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Manter em pé o que resta não basta 

Que alguém vira derrubar o que resta 

O jeito é convencer quem devasta 

A respeitar a floresta 

 

Gilberto Gil – song, refloresta 

 

To keep standing what remains is not enough 

Because someone's going to tear down what's left 

The way is to convince those who devastate 

To respect the forest  



  



Preface 

 

The present thesis is the result of research activities carried out in several interdisciplinary 

research projects. It was written as a cumulative dissertation and consists of two sections. The 

first section contains an introduction to the topic, a description of the conceptual framework of 

the thesis, a synopsis of the research work and final conclusions. The second section is the 

appendix that consists of the eight articles that form the core of this thesis and a CV. Each of the 

articles is presented in the format of the print layout of the journal in which it was published.  
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Abstract 

 

Natural areas are able to perform several functions and provide multiple benefits for human well-

being. In view of growing pressures on the natural balance due to the increasing use of natural 

resources and the impacts of climate change, there is an urgent need for instruments and tools 

that help to better consider ecological services in decision-making processes. This thesis 

addresses the operationalisation of the two complementary concepts of green-blue infrastructure 

(GBI) and nature-based solutions (NbS). In particular, because the GBI and NbS concepts are very 

broad, there is a need for unified frameworks that support decision-making. Ecosystem service 

(ES) assessment approaches are presented that aim to support the design of NbS so that specific 

combinations of provisioning, regulating and cultural services can be achieved. Effects of 

ecosystem functions that are adverse to humans, the state of ecosystems and subsequent negative 

environmental impacts were also incorporated into the framework. Vegetation structures along 

railways and watercourses were addressed as GBI, for which there is a high demand for ES and 

which are subject to special technical requirements. The periodical survey of vegetation data by 

means of remote sensing technologies and subsequent data analysis guaranteed the 

quantification of ES on the one hand and the identification of risk areas on the other. In this 

context, one can speak of NbS, which have the potential to contribute to climate change adaptation 

and mitigation in addition to biodiversity conservation. Information about the multifunctional 

potentials of NbS, their demonstrable benefits and added values is the basis for technical 

standards in design and operationalisation. This work provides methodological approaches, for 

the installation of NbS and for the periodic monitoring and evaluation of the multifunctionality of 

GBI. This is a fundamental requirement, as these systems develop dynamically and, thus, their 

functionality also changes over time.  

 

Keywords: green-blue infrastructure; nature-based solutions; soil and water bioengineering; 

remote sensing; ecosystem services; lineside vegetation; riparian ecosystems; decision-making 

framework; multifunctionality  

 

 



  



Kurzfassung 

 

Naturräume erfüllen verschiedenste Funktionen und bieten vielfältigen Nutzen für das 

menschliche Wohlergehen. Angesichts wachsender Belastungen des Naturhaushaltes durch die 

zunehmende Nutzung natürlicher Ressourcen und der Auswirkungen des Klimawandels besteht 

ein dringender Bedarf an Instrumenten und Werkzeugen, die helfen, ökologische Leistungen in 

Entscheidungsprozessen besser zu berücksichtigen. Diese Arbeit befasst sich mit der 

Operationalisierung der beiden komplementären Konzepte der grün-blauen Infrastruktur (GBI) 

und der naturbasierten Lösungen (NbS). Aufgrund der sehr allgemeinen Ausrichtung beider 

Konzepte besteht ein Bedarf an einheitlichen Rahmenwerken. Es werden Ansätze zur Bewertung 

von Ökosystemdienstleistungen (ÖSD) vorgestellt, durch die die Planung von NbS unterstützt 

wird und spezifische Kombinationen bereitstellender, regulierender und kultureller ÖSD erreicht 

werden können. Auch nachteilige Wirkungen von Ökosystemfunktionen, der Zustand von 

Ökosystemen und mögliche negative Umweltauswirkungen wurden in das Rahmenwerk 

eingebunden. In dieser Arbeit werden Vegetationsstrukturen an Bahnanlagen und 

Fließgewässern behandelt, an die eine hohe Nachfrage an ÖSD besteht und die spezifischen 

technischen Anforderungen unterliegen. Die periodische Erhebung von Vegetationsdaten mittels 

Fernerkundungstechnologien und die anschließende Datenanalyse gewährleisteten zum einen 

die Quantifizierung von ÖSD und zum anderen die Identifizierung von Risikobereichen. In diesem 

Zusammenhang kann man von NbS sprechen, die das Potenzial haben, zur Anpassung und 

Minderung des Klimawandels sowie zur Erhaltung der Biodiversität beizutragen. Informationen 

über die Multifunktionalität von NbS sind die Grundlage für die Entwicklung technischer 

Standards. Diese Arbeit liefert methodische Ansätze, sowohl für die Installation von NbS als auch 

für das periodische Monitoring und die Bewertung, wodurch auch eine dynamische Entwicklung 

der Systeme berücksichtigt werden kann.  
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1 Introduction 

Natural systems are able to perform several functions and provide multiple benefits for human 

well-being. Against the background of increasing demands of the human being on limited natural 

resources, and in view of growing pressure on the natural balance, there is great demand for 

concepts that help to better consider ecological services in decision-making processes and to 

ensure sustainable land use. As a consequences of climate change and numerous anthropogenic 

stressors, the balance of nature is changing. This means that the natural systems themselves are 

under increasing pressure, leading to both a greater need for protection and a demand for 

management strategies adapted to changing circumstances. The accelerating climate and 

biodiversity crisis requires a progressive shift from the economistic, industrialisation paradigm 

to a sustainability paradigm, which entails fundamental changes in attitudes, action, organisation 

and regulation (Burns 2012).  

The need of re-framing human-nature relationships is evident and different approaches are 

discussed how to peruse this transformation. According to Massarella et al. (2021) there are three 

major conceptualisation for biodiversity conservation: (1) “naturalism” paradigm – 

transformation towards pre-existing states largely based on imaginaries of pre-human wilderness 

(2) the “post-wild” world concept - a shift away from the idea of wilderness as the basis of nature 

conservation towards the idea of a world in which humans and nature coexist in dynamic 

configurations, and (3) “just transformations” - the pursuit of justice, aiming for transformative 

change in sustaining a more just world for both humans and non-humans. In the political context 

the need for a transformative change is demonstrated by a range of water-soil, hydro-climatic, 

land-use and socio-political issues which have been noted by the international community. In 

2015, the resolution “Transforming our World: The 2030 Agenda for Sustainable Development” 

was adopted by the United Nations General Assembly and all 193 member states committed to its 

implementation. It contains the 17 Sustainable Development Goals (SDGs), which aim to 

contribute to a socially, ecologically and economically positive and urgent transformation of our 

world. A rethink of water policy is marked by the Water Framework Directive (200/60/EC, WFD) 

and the US Clean Water Act (US CWA), which together form a statutory framework for the 

protection and restoration of freshwater ecosystems. The European Commission has published a 

number of directives and regulations, notably the Birds Directive 2009/147/EC, the Habitats 

Directive (Council Directive 92/43/EEC) and the Regulation on Invasive Species (Regulation 

1143/2014), all of which have enormous implications for the management of ecosystems.  

It seems that the preservation and protection of healthy ecosystems has reached the status of a 

top political priority, but at the same time requires design and operational concepts that can 

provide solutions to the existing challenges. Two complementary concepts that are gaining 

political momentum and are increasingly being applied in both planning theory and policy are 
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that of “nature-based solutions” (NbS) and “green infrastructure” (GI) (e.g. Wright, 2011; Lennon, 

2014; Baró, 2016). The European Commission (2016) defines NbS as “solutions that are inspired 

and supported by nature, which are cost-effective, simultaneously provide environmental, social 

and economic benefits and help build resilience”. NbS is considered as an umbrella concept that 

covers a whole range of ecosystem-related approaches, all of which address societal challenges 

(Cohen-Shacham et al., 2016). GI is recognised as a tool for addressing needs for ecological 

preservation and environmental protection as well as societal needs in a complementary manner 

(Naumann et al., 2011) and therefore fits well the scope of NbS. As yet, there is no single widely 

recognised definition for GI, as different interests attach different environmental, social and 

economic meanings to the concept (Wright, 2011). But there are key underlying features and 

principles of the definitions, including connectivity, multifunctionality and smart conservation 

(EEA, 2011). The Green Infrastructure Strategy by the European Commission defines GI as a 

strategically planned network of natural and semi-natural areas with other environmental 

features designed and managed to deliver a wide range of ecosystem services. The concept 

incorporates both green and blue spaces and other physical features in terrestrial and marine 

areas (European Commission, 2013a). When aquatic ecosystems are included, the term green-

blue infrastructure (GBI) is commonly used.  

The present thesis employs the term GBI with a broader approach that includes not only 

environmental features but the whole landscape in assessment tools. This distinguishes it from 

the political concept of GBI which focuses on the connectivity of environmental areas but does not 

explicitly include the improvement of the ecological value of highly modified landscape elements 

such as agricultural landscapes or “grey infrastructure”. An isolated consideration of selected 

environmental characteristics could lead to a segregation of different landscape units and move 

already impaired areas even further out of the political focus. Ecological planning should not 

primarily focus on the conservation of natural spaces, but on improving the naturalness and 

ecological functionality of anthropogenic spaces. This also corresponds to the contemporary 

paradigm in ecology (Pickett, Parker and Fiedler, 1992), which conceives of natural systems as 

open and demands that they be put into context with their environment. The thematic focus of 

this work is on lineside vegetation and riparian vegetation, often referred to in the literature as 

GBI elements (e.g. Burdon et al., 2020; Lovell and Taylor, 2013). Scientific approaches for the 

periodic and multi-scale analysis of these vegetation systems are presented, which can support 

sustainable management.  

NbS can offer alternatives to conventional engineering approaches and have the potential to 

contribute to climate-change adaptation and mitigation whilst preserving biodiversity and 

contributing to the overall resilience of landscapes (Pauleit et al., 2017). However, the current lack 

of clear guidelines, according to which decision makers can assess the efficiency, effectiveness and 



 - 3 -  

sustainability of any particular NbS, is obstructing the upscaling of the concept in practice (Cohen-

Shacham et al., 2016). The techniques of soil and water bioengineering are well recognised to 

provide NbS for natural-hazard control or restoration of degraded areas (Furuta et al., 2016; 

Saltar et al., 2020;), to bridge natural and man-made environments and create networks and are 

therefore an effective tool in the implementation of GBI (Rey et a., 2014). Soil and water 

bioengineering is based on the combination of dead and living plant materials and the emerging 

positive synergistic effects. Accordingly, knowledge of the biotechnical properties of local plants 

(e.g. growth strength, hydraulic and mechanical resilience), as well as that of plant community 

processes (e.g. plants’ sociability and successional processes), is fundamental. Furthermore, the 

planning processes must consider short-, medium- and long-term effects of the structures. In this 

thesis, studies are presented that can contribute to decision making in soil and water 

bioengineering projects. 

Due to the complexity and breadth of the topic, case-specific tools are needed to implement the 

strategic NbS and GBI concepts. In fact, there is a lack of universally accepted evaluation methods 

and a large variety of terms and definitions used in the different relevant disciplines. A wide range 

of processes, effective on different temporal and spatial scales, make the identification of 

measurable criteria challenging. The GBI concept stresses the multifunctional characteristics of 

environmental features, but these functions can be difficult to assess as they are strongly 

correlated with the specific site conditions in question.  

The decision-making framework presented is aligned with the concept of ecosystem services (ES) 

and ES assessment tools are provided in this thesis. Through their multifunctional characteristics, 

GBI features can provide provisioning, regulating and cultural ecosystem services. The GBI 

features covered in this thesis are human influenced or human induced, and corresponding 

ecosystems are subject to management practices that support very specific functions. Through the 

ES framework, potential but as yet unrecognised or suppressed ecosystem capacities can be 

identified and the value of an ecosystem to society can be demonstrated. In this way, the thesis 

aims to support decision-making in ecosystem management. 

Lineside vegetation structures along infrastructure networks and riparian vegetation structures 

along river networks are linear and extensive landscape elements. For these landscape types, 

spatial data collection is complex. Due to their shape as vegetation strips that extend over a large 

area, the data must have a high spatial resolution and, at the same time, cover large areas. 

Furthermore, these areas are highly dynamic, due to biotic and abiotic natural processes as well 

as human disturbances. Therefore, a high temporal resolution of spatial data is required for design 

and management issues. A fundamental part in the field of ecosystem service research is mapping 

and modelling. The provision of ES is a process that is spatial in nature. The functions and 

processes that are responsible for ES production vary greatly in space and time and are scale 
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dependent (Ruskule et al., 2018). Maps are very important tools to communicate complex spatial 

information and to assess ecosystem service supply, flows and demand (Burkhard & Maes, 2017). 

In this thesis, a large-scale mapping and modelling approach for the ecosystem service assessment 

on GI lineside vegetation is presented. Based on the maps and models created, measures can be 

adapted and sustainable management of GI lineside vegetation can be supported. 

For practitioners, technical standards in design and operationalisation, demonstrable benefits 

and added values, as well as information on expected life-cycle costs are the basis for the broad 

application of NbS. The present thesis aims to contribute to a transfer of the theoretical concepts 

into practice. For this purpose, the individual components of the decision-making framework 

were applied in concrete case studies that comprise transdisciplinary research fields. The overall 

objectives of the thesis are to provide a praxis-oriented GBI assessment framework and to 

enhance the multifunctionality characteristics of GBI actions. To achieve this, the following 

research questions were designed and will be addressed in the articles presented below: 

[RQ 1]: Which data sources and data collection methods are suitable for the analysis of green-blue 

infrastructure features on different temporal and spatial scaling levels? 

[RQ 2]: Which modelling and mapping approaches can support the assessment of ecosystem 

services and disservices of green-blue infrastructure?   

[RQ 3]: How can technical issues and ecological pressures be identified and mitigated in the 

planning, construction and maintenance processes of nature-based solutions? 
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2 Conceptual and methodological framework  

Green-blue infrastructure (GBI) is a conceptual framework that interlinks various concepts to 

provide a more holistic understanding of the complex interrelations and dynamics of social-

ecological systems (Hansen and Pauleit, 2014). Each comprising concept has an integral role and 

is in relation to each other (Pakzad & Osmond, 2015). The concept of ecosystem services (ES) is a 

fundamental component in the assessment of GBI features and there is even a tendency to 

synthesize the GBI and ES theory into one framework (e.g. European Commission, 2013a). In 

accordance with “The Economics of Ecosystems and Biodiversity study” (TEEB, 2010) all direct 

and indirect contributions to human well-being are subsumed under the generic term ecosystem 

services.  

In the following, the decision-making framework that structures this thesis and its individual 

components is described (see Fig. 1): 

 

Fig. 1. Illustration of the decision-making framework that structures the thesis. 
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Villamagna et al., 2013 suggest to distinguish four ecosystem service deliverables and three 

ecosystem service categories. This clear categorisation should provide planners with better 

information for decision making. Accordingly, the presented decision-making framework 

distinguishes four ES delivery processes: 1.) ecosystem service capacity (an ecosystem’s potential 

to deliver services based on biophysical and social properties and functions), 2.) ecosystem 

service demand (the amount of a service required or desired by society), 3.) ecosystem service 

flow (the actual production or use of the service) and 4.) ecological pressures (anthropogenic and 

natural stressors that affect capacity or flow of benefits); and three ES categories: 1.) provisioning 

(e.g. timber, drinking water), 2.) regulating (e.g. erosion and flood control, water purification) and 

3.) cultural (e.g. building of knowledge, recreation).  

As a further component of the ecosystem service flow, disservices are included. In accordance 

with Baró et al., (2016), disservices are only considered as endpoints and not as intermediate 

ecological processes. For example, the development of riparian vegetation is part of the 

functioning of the riparian ecosystem and is linked to various ecological processes. Damage by 

driftwood could be a potential endpoint that is causing damages to infrastructure and disservices. 

At the same time, deadwood is an important component in aquatic systems by providing habitats. 

Furthermore, there are a myriad of ecosystem services associated with riparian vegetation. When 

it comes to the management of anthropized ecosystems it is crucial to consider both ecosystem 

services and disservices. Emphasising only the benefits that ecosystems provide is likely to result 

in ignoring these negative impacts.   

The development of anthropized ecosystems and consequently their capacity to supply ES is 

highly connected to human activities. The following definition of Burkhard et al., (2012) describes 

this well: “Ecosystem services are the contributions of ecosystem structure and function – in 

combination with other inputs – to human well-being”. This definition incorporates 

anthropogenic inputs within the ES concept and provides the link to nature-based solutions (NbS). 

The state of the ecosystem and the supply of ecosystem functions can be influenced by both human 

inputs and exerted ecological pressures on the environment. Due to the dynamic nature of GBI 

features, a planning cycle with four components - monitoring, detection, assessment and 

objectives - is integrated into the decision-making framework. It is important that alternatives 

and options (including the zero option) are considered in the assessment process. Throughout the 

planning cycle, the target-oriented adaptation of inputs to the respective development status of 

the GBI elements should be supported. 
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3 Presentation of the articles 

The articles presented are the result of interdisciplinary research activities and are based on 

experiences from national and international research projects. In the following, the background 

and aims as well as the methods used and the results achieved in the articles are briefly presented:  

 

 

Article [1]: Hoerbinger, S., Obriejetan, M., Rauch, H.P., Immitzer, M. (2020). Assessment of 

safety-relevant woody vegetation structures along railway corridors. Ecological Engineering, 

Volume 158, 106048. 

Background and aims: This article presents follow-up research to article [2], with a focus on 

technical issues related to the safe operation of rail traffic. Both studies were carried out on the 

same railway section and are based on high-resolution geo-data that are collected periodically by 

the local authorities. The aim of the study was to create a large-scale model of the safety-relevant 

vegetation and thereby support tree care management and contribute to maintaining safe and 

functional lineside vegetation. 

Methods: The basis for the study was accurate surface and terrain data, from which precise 

models of the lineside vegetation and the railway corridor were created. Through proximity 

analyses, woody vegetation elements were identified that were tall enough and close enough to 

strike the railway infrastructure in the case of failure. To indicate the areas of the railway corridor 

where trees pose a potential risk to the railway, the falling curves of the safety-relevant vegetation 

were calculated. The analyses were performed with data from two years. A vegetation risk index 

(VRI) was calculated to make the results more comparable and to visualise the assessed risk for 

individual sections of the railway corridor. For the calculation of the VRI, evaluation units were 

created along the corridor and the proportional area of safety-relevant vegetation was assessed 

for each evaluation unit. Based on the VRI, the distribution of safety-relevant was analysed. 

Results: By combining airborne laser scanning data and high-resolution orthophotos, the safety-

relevant vegetation was successfully mapped and railway sections with increased risk could be 

identified. It was shown that lineside vegetation is dynamic and that there are considerable 

changes in its composition over time. Through the VRI, it was visualised that there are both 

sections of high presence and sections where safety-relevant vegetation is completely absent. The 

methodology developed is based on widely available geospatial data and is applicable on a large  

scale, which is a major advantage over UAV (unmanned aerial vehicle).  The study has confirmed 

that airborne remote sensing technologies can provide very valuable data for large-scale lineside 

vegetation assessments.  
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Relevance to the thesis and relation to the research questions (RQ): 

- Presentation of modelling and mapping approaches as tools for assessing potential risks 

and ecosystem disservices related to GI lineside vegetation (RQ1). 

- Testing of with high temporal and spatial resolution for their application in GI lineside 

vegetation management (RQ2).  

Contribution of Stephan Hörbinger: Conceptualization, methodology, investigation, software, 

visualization, writing- original draft preparation. 
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Article [2]: Hoerbinger, S., Immitzer, M., Obriejetan, M. Rauch, H.P. (2018). GIS-based 

assessment of ecosystem service demand concerning green infrastructure line-side 

vegetation. Ecological Engineering, Volume 121, 114-123. 

Background and aims: The article is built on the research activities carried out within the research 

project "Greenslopes". In this project, extensive research was carried out with the aim of 

optimising the maintenance management of vegetation in railway corridors. The need for further 

research into approaches for large-scale and simultaneously high-resolution linear vegetation 

analyses became apparent during the project work. The article follows on from this and presents 

a module-based green infrastructure (GI) and ecosystem service (ES) assessment approach that 

is built on high-resolution remote sensing data.  

Methods: A GIS-based methodological approach for the ecosystem service demand assessment 

(ESDA) of GI lineside elements was developed. Object-based image analyses and the Random 

Forest classifier were used for land cover classification. Detailed land-cover and thematic maps 

were created and an ESDA concerning “structural landscape diversity” and “water and climate 

regulation” was performed at a study site.  

Results: The results of the publication represent the composition of landscape types, the 

distribution of GI lineside elements, vegetation landscape features and hotspots of land 

consumption in the study area. Although the mapping of lineside vegetation is challenging due to 

its linear extension, different lineside vegetation types could be successfully mapped. The analysis 

of the distribution of lineside elements showed their significant potential to enhance “structural 

landscape diversity”. Furthermore, basic information concerning the potential of lineside 

vegetation to provide “water and climate regulation” was created. 

Relevance to the thesis and relation to the research questions (RQ):  

- Presentation of large scale ecosystem service demand assessment (RQ1). 

- Analysis of ecosystem service capacity of GI lineside vegetation (RQ1). 

- Testing of remote sensing datasets for use in GI lineside vegetation management (RQ2). 

Contribution of Stephan Hörbinger: Conceptualization, methodology, investigation, software, 

visualization, writing- original draft preparation. 
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Article [3]: Li, J., Hoerbinger, S., Weissteiner, C., Peng, L., Rauch, H.P., (2020).  River restoration 

challenges with a specific view on hydromorphology. Frontiers of Structural and Civil 

Engineering, Volume 14, 1033–1038. 

Background and aims: Within the interdisciplinary research project "Nanxi18" the application of 

European hydromorphological assessment methods in Chinese river basins was investigated. 

Complementary to the project work, a literature review on hydromorphological assessment 

methods and their application in the context of river restoration was prepared together with 

Chinese partners. The aim of the article is to give an overview of the state-of-the-art of 

hydromorphological assessment methods and their use in river restoration measures.  

Methods: The article is based on analysis of state-of-the-art hydromorphological assessment 

methods in the context of their application in river restoration. First, the development of the most 

commonly used hydromorphological assessment methods were summarised. The key concepts of 

the different methods were assessed and their applicability for river restoration was discussed. 

Two research projects are used to give brief examples of the application of hydromorphological 

assessments in Chinese rivers and to demonstrate their role in river restoration. 

Results: The main ecological pressures on river systems are discussed with a specific focus on 

Chinese rivers. A socio-ecological approach for urban rivers is proposed which is based on the 

dynamic structure of river systems and incorporates societal, physical, chemical and biotic factors 

as well as their cumulative, antagonistic and synergistic effects. 

Relevance to the thesis and relation to the research questions (RQ): 

- Presentation of assessment methodologies and data collection strategies to identify 

ecological pressures on river basin scale (RQ1). 

- Discussion of ecological pressures, restoration measures and water management 

strategies (RQ3). 

Contribution of Stephan Hörbinger: Conceptualization, investigation. 
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Article [4]: Rauch, H.P., Sutili, F.J., Hörbinger, S., (2014). Installation of a Riparian Forest by 

Means of Soil Bio Engineering Techniques — Monitoring Results from a River Restoration 

Work in Southern Brazil. Open Journal of Forestry, Volume 4, No. 2, 161-169; ISSN 2163-0429. 

Background and aims: During research stays at the Universidade Federal de Santa Maria in 

southern Brazil in 2013 and 2019/2020, I was able to conduct basic and practice-oriented 

research in the field of soil and water bioengineering. In this article, monitoring results of a soil 

and water bioengineering river restoration work are presented. Both the development of the 

species used and the effectiveness of the structures applied were studied. A particular added value 

of this research is that this intervention was one of the first soil and water bioengineering 

riverbank restoration works implemented in Brazil and the findings from the study may be useful 

for similar future projects. In 2019/2020, we monitored the long-term development of the 

intervention. The results have not yet been published but are briefly described in this thesis.  

Methods: The study is based on two onsite vegetation surveys and an evaluation of the applied 

structures and its effectiveness. In the vegetation surveys, the applied species in the soil and water 

bioengineering construction were examined for their ability to establish in the riverbank. The 

structures were assessed in terms of effective erosion control and their condition.   

Results: As a whole, the intervention was assessed as functional and safe. This means that the 

embankment is well protected and no imminent failure should be expected.  Several native species 

showed good growth development and proved suitable for bank stabilisation works. From the 

first to the second vegetation survey, the proportion of spontaneous vegetation increased 

significantly. The strong increase of spontaneous vegetation is undesirable due to less flood 

resistance and its further development must be monitored. 

Relevance to the thesis and relation to the research questions (RQ): 

- Development of a monitoring approach to evaluate the technical functionality of a nature-

based solution (RQ1 and RQ3). 

- Demonstration of regulating ecosystem services of soil and water bioengineering 

constructions (RQ3).  

Contribution of Stephan Hörbinger: Conceptualization, methodology, investigation, visualization, 

writing- original draft preparation 
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Article [5]: Hoerbinger, S., M. Rauch, H.P. (2019). A Case Study: The Implementation of a 

Nature-Based Engineering Solution to Restore a Fallopia japonica-Dominated Brook 

Embankment. Open Journal of Forestry, Volume 9, No. 3, 183-194; ISSN 2163-0429. 

Background and aims: Invasive alien plants (IAPs) exert pressure on the riparian system and its 

management is an urgent matter in the discipline of soil and water bioengineering. One of the 

worst invasive plants worldwide is Fallopia Japonica “knotweed”, which can severely impact 

ecosystem functions provided by riparian vegetation. While a primary aim of weed management 

is to reduce the population of an invasive plant species, the goal of the nature-based engineering 

solution (NABES) presented in this article is to reinstall native riparian forests and to restore 

ecosystem functioning. The concept of NABES is to support the implemented species by frequent 

removal of the invader’s shoots until the native vegetation represses the invasive plant by root 

competition and shadow pressure. 

Methods: A willow brush mattress (a common technique for controlling riverbank erosion) was 

constructed on a Fallopia japonica-dominated brook embankment. The species Salix purpurea was 

used due to its high ecological amplitude and excellent soil biotechnical properties. At regular 

intervals, the knotweed shoots were removed and the dry biomass determined in the laboratory. 

In addition, the development of the plants was monitored by photo-based analysis of the cover 

ratio. 

Results: The strongest biomass production of F. japonica was observed in the months April and 

May. Even though the temporal interval between shoot removal was increased, shoot production 

decreased sharply and almost stopped in August. Branches of S. purpurea in contact with the water 

of the brook showed good development while branches without water contact partly did not 

sprout. By the removal of knotweed shoots, the development of S. purpurea could be effectively 

supported. Further research will be needed to monitor the long-term development of the plants 

and to support the timing at which maintenance measures are most efficient. 

Relevance to the thesis and relation to the research questions (RQ): 

- Assessment of the suitability of nature-based solutions to mitigate ecological pressures 

from invasive alien plants (RQ3).  

- Presentation of monitoring approaches to evaluate the plants development in nature-

based solutions (RQ1).  

Contribution of Stephan Hörbinger: Conceptualization, methodology, investigation, visualization, 

writing- original draft preparation 
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Article [6]: von der Thannen, M., Hoerbinger, S., Paratscha, P., Smutny, R., Rauch, H.P., Strauss, 

A. (2016). Energy balance and global warming potential of soil bioengineering structures. 

[IALCCE 2016 (Int. Association for Life-Cycle Civil Engineering), Delft, NL, OKT 16-19, 2016] 

in: Jaap Bakker. Dan M. Frangopol, Klaas van Breugel (Eds.), Life-Cycle of Engineering 

Systems: Emphasis on Sustainable Civil Infrastructure; ISBN: 978-1-138-02847-0. 

Background and aims: Although soil and water bioengineering is characterized as an ecological 

construction technique, there are no methods that allow an assessment of potential 

environmental impacts. In the articles [6, 7 and 8], methodological approaches of life cycle 

assessments (LCA) for the evaluation of soil and water bioengineering structures are presented. 

The aim of the studies was to adapt the already well-established method of LCA to the field of soil 

and water bioengineering and provide a tool for a more holistic evaluation of its structure types. 

The articles were published as part of the research project "E-Protect - Energy Balance and Global 

Warming Potential of Alpine Protective Structures". Article [6] provides the basic concept for a 

life cycle assessment model in soil and water bioengineering. 

Methods: A systematic scheme with differentiation of the natural hazard processes for soil and 

water bioengineering constructions has been developed.  The standardised LCA method of ISO 

14040 was used as the basis for an Environmental LCA in the discipline of soil and water 

bioengineering. Available databases within the Open LCA software were identified that provide 

relevant data for the different construction types. The life cycle phases of soil and water 

bioengineering projects were structured and a decision path was created.   

Results: Through the developed scheme, a list of required materials for each soil and water 

bioengineering construction type is provided. This information is necessary as input data for LCA 

models and working with the OpenLCA software. This article provides the basis and conceptional 

considerations of an Environmental LCA model for soil and water bioengineering structures. 

Relevance to the thesis and relation to the research questions (RQ): 

- Presentation of the basic concept for a life cycle assessment model in soil and water 

bioengineering (RQ2). 

- Preparation of an LCA approach for use in the planning and construction phase of soil and 

water bioengineering constructions (RQ3).  

Contribution of Stephan Hörbinger: Conceptualization, investigation. 
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Article [7]: von der Thannen, M., Hoerbinger, S., Paratscha, R., Smutny, R., Lampalzer, T., 

Strauss, A., Rauch H.P. (2017). Development of an environmental life cycle assessment model 

for soil bioengineering constructions, European Journal of Environmental and Civil 

Engineering, DOI: 10.1080/19648189.2017.1369460. 

Background and aims: In this article, the developed LCA method is applied in practice to evaluate 

soil and water bioengineering structures with regard to their energy consumption during the 

construction phase. 

Methods: A soil and water bioengineering construction site for the revitalisation of an inner-city 

watercourse was analysed using the LCA method. Three different types of structures were 

investigated and the system boundary was defined as "cradle-to-gate". The focus was on the 

analysis of environmental impacts during the construction phase. Environmental impacts were 

assessed on the basis of the cumulative energy input. 

Results: It was possible to identify environmental impacts that arise during the construction of 

soil and water bioengineering structures. In the case study, most of the energy was used for the 

construction machinery. However, it also became clear that the use phase is essential for the 

overall assessment of soil and water bioengineering structures. 

Relevance to the thesis and relation to the research questions (RQ): 

- Investigation of the energy consumption of exemplary soil and water bioengineering and 

conventional engineering constructions (RQ3). 

- Investigation of the applicability of the LCA modelling approach to assess environmental 

impacts associated with the construction of soil and water bioengineering structures 

(RQ3).   

Contribution of Stephan Hörbinger: Conceptualization, investigation.  
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Article [8]: von der Thannen, M., Hoerbinger, S., Paratscha, P., Lampalzer, T., Smutny, R., 

Strauss, A., Rauch H.P. (2018). Development of a concept for a holistic LCA model for soil 

bioengineering structures. The Sixth Int. Symposium on Life-Cycle Civil Engineering (IALCCE 

2018), Ghent, BE, OCT 28-31, 2018. In: Robby Caspeele, Luc Taerwe & Dan M. Frangopol (Eds.), 

Life-Cycle Analysis and Assessment in Civil Engineering: Towards an Integrated Vision, ISBN: 

978-1-138-62633-1. 

Background and aims: The application of LCA models for soil and water bioengineering 

construction materials and structures is complex because the building state changes due to the 

dynamic development of the living plant materials. Since the degree of function as well as the 

energy demand differ greatly over time, it is imperative to consider the entire lifetime of a 

structure. The aim of the study was to design a conceptual LCA model that considers both the 

functions and environmental impacts of soil and water bioengineering structures over their 

lifespan. 

Methods: A conceptual approach for an LCA model was developed that is applicable to the entire 

lifespan of soil and water bioengineering structures. Building on articles [6 and 7], which 

primarily addressed the used products and construction phases, the focus here is on an evaluation 

of the use phase. This includes maintenance work as well as the lifespan of the building materials.  

Results:  A first concept for the holistic assessment of soil and water bioengineering structures in 

an LCA model is presented. This also includes the use phase, which is highly relevant due to the 

dynamic development of the structures. The study also showed that the use phase of the different 

soil and water bioengineering construction types depends strongly on the necessary maintenance 

measures. This study can serve as a basis for future studies in which the lifetime of structures with 

living plant material is analysed in more detail. In addition, future studies should take into 

consideration the further utilisation of biomass produced during maintenance work and the 

ecosystem services which are provided by soil and water bioengineering systems.  

Relevance to the thesis and relation to the research questions (RQ): 

- Presentation of a conceptual LCA modelling approach that considers both functions and 

environmental impacts associated with soil and water bioengineering constructions 

(RQ3).  

Contribution of Stephan Hörbinger: Conceptualization, investigation.  
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4 Thematic context of the articles 

This thesis consists of case studies that cover a wide range of data collection techniques and 

strategies that explore specific issues in the implementation of nature-based solutions (NbS). The 

presented approaches are module-based methodological frameworks [articles 1 and 2], designed 

as concurrent and consecutive models [articles 6 to 8] and combine assessment methods for large 

spatial scales [articles 1, 2 and 3] with site-specific NbS [articles 4 and 5]. Its underlying methods 

can be used in a complementary fashion and can also be transferred to other fields of application.  

Data on both large-scale entities, such as the arrangement of landscape elements or land-use units, 

and ecological processes are fundamental for the assessment of various ecosystem services and 

trade-offs. GIS-based methods and models have been developed to integrate landscape structures 

and geographical context into the decision-making framework. In combination, articles [1] and 

[2] provide decision-making bases that include socio-ecological (e.g. increasing structural 

landscape diversity) and technical components (e.g. identifying safety-relevant vegetation). When 

it comes to the implementation and maintenance of NbS, knowledge of the technical properties 

and the temporal development of the measures is crucial. Article [4] provides a methodological 

approach to monitor the long-term development of a NbS. Based on multi-level spatial and 

temporal information, development goals for NbS and the measures necessary to achieve them 

can be defined. New technologies (e.g. automated measurements and sample collections, 

geographic information systems, remote sensing) can support the monitoring of measures and 

provide a basis for assessing ecosystem services at different scales. 

Consideration of ecological pressures is an important component of the decision-making 

framework and is incorporated into the thesis at different levels. Hydromorphological processes 

and assessment approaches on river basin scale are addressed in article [3]. Knowledge of the 

hydromorphological status of a river is a basis for planning and implementing restoration 

measures. NbS, such as soil and water bioengineering techniques, can be employed to restore 

areas infested with invasive alien plants [article 5] or degraded areas, and offers a "soft" 

alternative to conventional hazard control methods [article 4]. The use of living and natural 

construction material is associated with difficulties in determining resistance thresholds and 

estimating the service life of a structure. Besides engineering functions, there are also a variety of 

ecosystem services attributed to soil and water bioengineering (e.g. aesthetical values, 

biodiversity promotion) that can be difficult to assess and quantify. An important component in 

the assessment of the dynamic development of soil and water bioengineering measures are 

monitoring concepts designed to evaluate different functions over a longer period of time. 

The implementation of "soft" techniques also means an intervention in nature and the use of 

resources. Therefore, the planning process should be based on clearly defined objectives, which 
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provide the basis for an efficient and low-impact implementation of the measures. Also, a zero 

option should be considered.  Increased transparency of impacts is pursued through the LCA 

models presented. First, the basics for an LCA model in soil and water bioengineering were 

elaborated and the application was prepared in the planning phase [article 6]. Following on from 

this, article [7] presents a case study of the application of a LCA model on a soil and water 

bioengineering construction site. Article [8] shows a conceptual approach for an evaluation of the 

use phase of soil and water bioengineering structure types. The maintenance measures associated 

with the different types of structures are taken into consideration, which is a basis for a holistic 

life cycle assessment. 
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5 Syntheses  

Having been distinguished into the components of ecosystem service delivery, the methodologies 

and results of the articles were assembled to build up a decision-making framework. Nature-based 

solutions (NbS) are linked with each ecosystem service component and the decision-making 

processing steps.    

5.1 Ecosystem service capacities  

In the design and managing of green-blue infrastructure (GBI), knowledge of the ecosystem 

service capacities of different GBI features is crucial. Based on this, NbS can be designed to 

promote and sustain specific ecosystem functions. Figure 2 provides a general overview of 

potential ecosystem functions provided by green infrastructure (GI) lineside vegetation and GBI 

riparian vegetation. 

 

Fig. 2. Exemplary ecosystem functions and ecosystem services provided by nature-based solutions.  



 - 19 -  

Articles [1] and [2], address functions of GI lineside vegetation and its capacity to provide multiple 

ecosystem services. GI lineside vegetation provides several functions that contribute to the 

provision of safe railway operations. Amongst them are the improvement of the embankments 

and cuttings, erosion control or the protection from natural hazards. It is important to consider 

that the different functions are interdependent or synergistic. For instance, soil formation and 

water regulation influence the stabilisation of embankments.  

The capacity to deliver an ecosystem service is strongly related to site-specific conditions. GI 

lineside vegetation can also cause high maintenance costs or pose severe safety risks. To detect 

safety-relevant vegetation along railway corridors a large-scale assessment approach was 

developed that is based on high-resolution geo-data. Based on precise models, a proximity 

analysis was performed to assess elements of woody vegetation in a railway corridor that is tall 

enough and close enough to strike the railway infrastructure in the case of failure. As additional 

information to assess the potential risk, the model distinguishes between vegetation types and 

the geometric position of identified safety-relevant vegetation in the railway corridor. Figure 3 

shows the results at an exemplary railway section: the mapped safety-relevant vegetation, the 

affected railway track and a cross section of the railway.  The created maps show both the safety-

relevant vegetation within the railway corridor and all vegetation that is not safety-relevant and 

consequently can provide a wide range of ecosystem services, which are not solely linked to the 

operational performance of the railway [article 1].  

 

Fig. 3. Results at an exemplary railway section: (a) The colour infrared (CIR) orthophotos (b), the canopy 
height model (CHM) with both the identified safety-relevant vegetation structures and the pruning zone 
within the falling curves and (c), the airborne laser scanning (ALS) point cloud of a cross section (2 m width) 
of the railway corridor. 
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At the same railway section, a second study with the aim of developing ecosystem service 

assessment approaches was performed [article 2]. The emphasis was put on assessing the 

capacity of GI lineside vegetation to provide ecosystem services that are not related to the 

operational performance of rail traffic. Although GI lineside vegetation systems are disturbed or 

semi-natural ecosystems, they can provide important structural landscape elements. In 

environments with a high degree of sealing (e.g. urban environments), GI lineside vegetation can 

provide a significant supply of climate and water regulating services. By using high-resolution 

geo-data, GI lineside vegetation structures were mapped and detailed land cover maps were 

created (see Figure 4). In relation to the surrounding environment, the ecosystem service capacity 

of GI lineside vegetation was quantified in the categories “water and climate regulation” and 

“structural landscape diversity”. 

 

Fig. 4. Dominant land cover map of the study site and mapped GI line-side elements. 

In the field of soil and water bioengineering, knowledge about the capacity of the species used to 

provide technical functions is fundamental to the successful implementation of an intervention. 

The case study presented in article [4] examines the capacity of local riparian species and soil and 

water bioengineering structures to stabilize an eroding riverbank. Figure 5 illustrates a sectional 

view of the engineered biological soil construction under investigation. The development of the 

construction is shown later in figure 7. Species potentially capable of withstanding high hydraulic 

shear stresses and growing under extreme growth conditions were tested for their applicability 

in soil and water bioengineering structures. Auxiliary materials were used to protect the plants 

until they established well and undertook technical functions. In sections of augmented hydraulic 

loads (at the toe of the embankment) more solid auxiliary materials were used to provide 

permanent support of the construction. By means of vegetation surveys, the technical 

performance of species was examined. Additionally, the structures of the reinforcement work and 

its effectiveness in different development phases were evaluated. On the basis of the monitoring 

results, riparian species of the Atlantic Forest Biome could be identified that proved to be 

appropriate for slope reinforcement intervention projects. 
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Fig. 5. Sectional view, illustrating a soil and water bioengineering riverbank restoration work in southern 
Brazil (Sutili, 2010). 

5.2 Ecological pressures 

The assessment of ecological pressures is an essential component in the planning and 

management of NbS. Ecological pressures are affecting the ecological integrity, biodiversity and 

the functions of an ecosystem. The success of NbS can be adversely affected by ecological 

pressures. At the same time, NbS can be implemented as a response to ecological pressures and 

to restore affected ecosystems.  

Human activities have a huge impact on the hydromorphlogical conditions of rivers and its 

ecosystems. At present, many rivers, almost throughout the world, are heavily modified and in a 

morphologically degraded state. The hydromorphological functions of a riverine ecosystem are a 

key element for its health and capacity to provide ecosystem services. When evaluating the status 

and the integrity of a river corridor, hydromorphological assessment approaches are useful tools. 

In article [3] different sources of hydromorphological pressure and its impacts are addressed. A 

literature overview of hydromorphological assessment methods and their application in the 

context of river restoration is presented. These methods are increasingly applied in the 

assessment of the ecological condition of surface water bodies and to support river management. 

By means of hydromorphological assessments, large-scale processes and channel dynamics can 

be integrated in the planning of restoration projects.  

 The health of a riparian ecosystem is closely linked to the presence of site-appropriate and native 

vegetation. Invasive alien plants impact multiple ecosystem functions provided by riparian 

vegetation and jeopardise river systems. They are a pressure on the riparian system by 
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themselves, often with a major impact if they act in combination with other pressures. A nature-

based engineering technique presented in article [5] aims to provide a sustainable control method 

for Fallopia japonica. The intervention comprises immediate erosion control by the auxiliaries to 

prevent further downstream colonization and active support of the natural vegetation until it can 

repress the knotweeds by root competition and shadow pressure. In this way, the ecological 

pressure exerted by the invasive alien plants should be reduced and the functioning of the 

ecosystem restored. 

The application of NbS does not only result in positive ecological benefits, but also constitutes an 

intervention in nature. A methodical approach was developed to make potential negative 

environmental impacts of soil and water bioengineering constructions transparent and 

quantifiable [articles 6, 7 and 8]. The studies showed that the use of LCA models for soil and water 

bioengineering building materials and structures is complex, since building state changes along 

with the dynamic development of living plant materials. As the functional grade as well as the 

energy demand differ strongly along time, it is absolutely necessary to consider the whole lifespan 

of a structure. Conventional structures are characterized by a high-energy input in the 

construction phase and a high functional grade directly after being constructed. During the 

operational phase, the constructions have to be restored in order to maintain their functional 

integrity. In this process, energy has to be expended. At the same time, the initially obtained 

functionality cannot be re-established due to a decrease in the strength of materials. After a 

certain time, the construction has to be removed and rebuilt. The construction materials can 

possibly be recycled or reused. On the other hand, considering bioengineering structures, the 

majority of the energy input is required during the construction phase. This is mainly due to the 

cumulative energy demand of the inert materials used and the machinery [article 7]. During the 

operational phase of the structure, maintenance work has to be done in order to maintain the 

protective properties of the used plants. Through measures like cutting the vegetation back to the 

trunk, energy will be put into the system (through machine use etc.), but will also be put out in the 

form of biomass. Additionally, carbon is sequestered by the biomass production of the plants. In 

contrast to conventional protective structures, soil and water bioengineering approaches are 

designed to have a subsequent use phase. This means that, after the actual lifespan of the 

construction, a stable vegetation stand should have developed that maintains its balance through 

natural succession (i.e. by dynamic self–control, without artificial input of energy).  

5.3 Ecosystem service demand  

In terms of effective GBI management, knowledge about the demand for specific functions is 

crucial when it comes to the implementation of measures. On the basis of known demands, specific 

target systems can be defined and supported by adapted inputs.  
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The technical requirements and, therefore, the demand on specific vegetation functions of lineside 

vegetation is closely correlated with its distance to the railway track and the geometric properties 

of the railway corridor. Based on the model presented in article [1], site-specific requirements 

that result from the position of a vegetation element in the railway corridor were mapped. This 

information can be useful in defining target vegetation systems and in supporting the 

management of measures. In article [2] a site-specific ecosystem service demand assessment is 

presented. A detailed mapping of GI lineside vegetation structures and the surrounding land cover 

formed the basis for the analysis. The demand for the ecosystem service “structural landscape 

diversity” was assessed by the evaluation of the statistical distribution of the coverage area of 

vegetation elements in the surroundings, and in the zone adjacent to the railway track. In this way, 

it was possible to identify sections of the railway where vegetation structures similar to the 

lineside vegetation were represented on a low level or absent. Consequently, a greater demand 

for services regarding the structural landscape diversity could be assumed for the respective 

railway section. In a next step, the surface sealing degree of the surrounding environment of the 

railway corridor was assessed. With a high degree of sealing, a demand for water- and climate-

regulating services can be assumed.  

At the site of the intervention, as presented in article [4], a continuous process of erosion and bank 

mass failure caused very steep angles in the embankment that prevented the vegetation from 

establishing itself spontaneously. The erosion process was initiated in the course of the 

construction of a water pipeline when the river axis was deflected towards the left bank. The soil 

and water bioengineering project was implemented as an alternative to a conventional “grey” 

river bank protection. Therefore, the primary demand on the installed riparian vegetation was 

and is to provide the river-bank with protection. Further demands, that are not directly related to 

the technical functionality for river bank stabilisation (e.g. regulating runoff, habitat for natural 

communities) were not included in the scope of the study.  

5.4 Ecosystem service flow 

The term ecosystem service flow involves the services and disservices that are experienced by 

people. Quantified and mapped ecosystem services and disservices, as well as consistently 

described ecosystem service processes, can support decision-making sovereignty. An 

understanding of ecosystem flows and their visualisation is a basis for the application of the NbS 

and GBI concepts. 

GI lineside vegetation must be continuously monitored and maintained, which incurs substantial 

costs and resource expenditures. Remote sensing analysis [article 1] can support tree-care 

management in railway corridors and contribute to maintaining safe and functional GI lineside 

vegetation. On the basis of high-resolution geo-data, all woody vegetation elements that constitute 
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potentials risk to the railway facilities were mapped as they can cause disservices, due to their 

proximity to the railway track or height. A vegetation risk index (VRI) was developed, which can 

be used to evaluate railway sections with regard to the presence of safety-relevant vegetation. On 

the basis of change analyses, the dynamic development of the safety-relevant vegetation along the 

railway corridor was analysed between the years 2012 and 2017. The results show significant VRI 

changes, which demonstrates a dynamic development of safety-relevant vegetation and 

considerable changes in the composition of lineside vegetation over time. This also reveals that 

the flow of ecosystem services can shift over time from disservice to service and vice versa. It 

should be noted that safety-relevant vegetation does not solely pose risks but can also provide 

important functions for the safety of the railway infrastructure related to natural hazards and 

bank stability. At the same study site, a variety of lineside vegetation structures with high coverage 

area was mapped [article 2]. A high presence of lineside vegetation structures was found in areas 

with a high demand for water and climate regulating services, such as urban environments. 

Ecosystem services such as cooling effects on the surrounding built-up area, provision of air 

humidity, binding of dust, lowering of air temperature and reduction of wind speed can be 

provided by these GI lineside vegetation structures. Furthermore, GI lineside vegetation 

structures proved to be of contrasting characteristics to its surroundings. When similar structures 

are absent in the surrounding environment, lineside vegetation could significantly contribute to 

enhancing the structural landscape diversity. For example, through groups of shrubs and trees in 

rural-dominated landscapes or herbaceous vegetation structures in forest-dominated 

environments. Figure 6 shows an exemplary section of the study site and results of the two 

modules presented. It illustrates the results of the land cover analysis that provide an overview of 

the characteristics of the surrounding environment and display an overall description of the 

landscape composition. This gives a quick overview of the state of structural landscape diversity, 

and allows demand tendencies be assessed. The section to the right of the figure shows the safety-

relevant vegetation in the railway corridor.  In the upper part of the figure (a.) there is safety-

relevant vegetation, while in the lower part (b.) there are woody structures that do not pose a 

safety risk due to their height and proximity to the railway track. As the dominant land cover type 

in this section is “rural dominated”, there is great potential for woody lineside vegetation to 

contribute to increasing the structural landscape diversity in this section. 
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Fig. 6. Exemplary section of the study site: Dominant land cover within the evaluation units, providing basic 
information for the Ecosystem Service Demand Assessment (ESDA) concerning “Structural landscape 
diversity” (left). Section with present safety-relevant vegetation (a.) and woody structures that do not pose 
a safety risk due to their height and proximity to the railway track (b.). 

The monitoring results of the soil and water bioengineering intervention showed that both 

technical, as well as ecological functions, were fulfilled [article 4]. Three years after its 

establishment, the installed riparian forest provided bank protection against erosion and created 

new ecological habitats. Although the primary objective of the study was to evaluate the technical 

functionality of the structure, additional values could be observed. In the vegetation surveys, rare 

plant species that were established during the construction or that later colonised the 

embankment were recorded. This shows that the construction is providing a suitable living space 

for plants and it can be reasonably assumed that also habitats for wild animals have been created. 

The spontaneous establishment of new plant species was enabled by both the constructive 

measures (e.g. correction of the top angle, toe erosion protection) and the amelioration of site 

conditions by the used species (e.g. improvement of soil and microclimatic conditions). Sediment 

deposition was also observed, which is probably related to increased roughness due to the 

vegetation cover. 

In a study ten years after the intervention (unpublished), further positive development of the 

structure in terms of bank stability, soil ecosystem formation and plant species richness were 

surveyed. The invasive alien plant species Pennisetum purpureum, which was still present at the 

time of the 2013 survey, has been pushed back completely. Figure 7 shows the development of 

the embankment from an eroding river bank to a stable riparian forest. During the ten years of the 

survey, no maintenance work was necessary to preserve the function of the structure. 
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Fig. 7. Illustration of the process flow of a nature-based solution on the example of a riverbank restoration 
in southern Brazil. Embankment before the implementation of reinforcement works (Sutili, 2010), three 
years and ten years after its completion. 
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6 Discussion 

Green-blue infrastructure (GBI) elements are manifold, ranging from small-scale structures up to 

extensive landscape elements, and can be constantly changing due to prevailing physical and 

biological conditions or human disturbances. The presented studies show that multi-level 

information and data are needed and usually case-specific methods have to be developed to 

operationalise the GBI and NbS strategies. Particularly because the GBI concept is very broad, 

there is a need for unified frameworks that support decision-making processes. Although the 

concept of ecosystems as infrastructure has become established in academia there is no consensus 

on how to name and define this type of infrastructure (Cardoso da Silva and Wheeler, 2017). The 

aim of the present work is not to provide a new formalisation of the GBI concept. Rather, the work 

provides tools and scientific approaches to assess lineside vegetation structures and riparian 

vegetation structures at different scales. In this way, the work seeks to promote an expansion of 

the GBI concept. The tools provided enable the integration of all landscape entities into 

consideration and no longer limit the focus to natural and semi-natural ecosystems.  

6.1 Ecosystem service assessment 

The presented framework specifically addresses the fields of ecological engineering and 

landscape planning and is designed for its application in the context of GBI features that are highly 

influenced by anthropogenic activities. According to Baró et al., (2017), the ecosystem service (ES) 

framework is a useful tool that helps decision makers define policies to achieve specific 

combinations of provisioning, regulating, cultural services, disservices and ecosystem state, and 

that promotes service delivery whilst mitigating subsequent negative environmental impacts. For 

this reason, the presented decision-making framework was very much aligned with the concept 

of ES. To avoid overlooking the potential negative impacts of ecosystems, it is particularly 

important to consider ecosystem disservices when deciding on measures and defining target 

systems. A one-sided approach could limit the added value of an action or even have negative 

effects. The inclusion of disservices in the assessment framework is also important in the 

argumentation of measures, as its exclusion can easily lead to controversy and criticism from 

actors and practitioners who are confronted with the concrete impacts of ecosystems (Lyytimäki 

2014). For stakeholders, maps and models can be helpful tools to identify areas of conflict and 

define adapted management strategies. Based on spatial analysis, cross-sectoral interactions, 

synergies and trade-offs, such as the impact on one ES as a result of alterations in another, can be 

integrated into decision making (Burkhard & Maes, 2017).  

In intensely used areas, where human-environmental interaction is on a high level, the 

requirements for GBI elements are heterogeneous and there are specific technical conditions to 

be considered in their management. GBI elements can provide several ES when they are in a 
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healthy state and especially in areas of intensive human use there is a high demand for these 

services. At the same time, human actions and pressures impact the “functioning” of ecosystems 

when ecological processes are altered. This interaction often leads to discrepancies in the demand 

and supply of ES, thus showing the exchange feature of this dynamic. The inclusion of ecological 

pressures in the decision-making framework aims to emphasise the correlation of ecosystem 

health and ES capacity.  

The studies have shown that nature-based solutions (NbS) have the potential to improve the 

ecosystem state of GBI, which is the basis for ecosystem functioning. Furthermore, NbS proved to 

be suitable for engineering purposes, where not only technical but also environmental, 

sustainable and socio-economic aspects are taken into account. Environmental LCA models that 

can support institutional feasibility to implement policies (e.g. Green Public Procurement) are 

effective tools in decision-making processes in the field of NbS. This is particularly important in 

cost-benefit analyses, wherein NbS such as soil and water bioengineering measures perform in 

many ways worse than conventional technical measures. In the case of an engineered design, the 

service life can be estimated approximately, whereas this is more difficult in the case of an 

engineered biological design. In addition, engineering designs achieve their desired benefits 

immediately. Engineered biological designs, on the other hand, require a certain amount of time 

to fully achieve the desired benefits. This, in turn, has a bad effect on the cost-benefit analysis, as 

benefits that accrue late are devalued in the balance sheet (Grossmann, 2010). However, 

especially in the delivery of intangible benefits and ES, NbS often have an advantage over 

conventional engineered constructions. One example of a major positive but still under-

appreciated impact of soil and water bioengineering practices is the carbon sequestration 

provided by the plants used. Through re-vegetation, a large positive benefit is provided in 

mitigating climate change. Land with vegetation cover holds more carbon in its soils and biomass 

than land with sparse vegetation or no vegetation (Post and Kwon, 2000). The rate of carbon 

sequestration in slow-growing forests is low and maintaining the carbon pool by minimising 

forest disturbance is important (Jandl and Schindlbacher, 2014). As trees reach maturity, their 

CO2 sequestration potential decreases (associated with a decrease in their growth rate). Willows, 

which are a key species for implementing soil and water bioengineering, produce high amounts 

of biomass and effectively sequester carbon. By continuously rejuvenating willow shrubs, they 

retain their optimal sequestration capacity (Volk et al., 2004). According to Rugani et al., (2019) 

the integration of ES into life cycle assessments can improve both the identification of trade-offs 

and synergies and foster the identification of new intermediate and final beneficiaries. The results 

of the studies can contribute to the definition of technical standards in planning and operation of 

NbS, to the visualisation of benefits and added values as well as to the estimation of expected life 

cycle costs. 
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6.2 Multi-scale data acquisition and analysis 

The practical applicability of the GBI concept depends on the availability of comprehensive data 

sets and indicators as well as on the accurate aggregation of the information. During data 

acquisition, geo-biophysical structures and processes as well as societal aspects must be taken 

into account. One major challenge is the different spatial and temporal scale of the required data 

sources.  

Remote sensing techniques can contribute to meeting various data requirements in the context of 

the GBI assessments. They provide a wide range of spatial data and offer flexible and efficient 

options for computer-aided data extraction, data analysis and data modelling. The main advantage 

compared to pointwise field inventories is the potential of area-wide mapping and a cost-effective 

way to collect diverse environmental data of large corridor areas. Thus, these techniques also have 

great potential for identifying and quantifying ecological pressures. For example, the use of 

remote sensing technologies can improve the early detection of invasive alien plants and promote 

more efficient and cost-effective management. Remote sensing can offer the timely and fast 

detection of individual species, and can assist in the monitoring of eradication efforts (Dvořák et 

al., 2015). Compared to traditional extensive field campaigns, remote sensing facilitates coverage 

of considerable areas, whilst being significantly less resource intensive (Underwood et al., 2003). 

This is of high value, as current research activities analysing the dispersion patterns of invasive 

alien plants and modelling future scenarios related to climate change lack reliable data on their 

actual occurrence. In this thesis, state-of-the-art hydromorphological assessment approaches are 

presented, which are applied in collecting comprehensive information on the physical and 

biological conditions of river systems. Hydromorphological data can provide information on the 

overall status of rivers and floodplains and form the basis for restoration and management 

measures. Such studies are conducted at the river basin scale, which presents significant 

challenges in terms of data collection. The use of remote sensing technologies can significantly 

increase the spatial coverage of the morphological information gathered by field campaigns. It is 

also of increasing importance in hydromorphological assessment approaches and helps support 

sustainable management of rivers (Bizzi et al., 2016).  

Throughout the life cycle of NbS, different data and information are required on both landscape- 

and site-level. This includes data on abiotic (e.g. climate, soil) and biotic (e.g. plant interaction, 

tree size) factors or components that shape an ecosystem. With regard to the anticipated 

ecosystem functions, specific data are required in the GBI management. The survey methods 

presented in this thesis provide a basis for investigating the long-term development of soil and 

water bioengineering projects. The results of the investigations provide information on the 

establishment of the plants used and their biotechnical properties, the durability of the structures 

as well as the environmental balance of the materials used and the construction process.  
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7 Conclusions and outlook 

Due to the thematic range that the concepts of green-blue infrastructure (GBI) and nature-based 

solutions (NbS) encompass, it is challenging to define universal assessment methods. It has to be 

noted that the concepts provide a foundation for political strategies but do not themselves provide 

technical or application-related solutions. Rather, the concepts can be considered as an umbrella 

under which different research disciplines cohere and interact. The tools and scientific 

approaches presented in this thesis can help to promote multifunctionality in vegetation 

management. It is shown that even highly modified landscape elements, such as lineside 

vegetation structures, can provide multiple ecosystem services. Thus it is important to include the 

globality of the landscape, irrespective of its more or less anthropogenic influence or modification, 

in the context of GBI assessments.  

Natural systems are manifold, perform different functions and can provide several ecosystem 

services. At the same time, there can be specific technical requirements that have to be considered 

in its management. Both studied GBI groups – green infrastructure (GI) lineside vegetation and 

GBI riparian vegetation – showed specific characteristics and different social requirements that 

are however highly variable within the groups. Analytical frameworks based on GIS technologies 

have been created for modelling and mapping of ecosystem services provided by GI lineside 

vegetation structures. A module-based tool was developed to identify areas of conflict where GI 

lineside vegetation structures pose a concrete risk in a railway corridor. Based on this, a 

methodological approach was presented for the assessment of selected ecosystem services. The 

studies are a component for quantifying ecosystem services, which is an essential step towards 

operationalising the GBI concept. The combination of standard geo-data, such as periodically 

collected orthophotos and accurate airborne laser scanning data (ALS) with state-of-the-art 

analysis tools, proved to be a suitable method for multi-scale GBI analyses. The presented 

approaches are based on widely available geo-data and can be applied to different linear 

landscape elements and analytical focuses.  

The need for holistic approaches is exemplified by countless ecosystems that have been reduced 

to a few functions (e.g. rivers as transporters of mainly water and sediments), leading to 

degradation and environmental problems. Geospatial analyses form a basis for understanding the 

mechanisms involved in linking GBI networks to the larger landscape. In this way, complex 

ecosystem processes can be integrated into decision-making processes and the multifunctionality 

of GBI structures enhanced. In the planning of river restoration projects, hydromorphological 

assessments can provide data and information to integrate large-scale processes and channel 

dynamics into the design of interventions. Furthermore, it gives the basis for assessing ecological 

responses to restoration measures. Only if ecosystems are in a healthy state can their 

multifunctionality be in effect. In the context of this thesis, no specific assessments of NbS 
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measures were carried out with regard to their influence on the development of biodiversity or 

the resilience of ecosystems. The further development of Environmental LCA models and 

assessment methods is a promising approach for integrating the ecological conditions into the 

decision-making process.  

Soil and water bioengineering techniques fulfil technical as well as ecological functions and are a 

suitable means to provide NbS. The construction techniques are based on the principle of 

combining dead and living materials and the resulting positive synergy effects. A holistic 

assessment of soil and water bioengineering interventions is complex due to the dynamic 

development of structures, the different technical properties of building materials and the 

multiple ecological functions associated with them. The monitoring results of a soil and water 

bioengineering design presented in this thesis provide valuable information on suitable plants 

and construction types for alternative riverbank restoration works. Furthermore, the potential of 

soil and water bioengineering interventions to control invasive alien plants and restore ecosystem 

functions was demonstrated. It has to be noted that also the use of "soft" techniques means an 

intervention in nature and the use of resources. The presented LCA models for soil and water 

bioengineering constructions provide a tool for assessing the sustainability performance of 

interventions. 

In conclusion, the presented studies constitute tools that support holistic management strategies 

for natural and semi-natural ecosystems. With this thesis, a decision-making framework is 

presented through which operationalisation of GBI and NbS strategies should be promoted. 

Based on the findings of this thesis, the following continuative research activities are proposed:   

 developing data collection strategies that combine large-scale and on-site information on 

green-blue infrastructure and its management; 

 establishing further indicators to assess ecosystem services provided by nature-based 

solutions at different life-cycle phases; 

 the extension and advancement of geospatial models to support consistent assessment 

approaches of ecosystem services;  

 developing standardised methods for identifying the costs and benefits of nature-based 

solutions. 
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