019; Koprowski et al., 2018; Singer et al., 2013). The negative 
influence of summer water levels was also confirmed by Rieger et al. (2017), but Heklau et al. (2019) 
and Singer et al. (2013) found a positive influence. Although Rieger et al. (2017) found deeper ash root 
systems further from the river, the matching variables were not considered significant in the present 
study. (Steinkellner, 2022) 
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Radial growth of F. angustifolia was positively driven by water levels in April, supported by similar 
findings for spring and summer (Mikac et al., 2018; Trlin et al., 2021), while autumn levels were 
negatively associated. High autumn water levels lead to aerobe soil conditions and in consequence 
reduced tree vitality (Klimo et al., 2008). In contrast to the other species, winter temperature had a 
positive influence, as F. angustifolia prefers warm conditions (Raddi, 2014) at the study site located at 
the northern edge of the distribution. Nevertheless, other studies also found warm summer 
temperatures to be negatively associated with radial growth (Mikac et al., 2018; Trlin et al., 2021) 
Rodríguez-González et al. (2021) and positive, but low influence of precipitation during the vegetation 
season (Gomes Marques et al., 2018; Mikac et al., 2018; Rodríguez-González et al., 2021; Trlin et al., 
2021). (Steinkellner, 2022) 

 

Phytophthora 

Altogether 11 Phytophthora species were identified from the sites in the TBR. The most frequent one 
of this study, P. plurivora, must be regarded as the riskiest that aggressively attacks a huge number of 
broadleaved species (Jung and Burgess, 2009), after most likely having been introduced from overseas 
(Brasier, 2008). The hosts are species of Quercus, Salix, Alnus, Fagus, Tilia and Acer. P. plurivora causes 
root destruction, aerial cankers (stem necroses) and dieback and is associated with the phenomenon 
of oak decline (Balci and Halmschlager, 2003; Hansen and Delatour, 1999; Jung et al., 2000; Jung and 
Burgess, 2009; Vettraino et al., 2002). Other Phytophthora species found, cover the range from rather 
opportunistic to very specialized, from slightly pathogenic to aggressive. Some of the Phytophora 
species identified also affect seedlings of various broadleaved trees and others are known for quick 
propagation also by wind and rain. The other Oomycetes isolated mostly refer to the genus Pythium 
and Phytopythium, both genera known for their rather low pathogenicity to woody plants.  

 

Choritucha arcuata 

C. arcuata was detected in an early establishment phase in south-eastern Austria, spreading 
northwards throughout Europe. Human transport over large distances and local-scale dispersal by 
wind were assumed to be the main vectors, making it impossible to stop a widespread dissemination 
(Sallmannshofer et al., 2020c). In the meantime, C. arcuata has also arrived in Southern Germany 
(Wonsack and Thomas, 2021). 
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4.2. Synthesising the results between the studies 

In this chapter, the results of this dissertation are related to each other, and consistencies and 
contradictions are highlighted. Figure 6 illustrates the relationships drawn between the results that 
match the specific research questions initially described in chapter 1.2 Objectives. 

 

  

Fig. 6 Relationships, data exchange, and synthesis between the specific results gained by this dissertation project 

 

4.2.1. Stakeholder and forest manager perspectives towards environmental 
changes, conflicts, and cross-sectoral cooperation 

In the stakeholder survey, respondents indicated manmade changes of water dynamics, climate 
change and invasive alien species as major influences on forests in the TBR. This perception is 
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supported by the other studies carried out (Sallmannshofer et al., 2020b): With ongoing change of 
climate and decreasing river water levels both the species distribution models (Sallmannshofer et al., 
2021a) and the radial growth analysis (Steinkellner, 2022) indicated decreasing habitat suitability for 
main riparian tree species. A further spread of invasive pests and diseases, such as certain Phytophtora 
species or C. arcuata (Sallmannshofer et al., 2019a), could additionally reduce vitality and lead to 
fallout or lack of regeneration of certain tree species targeted by forest managers (Sallmannshofer et 
al., 2023). In riparian forests, endangered tree species (e.g. Fraxinus sp.) still play an essential role for 
wood production (Sallmannshofer et al., 2023). In case of fallout(s), adaptation thresholds will be 
progressively exceeded, (Sallmannshofer et al., 2023) and forest managers will look for appropriate 
adaptation strategies. The UNESCO Biosphere Reserve framework can contribute to the development 
of such strategies, by fostering scientific support and exchanges across the area. With group-specific 
differences, stakeholders generally perceived close-to-nature and small-scaled silvicultural 
interventions and both natural and artificial regeneration as appropriate management techniques. 
Nevertheless, they had reservations towards the use of non-native tree species, although these are 
already frequently targeted in wood production across the TBR and potentially more suitable for 
future climate than some native species in certain areas (Sallmannshofer et al., 2023, 2020a; 
Sallmannshofer and Schüler, 2021). This contrast of competing interests regarding non-native trees, 
clones and hybrids by forestry and conservation, emphasises the need for at least cross-sectoral 
harmonization of management goals to a certain extent. For this purpose, stakeholder-specific 
constraints and prejudices among other groups (Sallmannshofer et al., 2023) need to be overcome. 

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

The predictions of the continent-wide and regional model suggest that the currently present species 
will be forced out of their macro climatic niche by climate change. Five of the seven species decreased 
in occurrence probability, whereas F. excelsior and U. minor could benefit according to the regional 
models (Sallmannshofer et al., 2021a). For three species, all listed among the most important target 
species for forestry and conservation in the TBR (Sallmannshofer et al., 2023), results gained from the 
radial growth models (Steinkellner, 2022) are compared: 

In the continent-wide models of Q. robur the most important drivers were the autumn maximum 
temperature, the summer precipitation amount, the degree of continentality, and the annual 
precipitation amount (Sallmannshofer et al., 2021b). Confirming 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 also showed that the number of degree-days 
above 5°C and extreme minimum temperature appeared to be the strongest climatic drivers, 
emphasizing that the orthogonal and elevation difference is important for spatial occurrence patterns 
(Sallmannshofer et al., 2021b). Both future model predications result in major losses in occurrence 
probability in habitats that are very suitable today across the TBR and a shift to the northeast across 
the continent (Sallmannshofer et al., 2021c). These findings should be considered as an early warning, 
as Q. robur, which plays an economic key role, is targeted by 90% of the forest managers in the TBR 
(Sallmannshofer et al., 2023), and is increasingly affected by multiple biotic threats such as for example 
Phytophtora or C. arcuata (Sallmannshofer et al., 2021d, 2019a) across the area. 

For F. excelsior, the continent-wide models indicated the preference for more humid, rather cooler 
climate types resulting in an expected southern decline and a northern spread across the continent, 
with losses across the TBR (Sallmannshofer et al., 2021b). Matching this result, also radial growth of 
F. excelsior was found to be negatively associated with rising temperatures in June and December 
(Steinkellner, 2022). At the regional level, the niche was defined by the vertical and horizontal 
distances from rivers, restricted by an increasing heat-moisture index and positively influenced by an 
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increasing number of degree-days below 18°C (Sallmannshofer et al., 2021b). Nevertheless, the 
combination of bioclimatic predictors in the regional model resulted in slight gains of occurrence 
probability over a larger area of the TBR, but in crucial losses of high-quality habitats in Austria, 
Slovenia, and Croatia (Sallmannshofer et al., 2021c). F. angustifolia requires a warm, balanced climate 
and the regional model highlights the importance of the proximity to water according to the continent-
wide model. The occurrence is limited close to an autumn maximum temperature of 12 °C and peaks 
at around 16 °C (Sallmannshofer et al., 2021b). With climate warming, both SDMs predict a rapid 
expansion northwards (Sallmannshofer et al., 2021c), consistent to the positive influence of warm 
summer and winter temperatures on radial growth performance (Steinkellner, 2022). According to 
(Sallmannshofer et al., 2023), forest managers in the TBR consider both ash species most important 
for wood production after Q. robur. Climate change could ŀŘŘƛǘƛƻƴŀƭƭȅ ǊŜŘǳŎŜ ǘƘŜ ǘǊŜŜΩǎ Ǿƛǘŀƭƛǘȅ ōŜǎƛŘŜǎ 
the severe impact of ash dieback, that is still spreading throughout the south-eastern parts of the TBR, 
as found in the field assessments of this dissertation. Nevertheless, the models indicate that resistant 
genotypes of F. angustifolia might possibly replace sites yet occupied by F. excelsior. 

Regarding the river water level, radial growth analysis indicated that Q. robur was negatively 
influenced by high water levels in spring and F. excelsior in June, while F. angustifolia was negatively 
affected by low water levels in April (Steinkellner, 2022). Consistently, the simulated decrease of the 
river level by 0.5 m in the regional SDM, drastically changed the occurrence pattern of F. angustifolia 
across the TBR. In this scenario, F. angustifolia was found to occupy niches yet filled by the more water 
tolerant A. glutinosa (Sallmannshofer et al., 2021a). 

As the continent-wide models cover the continent-wide population and are sensitive for climate 
change (Sallmannshofer et al., 2021a), this model type was taken to develop seed transfer zones 
(Sallmannshofer et al., 2020a; Sallmannshofer and Schüler, 2021). They aim to support forest and 
conservation managers in selecting tree origins already today, that are potentially suitable for future 
climate conditions. When the forest managersΩ thresholds are exceeded (Sallmannshofer et al., 2023), 
the following options described in (Sallmannshofer et al., 2021a, p. 12) should be considered:  

άΧ ŦƻǊŜǎǘ ŀƴŘ ŎƻƴǎŜǊǾŀǘƛƻƴ ƳŀƴŀƎŜƳŜƴǘ ƴŜŜŘǎ ǘƻ όƛύ ŜǾŀƭǳŀǘŜ ǘƘŜ ǎǇŜŎƛŜǎΩ ǇƻǘŜƴǘƛŀƭ ǘƻ ŀŘŀǇǘ 
to the changing environment, (ii) evaluate the artificial transfer of forest reproductive material 
from matching locations to speed up adaptation processes and reduce adaptation lags (Aitken 
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 passive measures 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 and negative experiences with the active introduction of non-
native tree species to riparian forests, such as Platanus orientalis, Juglans nigra, and Robinia 
pseudoacacia, as well as several non-native Populus species and their hybrids (Vítková et al., 
2017; Von Holle et al., 2013).έ 

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

Considering the management type as a predictor in nature-like and uneven-aged forests, fungi-
induced-leaf damage (de Groot et al., 2022), deadwood occurrence and decay stages increased (Oettel 
et al., 2022), while coppices and plantations were more susceptible to insect-induced leaf damage and 
deadwood was observed with lower frequency. Abundance of native saplings was more common in 
intensively managed forests like coppices or plantations (de Groot et al., 2022). Proximity to the river 
edge increased the abundance of alien species (de Groot et al., 2022) and it was also found that 
deadwood accumulated more frequently (Oettel et al., 2022), as both figures are strongly disturbance 
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driven. Increasing mean temperature and precipitation during the vegetation season decreased mean 
insect-induced leaf damage, while no association of macro climate data and fungi induced damage 
was found. Nevertheless, the micro-climate represented by a closed canopy cover was found to 
stimulate this type of damage (de Groot et al., 2022). Temperature positively affected deadwood 
volume and decay, while precipitation was negatively associated with the latter. Therefore, deadwood 
and observed leaf damage as a proxy for tree vitality cannot be associated with these results.  

Forest dynamics increase close to the river, represented by uneven-aged structures, deadwood 
observations, tree species composition, and non-native plant abundance. In these forests, natural 
processes in combination with external environmental changes lead to new forest compositions. To 
fulfil the ŀŎǘƻǊǎΩ expectations of the establishment of the TBR, that were assessed in the stakeholder 
analysis and which are primarily preserve and protect ecological and economic values and endangered 
species, active and future-orientated forest management will be required. 

4.3. Data and survey constraints 

4.3.1. Stakeholder survey 

In this study, the respondents assigned themselves to a stakeholder category by using the single-
ŎƘƻƛŎŜ ƻǇǘƛƻƴ άǎŜƭŜŎǘ ǘƘŜ ŎŀǘŜƎƻǊȅ ȅƻǳ Ŏŀƴ ōŜǎǘ ƛŘŜƴǘƛŦȅ ǿƛǘƘέΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ƛƴŘƛǾƛŘǳŀƭǎ Ƴŀȅ ƳŀǘŎƘ 
the criteria of multiple stakeholder categories. Furthermore, as the target groups were difficult to 
reach and it was impossible to create a database of all potential respondents for randomization, 
survey respondents were not chosen at random. The sample of respondents appears to be biased 
towards well educated and open-minded forest managers as well-established networks of forestry, 
forest sciences and conservation professionals were used to disseminate the survey. The derived 
results might therefore represent the opinion of decision-makers. Contrary to all efforts, quantitative 
differences remained in relation to the number and composition of respondents per 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 results. (Sallmannshofer 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 EU-Forest occurrence dataset includes the edges of continent-wide 
tree species distribution and is therefore frequently used for SDMs, it is limited to a resolution of 1 
km. More realistic fine-scaled 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 applied Soil Database (Van Liedekerke et al., 2006) of 1km spatial resolution 
cannot compete in accuracy with the other employed data, it potentially 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 power close to 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 allowed an increase 
in resolution and accuracy. One of the usual assumptions for SDMs is that occurrence data represent 
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the ecological niche of the respective species, but the spatial pattern and composition of European 
forests strongly reflect the anthropogenic influences (Boivin et al., 2016; Copenhaver-Parry et al., 
2017; Serra-Diaz et al., 2017). In addition, past river level changes might not be mirrored in the 
observed tree occurrences due to time lags in forest transformation, and a further change in river 
depth of 50 could result in more severe changes than predicted. The model may not have been 
sensitive enough to elevation modifications, as the predicted deepening of rivers only considerably 
affected two species. Furthermore, soil parameters connected to water supply have not been 
modified and channel 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., 2013), were not considered necessary for 
lowland forests. 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 and forecast probabilities of occurrence for both model types 
and all species were provided as supplementary material of the study. (Sallmannshofer et al., 2021a) 

4.3.3. State of the forests 

The field assessments were a strictly scheduled and comprehensive procedure conducted over two 
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 leading and supervising the entire 
field work in 2019, the author of this dissertation ensured consistency across all observations, despite 
the team members changing from country to country. Nevertheless, such a sampling is statistically 
not comparable to other large-scale forest inventories and the observed sampling areas are 
exemplary. Several assessment modules usually demand different sample amounts or procedures, but 
as a compromise between data gained and feasibility in terms of time and manpower, the field work 
manual (Sallmannshofer, 2019) was finalized after test runs in Austria. 

During the second observation period in 2019, all observations that demanded full foliage were carried 
out. Although these assessments took place in short succession, beginning in Serbia, where the 
vegetation season starts earlier and ending in Austria to assess the forests at 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 leaves. Their assignment to the pathogen 
frequently demanded leaf samples. This identification sampling turned out to be difficult as samples 
were taken from branches in a maximum height of 6m, but infestation patterns change from the lower 
shade to the upper crown. Furthermore, leaf damage in the upper crown of tall trees is difficult to 
identify even with binoculars. 

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

In the case of deadwood, relocation by flood events turned out to be an important vector in the field 
and the analysis (Oettel et al., 2020). Whenever possible, the species of recorded deadwood was 
assigned in the field. By relating old grown tree species with the accumulated deadwood 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 deadwood 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 in the field. Furthermore, the management type under consideration was 
assigned based on the visual impression of the forest without validation by the responsible forest 
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manager. Climate and soil data were interpolated and might not match the small-scaled pattern of 
diverse conditions found in the riparian forests. Furthermore, as stated in de Groot 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 (Desprez-Loustau et al. 2006; 
Hauptman et al. 2013). 

Regarding the analysis, data of leaf damage were presented in de Groot et al. (2022) to foster a 
comprehensive overview and several pieces of information recorded on single tree level were not 
considered in the analysis. Furthermore, considering mean values for overall leaf damages instead of 
species-specific damages could also be reason for a lack of correlation between insect damage and 
tree species richness as described in de Groot et al. (2022). 

Radial tree growth 

Considering only the subset of samples from active floodplains strongly reduced the sample size. 
Nevertheless, already a few drill samples can contain enough growth rings to lead to significant results, 
as comparable studies such as ~ƳŜƭƪƻ ŀƴŘ {ŎƘŜŜǊ όнлллύ have shown. Furthermore, hybrids (Fraxinus 
x intermedia) between F. excelsior and F. angustifolia occur in the study area, which can only be 
distinguished by genetic analysis (Gérard et al., 2006; Raddi, 2014). As mistakes in morphological 
identification are possible, a common growth model was also developed for both ash species, which 
however, did not lead to significant results. Detrending is frequently performed to eliminate low 
frequency variations due to age effects and competition, and the data are standardized to obtain a 
ringwidth-index (RWI) that represents growth variation by environmental conditions (Fritts, 2012; 
Heklau et al., 2019; Mäkinen et al., 2002; Mikac et al., 2018; Netsvetov et al., 2019, 2018; Rodríguez-
González et al., 2021; Skiadaresis et al., 2019; Trlin et al., 2021; Tumajer and Treml, 2016). In the case 
of this study, the remaining variation was too small. Furthermore, the sampled trees were biased 
towards more dominant individuals. This potentially resulted in the high variable importance of tree 
composition level for F. angustifolia. 
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5. Conclusion and practical implications 

This cross-disciplinary dissertation provides background knowledge to understand the management-
ecosystem complex and to support the development of management strategies fostering the 
resilience of riparian forests: 

The stakeholder survey highlighted optimistic expectations towards the establishment of the TBR. 
Nevertheless, a need for stakeholder information became obvious, especially explaining the concept 
and economic potential for the area. Considering the state of the forests, most stakeholders perceive 
them as deteriorating ς consistent to other results gained in this dissertation. Key problems, such as 
the need to tackle water dynamics, climate change and invasive alien species were broadly recognized. 
A positive mood towards an increasing cross-sectoral cooperation by the establishment of the TBR 
became apparent, that should be used to try to resolve conflicts between stakeholder groups. Group 
specific differences in open-mindedness, preferences, and antipathy, partly one-sided, should be 
tackled. Strategies to address common problems that arise in the area need to be developed using 
participatory approaches. 

Considering forest managers (forestry professionals, forest owners, conservation managers), the 
expected intensity of future changes is likely to increase by further observations of environmental 
changes in the field. Further environmental changes are broadly expected and 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, the characteristics of high education, 
frequent forest visits, and being female appeared beneficial for early adaption to environmental 
changes. The results further suggest that invasive non-native species need to be targeted more often 
in management. 

Due to the limited availability of environmental predictors and occurrence datasets, riparian forests 
as azonal forest communities have not been investigated in SDM yet. In this dissertation, two sets of 
species distribution models were developed, both specifying the ecological niches of riparian tree 
species and mapping large-scale as well as regional changes to species distribution. These tools are 
suitable for support decision-making at a local level, prioritization of conservation and restoration 
activities, and awareness raising. Severe habitat changes across the wider area of the TBR were 
predicted for F. excelsior, Q. robur, U. laevis, and U. minor and demand attention by forest 
management. Assisted migration is frequently seen as a possible strategy to support adaptation of 
forests to expected future climate. For this purpose, seed transfer zones were derived from the 
continent-wide climatic model and published. 

Nevertheless, the forests are not only threatened by the abiotic factors of changes in climate and 
water dynamics. The study on biotic threats showed that these impacts are influenced by the forest 
stand, management, site, and climate characteristics. Field data of defoliation by insects and fungi, 
alien herbaceous species, and native saplings were analysed in relation to stand data. Conclusions 
drawn from the results are, that closed forests with single-tree interventions are more successful at 
resisting an invasion by alien herbaceous species but are more vulnerable to fungi leaf damage, which 
is why multi-layer stands could theoretically be fostered. In such stands, insect-induced leaf damage 
occurred less often, but native saplings are less frequent too. 

The assessments of deadwood along the gradient of riparian forest types revealed several effects on 
occurrence and volume by forest management, temperature, and precipitation. Most interestingly, 
river distance appeared as a significant predictor variable. This association is driven by higher 
ecosystem dynamics close to the river, which include deadwood relocation and accumulation from 
flooding, among other parameters leading to increased deadwood occurrence. Therefore, common 
deadwood analysis as a proxy for naturalness of the riparian forest stands are less meaningful than in 
other ecosystems. 
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Radial tree growth analysis of three riparian key species allowed time series of river water levels 
dating back to 1953 to be related to annual growth. The results highlighted seasonal importance of 
the river water levels for all species and supported results from the SDMs regarding the importance 
of climate and river distance for riparian tree species. River management needs to counteract further 
alterations of the river systems and deepening of the riverbeds, as artificial water level changes and 
disconnections from the active floodplains negatively affect the riparian tree communities. 

During the field assessments, severe pests and diseases were recorded. They included for example C. 
arcuata, multiple Phytophtora species, and ash dieback. Considering C. arcuata, a rapid spread was 
identified, although infestation levels were lower in mixed forest stands, which should be targeted in 
the future. The survey on Phytophtora species revealed threats to the forest ecosystem that only few 
forest managers are aware of. Preventive measures need to target nurseries that frequently spread 
the species, disinfection of timber harvesting machines, and awareness raising. With the first 
observation of Hymenoscyphus fraxineus fruiting bodies and yet lower infestation levels in Serbia 
compared to the other countries of the TBR, a worsening of the situation could be expected there. In 
addition to silvicultural strategies to maintain resistant genotypes in the field, selection programs 
could be initiated to provide resistant reproductive material from south-eastern Europe as well. 

In summary, the UNESCO biosphere reserve framework appears to be a very effective tool to support 
sustainable forest management and conservation in the case study region along the Mura, Drava, and 
Danube. To promote the approach, a further exchange of knowledge between the stakeholders should 
be facilitated. Furthermore, such actions can reduce reservations between the groups and promote 
cross-sectoral communication and collaboration. Moreover, the new biosphere reserve needs to be 
advertised in external communication to establish sustainable tourism and to strengthen the region. 
The models of species distribution, biotic threats, and radial tree growth indicate that the riparian 
forests are under pressure and that future developments are very likely to aggravate the situation. 
Sustainable river management is one of the key factors for resilient riparian forests. Further 
degradation must be prevented urgently, and the reconnections of rivers with their floodplains need 
to be archived. Forest managers themselves are willing to adapt silviculture and conservation 
practices, but success requires further scientific support and holistic strategies that do not stop at 
national borders. Genetic monitoring, transboundary databases of forest reproductive material, its 
cross-border transfer, joint strategies against invasive pests and diseases, and other measures to 
safeguard forest health and genetic diversity appear essential.   
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