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I 

Zusammenfassung 

Mit dem weltweiten Bevölkerungswachstum sowie veränderten Konsumverhalten ist der 

Bedarf an natürlichen Ressourcen und Energie gestiegen. Die zunehmende Urbanisierung und 

Verstädterung, die wirtschaftlichen Verflechtungen und die Globalisierung verschärfen die 

Situation und lassen die Nachfrage weiter steigen. Infolgedessen haben sich viele nicht 

nachhaltige Praktiken in der Land- und Forstwirtschaft, im Bergbau und in der 

Energieerzeugung entwickelt, die zu einer veränderten Flächennutzung, einem allgemeinen 

Raubbau an den natürlichen Ressourcen, einer ineffizienten Abfallwirtschaft und 

Umweltverschmutzung sowie Biodiversitätsverlust führen. Der Zustand unserer Ökosysteme 

verschlechtert sich schneller denn je, wodurch die Fähigkeit der Ökosysteme, lebenswichtige 

Ökosystemleistungen bereitzustellen, ernsthaft beeinträchtigt wird.  

Mit dem Begriff Ökosystemleistungen werden alle Beiträge von Ökosystemen auf das 

menschliche Wohlbefinden zusammengefasst. Ökosystemleistungen können den Menschen 

direkt oder indirekt zugutekommen, sei es wirtschaftlich, materiell, oder in Form einer 

Stärkung ihrer mentalen und körperlichen Gesundheit. Da sich der Rückgang der 

Ökosystemleistungen negativ auf das menschliche Wohlbefinden auswirkt, fordern 

engagierte Umweltschützer*innen, Wissenschaftler*innen sowie zwischenstaatliche 

Organisationen zunehmend den Schutz und die Wiederherstellung der Ökosysteme und ihrer 

Leistungen. 

Das Konzept der Ökosystemleistungen stellt ein sehr aktives Forschungsfeld dar, da es sich mit 

den gesellschaftlichen Herausforderungen im Zusammenhang mit dem Klimawandel, dem 

Verlust der biologischen Vielfalt, der Umweltverschmutzung, der nicht nachhaltigen 

Landnutzung und der Umweltgerechtigkeit auseinandersetzt. Trotz der wachsenden Anzahl 

an Forschungsaktivitäten wird das Konzept der Ökosystemleistungen in der Politik und 

Entscheidungsfindung bisher nur im begrenzten Maße genutzt. Zwei der Hauptfaktoren, die 

dafür verantwortlich sind, sind die anhaltenden konzeptionellen Herausforderungen und die 

Anwendungsbarrieren, die gegenwärtig mit den Ansätzen zur Bewertung und räumlichen 

Darstellung von Ökosystemleistungen verbunden sind. 

Die vorliegende Dissertation hebt diese konzeptuellen und methodischen Unsicherheiten und 

Herausforderungen im urbanen Kontext hervor und betrachtet folgende Forschungsfragen 

näher: 

1. Welche Trends lassen sich bei der Erfassung und Bewertung von Ökosystemleistungen 

in städtischen Gebieten beobachten? 

2. Welche konzeptionellen Herausforderungen bestehen bei der räumlichen Erfassung 

von Ökosystemleistungsangebot und -nachfrage? 

3. Mit welchen Problemen sind die derzeitigen Ansätze zur Erfassung und Bewertung von 

Ökosystemleistungen konfrontiert und wie können diese am besten überwunden 

werden?  



 

II 

Abstract 

Global population growth and changes in consumer behaviour have led to an increased 

requirement for energy and natural resources. The rise in urbanisation, economic 

interdependencies and globalisation exacerbates the situation and further increases the 

demand. As a result, many unsustainable practices in agriculture, forestry, mining and energy 

generation have emerged, leading to land-use changes, a general overexploitation of natural 

resources, inefficient waste management and pollution. The state of our ecosystems and 

global biodiversity are deteriorating faster than ever and this is having a severe impact upon 

the ability of ecosystems to provide services. 

Ecosystem services is a term used to cover all the contributions ecosystems make to human 

well-being. Ecosystem services can directly or indirectly benefit people, be it economically, 

materially or in terms of improving their mental and physical health. As the decline of 

ecosystem services has a negative impact on human well-being, dedicated environmentalists, 

scientists and intergovernmental organisations are increasingly calling for the protection and 

restoration of ecosystems and their services. 

There is a very active research field engaged with the ecosystem services concept, which 

addresses the social challenges related to climate change, biodiversity loss, pollution, 

unsustainable land use and environmental justice. Despite the growing number of studies 

assessing and mapping ecosystem services, the ecosystem services concept has as yet only 

been able to have a limited impact upon real-world policy and decision-making. Two of the 

main factors responsible for this are the persistent conceptual challenges and application 

barriers currently inherent to ES mapping approaches. 

This thesis emphasises these conceptual and methodological uncertainties and challenges in 

an urban context and considers the following research questions in more detail: 

1. What are the trends in mapping and assessing ecosystem services in urban areas? 

2. What are the conceptual challenges in mapping ecosystem service supply and demand 

in urban regions? 

3. What issues do current ecosystem service mapping approaches face and how can 

these best be overcome? 

 

Schlagwörter: Ökosystemleistungen; Räumliche Erfassung von Ökosystemleistungen; 

Stadtregion 

Keywords: Ecosystem services; ecosystem services mapping; urban regions 
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1. Introduction

1.1. General introduction and research objectives 
The world has become increasingly urbanised. In the past 50 years, the world’s population has more 

than doubled from 3.7 billion to 7.8 billion people (1970 – 2020, UN 2019a), and the worldwide 

percentage of people living in urban areas changed in the same years from 37 % to 56 % (UN 2019b). 

The United Nations World Urbanisation Prospects estimates and projects a population growth to 9.77 

billion people in 2050 with roughly two thirds (68 %) living in urban areas (UN 2019b). There is a variety 

of reasons for the ongoing urbanisation. Cities provide economic and employment opportunities, 

health care and education, the attraction of an urban  lifestyle and access to various cultural offers 

(Moore et al., 2003). Despite the fact that urban areas cover only a small amount of the global 

terrestrial area, they have far-reaching impacts on biodiversity, ecosystem condition and the climate 

system on local and global scales (IPBES, 2019; Kalnay and Cai, 2003; McDonald et al., 2008; Millennium 

Ecosystem Assessment, 2005a). For example, it has been estimated, that urban areas use up to 70 % 

of global energy and contribute between 70-80 % global energy-related emissions (Seto et al., 2014). 

Urban growth is often accompanied by a densification of inner-city areas and suburbanisation 

(Johnson, 2001; Nechyba and Walsh, 2004). This kind of urban development – also referred as urban 

sprawl – takes often place extensively and partly unregulated into rural areas (Johnson, 2001; Nuissl 

and Siedetop, 2021). In some local areas, this expansion of built-up areas has already directly and 

indirectly led to a loss of more than 80 % of natural habitats (Ke et al., 2018).  

All over the world, cities are facing a series of environmental challenges that impact urban population 

safety, health and well-being (Grover and Singh, 2020). For example, urban areas are vulnerable to 

environmental extreme events (like heat waves, heavy rainfall events), whose intensity and frequency 

are expected to rise with climate change (IPBES, 2019; United Nations, 2015). But also other factors 

such as increased exposure to waste, air pollution, contaminated drinking water or noise, place human 

health at risk (Moore et al., 2003). Furthermore, sedentary and inactive lifestyles, social exclusion 

(Dahlberg and McKee, 2018; Li and Rose, 2017) or loneliness (Scharf and Jong Gierveld, 2008) have 

negative physiological and psychological impacts on the well-being of the urban population (Pacione, 

2003). Currently, the COVID-19 pandemic has highlighted the urgent need for a transition to greener 

urban systems. Many countries around the world imposed severe restrictions to prevent the rapid 

spread of the COVID-19 virus, including the closure of cultural and recreational facilities, travel bans, 

lockdowns, and restrictive quarantines. These measures and restrictions changed the perception and 

use of nature. For example, public urban green spaces were one of the remaining places where leisure 

activities and social interactions were still allowed, which led to a significant increase in use (Venter et 

al., 2020). For many city dwellers, however, the benefits of urban nature were out of reach because 

they were either inaccessible or unavailable to them. In 2020, it has been estimated that only 45 % of 

the world's urban population had access to a public urban green space within 400 metres distance 

(United Nations, 2022b).  

Policy-makers, practitioners, and researchers are giving increasing attention to a more sustainable, 

resilient, and liveable city. Global commitments such as the Sustainable Development Goals (SDG)  

(United Nations, 2022a), the Paris Agreement on Climate Change (United Nations, 2016), New Urban 

Agenda (United Nations Human Settlements Programme, 2022), or Sendai Framework for Disaster Risk 

Reduction (United Nations, 2015) are addressing many of the social and environmental challenges in 
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urban areas. In the European Union (EU), sustainable urban development is targeted, among others, 

in the Urban Agenda for the EU (European Union, 2016), the Green Infrastructure Strategy (European 

Commission, 2019), the EU Biodiversity Strategy  (European Commission, 2020, 2011), and the 

perspectives on Nature-Based Solutions (European Commission, 2015; Maes et al., 2016b; Szkop et al., 

2021). 

The concept of Ecosystem Services (ES) illustrates the human dependence on functioning ecosystems 

in good condition. ES describe ecosystems' direct and indirect contributions to human well-being 

(Potschin-Young et al., 2018). These contributions include natural services and goods that bring direct 

or indirect economic, material, health or psychological benefits to humans (The Economics of 

Ecosystems and Biodiversity, 2010). The ES concept thus emphasises the importance of ecosystems in 

a holistic manner: ecosystems provide humans with numerous provisioning (like food, raw materials), 

regulating and maintaining (like local climate regulation, pollination), and cultural ES (like nature-based 

recreation activities) (Potschin-Young et al., 2018, see Chapter 1.3). 

In this context, the ES concept brings the opportunity to highlight and communicate the dependency 

of urban citizens on healthy ecosystems. Urban nature, urban green spaces and the adjacent rural 

areas can be understood as integral parts of urban areas where complex interactions, 

interdependencies, and feedbacks take place between people and their environment (Andersson et 

al., 2014; Maes et al., 2016b). However, many ES used in urban areas (such as drinking water, food, 

raw material, mediation of waste and toxins) originate in distant locations. Market goods and products 

in particular are transported or can flow through built infrastructures (like water pipelines, 

transportation routes) into urban areas. These products and goods can be provided by ecosystems 

surrounding cities or from even further distanced ecosystems (Kleemann et al., 2020; Schröter et al., 

2018). However, with this spatial disconnection, urban dwellers are in danger of losing the direct links 

between the final ES and the ecosystems of origin (Gómez-Baggethun and Barton, 2013). Rapid 

urbanisation means that large parts of the world's population have less direct contact with nature 

(Soga and Gaston, 2016). Many people, especially children, often spend their leisure time with virtual 

activities, such as watching TV, playing computer games or using the Internet (Ballouard et al., 2011). 

Consequently, urban societies are increasingly losing awareness of human dependence on healthy 

ecosystems, which impacts how people interact with nature and diminishes the wide range of physical 

and psychological benefits from many ES (Soga and Gaston, 2016). This alienation, often termed as 

"extinction of experience" (Miller, 2005; Pyle, 1993; Soga et al., 2016), may lead to less attention to 

the conservation and protection of ecosystems, biodiversity and climate.  

This "cycle of disaffection toward nature" (Soga and Gaston, 2016) can create serious problems, as a 

lack of available or poorly accessible ecosystems that provide ES has implications for human safety and 

health (McKinney and VerBerkmoes, 2020), sustainability (Seto et al., 2017), and/or environmental 

justice (Mullin et al., 2018). Combined with the challenges of climate change, this can increase 

environmental risks (such as extreme heat, floods) as well as tensions and conflicts within the urban 

population if the required ES are not accessible in desired quantities and qualities or are unequally 

distributed over space and time (IPBES, 2019). Therefore, policy, decision-makers, planners and urban 

citizens need to gain awareness of the multiple urban ES and related benefits (Andersson et al., 2014).  

ES mapping is considered an important tool to support policies and decision-making processes related 

to sustainable urban and regional planning, environmental protection, climate adaptation, green 

infrastructure development and maintenance, and resource management (Maes et al., 2015). A wide 
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range of ES mapping methodologies and assessment frameworks have been developed to address the 

growing interest of policy and decision-makers. Attention to the ES concept in research and practice 

has grown, particularly with its implementation in international treaties, strategies, and environmental 

accounting frameworks (European Commission, 2011; Millennium Ecosystem Assessment, 2005a; The 

Economics of Ecosystems and Biodiversity, 2010; United Nations, 2021; United Nations, 1992).  

However, the impact of ES maps or ES mapping processes on policy and decision-making is still limited 

(Grunewald et al., 2021; Root-Bernstein and Jaksic, 2017). This is because scientists, practitioners, 

policy-makers, and users from other public and private sectors encounter numerous challenges with 

the mapping process, also described as "bottlenecks of ES mapping" (Palomo et al., 2018).  

One important barrier can be identified in the ES concept itself. The ES concept consists of a plethora 

of terms and their definitions (see Chapter 1.3). The conceptual understanding and use of ES 

terminology differ among researchers and map-makers, leading to different ES mapping results, 

reduced comparability, and confusion (Honey-Rosés and Pendleton, 2013; Potschin-Young et al., 2018; 

United Nations, 2021). Another well-known barrier is the "limited availability or access to accurate, 

trustworthy, and affordable data in the required format and at an appropriate spatial or temporal 

resolution for the entire area of interest" (Palomo et al., 2018, p.7). This obstacle is closely related to 

the challenge of selecting an appropriate methodology with suitable indicators and data (Harrison et 

al., 2017; Jacobs et al., 2017; Palomo et al., 2018).  

That these "bottlenecks" directly affect the success of applications of the ES concept is evident when 

looking at the 2020 Biodiversity Strategy. Within this strategy, all member states of the European 

Union were called to conserve and restore ecosystems and their services. To achieve this goal, they 

needed to improve their knowledge of the status of their ecosystems and assess and map ES by 2014 

(Target 2, Action 5 (European Commission, 2011)). However, this aim was only partially successfully 

achieved (European Commission, 2020). In retrospect, the completion of the target was hampered by 

inter alia conceptual and methodological difficulties within the ES concept (European Commission, 

2020). 

The overall objective of this dissertation is, therefore, to improve the conceptual and methodological 

understanding of mapping ES on urban and regional scales. Specifically, this thesis aims to answer the 

following research questions: 

1. What are the trends in mapping and assessing ecosystem services in urban areas? 

2. What are the conceptual challenges in mapping ecosystem service supply and demand in 

urban regions? 

3. What application obstacles do commonly applied ecosystem service mapping approaches 

face and how can these best be overcome? 

The following subchapters of Chapter 1 (Introduction) provide further background information of the 

ES concept, describe the conceptual framework and introduce briefly the applied methods of this 

thesis. The objective and research questions are addressed in the five original articles that have been 

peer-reviewed (or are in the process of being peer-reviewed). The original articles are presented in 

Chapters 2 – 6. The Synthesis (Chapter 7) provides answers to the three research questions. 

Furthermore, this Chapter presents the main conclusions as well as an outlook for future research. 
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1.2. Short history of the ecosystem services concept 
Our ancestors understood the importance of nature for human well-being. For example, Plato 

described the impact of healthy forests on fertile soil and drinking water availability (Daily, 1997). In 

human history, however, there are many examples where societies ignored the importance of healthy 

ecosystems or biodiversity and most likely disappeared due to overuse of natural resources, loss of 

biodiversity, and changing climatic conditions (Diamond, 2005, 2011; Fisher et al., 2009). Early 

scientific notions of the value of ecosystems can be found in the 17th century (Gómez-Baggethun et al., 

2010). Famous (pre-) classical economists like Adam Smith or Karl Marx acknowledged and addressed 

the importance of nature for economic prosperity (Gómez-Baggethun et al., 2010). In the 19th century, 

George P. Marsh portrayed this economic importance in his 1864 book "Man and Nature", which 

Mooney and Ehrlich (1997) marked as one of the first mentions of modern concerns about ecosystem 

degradation.  

The modern history of the ES concept begins in the 1970s. In 1977, Walter E. Westman proposed in his 

article to assess and enumerate the social value of the so-called nature's services (Westman 1977). The 

idea was to present ecosystem functions as beneficial services to increase public support for 

biodiversity conservation (Gómez-Baggethun et al., 2010). Ehrlich and Ehrlich (1981) were the first who 

introduced the term ecosystem services, which is still used today.  

In the 1990s, scientists started to increasingly assess and quantify the economic values of ecosystem 

services (i.e. Daily, 1997). Particular interest generated, for example, an article by Costanza et al. 

(1997), which attempted to quantify the total economic value of the world's ES and natural capital. 

The Millennium Ecosystem Assessment (MEA) had a strong impact on political interest in the ES 

concept and boosted scientific research activities (Fisher et al., 2009; Gómez-Baggethun et al., 2010; 

Maes et al., 2020). More than 1300 scientists worldwide worked on the MEA, which provided scientific 

appraisal of the world's ecosystem conditions and trends and reported them in fifteen thematic 

reports (MEA, 2005b). The loss and degradation of healthy ecosystems and their services and the 

anticipated impact on future human well-being were key messages for decision-makers (MEA, 2005a). 

In order to be able to monitor these developments more closely and to support decision-makers in 

taking appropriate action, the scientists called for intensified research on the measurement, modelling 

and mapping of ecosystem services (MEA, 2005a). For this purpose, several ideas and initial proposals 

for action have been detailed in A Framework for Assessment (MEA, 2003). Back then, the scientists 

emphasised that the ES concept itself and the assessments were still in the initial stages of 

development and that more research was needed (Fisher et al., 2009). Since then, the concept has 

evolved from the ecological, socio-cultural and economic perspectives, and has also been reflected in 

the emerging definitions and methodological approaches (de Groot et al., 2017). 

The ecosystem services concept has continued to be included in important positions on the policy 

agenda. In 2007, the international initiative The Economics of Ecosystems and Biodiversity (TEEB) was 

launched at the G8+5 Potsdam Meeting of Environment Ministers. One key objective was to highlight 

the global economic values of ES and biodiversity and to protect them more effectively from 

destruction and overexploitation. The findings of this initiative were published in a series of thematic 

reports (TEEB, 2010). TEEB also published a guidance manual for national or sub-national studies (TEEB 

2013), enabling the publication of countrywide studies.  

Back in 1992, the Convention on Biodiversity (CBD) was adopted at the United Nations Conference on 

Environment and Development. Article 6 of the CBD requires that "national strategies, plans or 
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programmes for the conservation and sustainable use of biological diversity [shall be developed or 

adapted] for this purpose […]” (United Nations, 1992). With the Ecosystem Approach (CBD, 1998), a 

strategy for the protection of ecosystems has been on the CBD's agenda since 1995. The international 

commitments and strategies led to decisive action; the first development of a European Community 

Biodiversity Strategy in 1998 (European Commission, 1998). Shortly after the publication of the MEA 

reports, the European Commission included the ES concept in an EU Action Plan with the ambitious 

target of halting the loss of biodiversity by 2010 (European Commission, 2006).  

The EU Biodiversity Strategy 2020 was adopted (European Commission, 2011) for the decade 2011 – 

2020. The second target of this strategy called all EU Member States to maintain and restore 

ecosystems and their services. Furthermore, all EU Member States were directed to improve their 

knowledge about the state of their ecosystems, map and assess ecosystems and their services and 

integrate the ES values into national and EU accounting and reporting systems by 2020 (Target 2, 

Action 5 (European Commission, 2011)). Today, the follow-up EU Biodiversity Strategy 2030 is in place 

for the decade 2021 – 2030 (European Commission, 2021). 

Since 2011, the EU working group Mapping and Assessment of Ecosystems and their Services (MAES) 

has supported the implementation of EU biodiversity strategies (Maes et al., 2013). MAES published 

several thematic reports with definitions, typologies of ecosystems, methodological frameworks and 

tested indicators for assessing and mapping ecosystem condition and ES (European Commission, 

2022). Furthermore, the working group has contributed to integrate the importance of green 

infrastructure and ES into policies at EU and national level (European Commission, 2019) 

The Knowledge Information Project on an Integrated system of Natural Capital and ecosystem services 

Accounting in the EU (KIP INCA) supports the MAES implementation by establishing a coherent EU 

approach for ecosystem accounting, which is consistent with internationally agreed standards (EU, 

2019). 

An important internationally agreed standard is the System of National Accounts (SNA). In its first 

version, natural capital, which describes the Earth's natural assets including their related ES, was hardly 

considered. Therefore, the SNA was extended, alongside others, including the System for 

Environmental and Economic Accounts, which has been in use for accounting natural resources like 

timber or minerals (La Notte and Dalmazzone, 2018). As policy interest in the ES concept grew, 

experiments on how to integrate ES into those existing systems were undertaken (UN, 2019). Recently 

in 2021, the UN adopted the System for Integrated Environmental and Economic Accounting - 

Ecosystem Accounting (SEEA EA), which focuses on biophysical information about ecosystems, ES, and 

changes in ecosystem extent and condition (UN, 2021).  

Also of importance is the independent Intergovernmental Science-Policy Platform on Biodiversity and 

Ecosystem Services (IPBES), which was established in 2012. One key objective was and is to provide 

policy and decision-makers, businesses and the public with scientifically credible and objective 

assessments about biodiversity, ecosystems and their services. Since its establishment, IPBES has 

published thematic reports from local to global level with up-to-date assessments and 

recommendations for action to be taken for protecting and enhancing sustainability (IPBES, 2019). 

This Chapter presented key initiatives, working groups and platforms that shaped and boosted ES 

research. Although there are numerous research activities on the ES concept, theoretical-conceptual 
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questions and methodological implementation difficulties still exist, which will be introduced in more 

detail in the following Subchapters 1.3 and 1.4. 

1.3. Conceptual framework of the ecosystem services concept 
The following section describes the conceptual framework of the ES concept in more detail. Unless 

specified otherwise, this thesis follows the definitions from the MAES glossary (Potschin-Young et al., 

2018). The MAES glossary reflects the various research contributions to the ES field from different 

scientific fields. It has a strong focus on mapping and assessing ES. This glossary is however not used 

by all researchers working on the ES concept. Moreover, some of the terms are still subject to scientific 

debate.  

As already described above, ES can be understood as the ecosystems' direct and indirect contributions 

to human well-being (Potschin-Young et al., 2018). A number of different ES classification systems 

exist, pursuing the common basic objective of describing how ecosystems support human well-being 

and health (United States Environmental Protection Agency, 2015). Well-known examples of ES 

classification systems are, for example, MEA (2005b), TEEB (2010), Boyd and Banzhaf (2007), the 

National Ecosystem Service Classification System (Newcomer-Johnson et al., 2020), or the Common 

International Classification System of ES (CICES). CICES provides the EU with a comprehensive and 

hierarchical structural system for the standardised classification, mapping and accounting of ES. 

Therefore, this thesis used the structure of CICES. Following CICES Version 5.1, ES can be classified in 

three categories (or sections): provisioning ES, regulating and maintaining ES, and, cultural ES (see 

Figure 2).  

Provisioning ES include all material and biotic energetic outputs from ecosystems. They include all 

"material goods and products from ecosystems that can be exchanged or traded, as well as consumed 

or used directly by people in manufacturing" (Haines-Young and Potschin, 2013, A2). This section 

includes, for example, food, fibres or other raw materials.  

Regulating and maintaining ES comprise ecosystem functions that affect other elements and 

processes of ecosystems which deliver direct benefits to humans. Furthermore, these ES cannot 

directly be consumed but affect the human health and well-being (Haines-Young and Potschin, 2013; 

Naturkapital Deutschland – TEEB DE, 2016; Potschin-Young et al., 2018). Local climate regulation, air 

quality regulation, and pollination are examples of this section. 

Cultural ES include all the non-material and normally non-consumptive outputs of ecosystems that 

have symbolic, cultural or intellectual significance and affect people's physical and mental states. 

Those services are primarily regarded as the physical settings, locations or situations that give rise to 

changes in people's physical or mental states, and, whose character are fundamentally dependent on 

living processes. They can involve individual species, habitats and whole ecosystems. The settings can 

be semi-natural and natural (i.e., cultural landscapes), which depend on in-situ living processes 

(Naturkapital Deutschland – TEEB DE, 2016; Potschin-Young et al., 2018). This section includes, for 

example, nature-based recreation activities, nature-based aesthetics, and environmental education. 
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Figure 2. Graphical overview of ecosystem services within the three main categories, adapted after WWF, 2016, 
p 51.  

The section abiotic services include all abiotic materials and goods (such as water, mineral substances), 

and energetic outputs (wind energy, solar energy). These services are not directly produced by an 

ecosystem but are important for human well-being too (Haines-Young and Potschin, 2018).  

Those three sections (or four, if abiotic services are included) are divided into 'divisions', 'groups' and 

'classes' (Dworczyk and Burkhard, 2020). The latest version, CICES lists in total around 90 different ES 

on the class level (Haines-Young and Potschin, 2018). 

1.3.1 Ecosystem services cascade model 

The ES cascade model (see Figure 3) is a helpful conceptual model and has been widely used to explain 

the key components of the ES concept (de Groot et al., 2010; Haines-Young and Potschin, 2010; Heink 

and Jax, 2019; Maes et al., 2016a; Potschin and Haines-Young, 2017). In addition, the model can be 

used to visualise the interrelationships and interactions between the environment and humans and 

thus communicate society's dependence on ecosystems (La Notte et al., 2017).  
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Figure 3. The ES cascade model (adapted after Potschin and Haines-Young, 2017, p. 39). 

The model can be structured like a 'production chain' (Potschin and Haines-Young, 2011) or 'pathway' 

(Potschin and Haines-Young, 2017), visualising different 'steps' from the environment (left side) to 

elements of human well-being (right side). Five elements are important: 1) Ecosystems' biophysical 

structure and processes, 2) ecosystem function, 3) ecosystem services, 4) benefits, and 5) values. The 

environment supplies manifold biophysical structures, processes and functions, which are the basis for 

ES. The biophysical structures of an ecosystem include all biotic or abiotic characteristics of that 

ecosystem (including human-made elements) and their composition and distribution. Ecosystem 

processes comprise "any change or reaction, which occurs within ecosystems, physical, chemical or 

biological" (Potschin-Young et al., 2018). In distinction, ecosystem functions are defined as the "subset 

of the interactions between biophysical structures, biodiversity and ecosystem processes that 

underpin the capacity of an ecosystem to provide ecosystem services" (Potschin-Young et al., 2018). 

Finally, the "contributions of ecosystem structure and function – in combination with other inputs – to 

human well-being" (Burkhard and Maes, 2017) are referred to as ecosystem services (ES). The ES lead 

to a "positive change in ‘well-being’ from the fulfilment of needs and wants" (Potschin-Young et al., 

2018), also called benefits. These benefits can be used and valued by different groups in different ways 

(e. g. in monetary or non-monetary dimensions). The ES are at the centre of and connected to the 

environment and socio-economic systems. 

The cascade model attempts to highlight final ES (Haines-Young and Potschin, 2018). Services are final 

if they occur as an outcome of an ecosystem and if they have a direct impact on human well-being. In 

contrast, intermediate ES cannot be used directly by people, as they represent more or less an 

ecosystem function or process. Those ES support other ES rather than existing in isolation and should 

be excluded to avoid double-counting in respective valuation studies (Potschin-Young et al., 2018; 

United Nations, 2021). 

However, it often depends on the context whether the service is considered to be 'final' or 

'intermediate' ES. Boyd and Banzhaf (2007) used water quality as an example to explain the difference. 
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Water quality can be understood as a final service if water is used directly as drinking water. However, 

water quality can also be only an 'intermediate' component that is important for the provision of, for 

instance, fish (Potschin-Young et al., 2017). 

The boundary between final and intermediate ES can also be called the production boundary 

(Potschin-Young et al., 2018). The production boundary was initially used in economics and represents 

the point where the ES crosses the boundary between the environment and the socioeconomic system 

(Potschin and Haines-Young, 2017). This boundary is particularly relevant in ecosystem services 

accounting (Eigenraam and Obst, 2018; United Nations, 2021).  

The ES cascade also represents the interactions of the socio-economic system with the environment. 

People use and demand ES, which can affect ecosystems and the supply of ES if the pressures caused 

by the social and economic systems are not minimised via sustainable land use decisions or appropriate 

policy measures (Fisher et al., 2009; Haines-Young and Potschin, 2018). 

Many ES are the result of co-production processes, in which ecosystem structures and functions are 

intentionally maintained or enhanced by land use decisions or management measures. Such 

anthropogenic measures can for instance include planting of trees. agricultural activities or protecting 

wildlife habitats (Fischer and Eastwood, 2016; Resque et al., 2021). Strategies to improve or enhance 

the state of urban ecosystems and their services can also be found in the concept of Green 

Infrastructure (European Commission, 2013). The term 'green infrastructure' describes a strategically 

planned network of natural and semi-natural areas with different natural features at different scales 

that are designed to maintain and enhance ES (European Commission, 2019). Measures or actions, 

which are "inspired by, supported by or copied from nature" (European Commission, 2015, p.15) and 

aim to promote the conservation, enhancement, and restoration of ES and biodiversity are also 

referred to as nature-based solutions (NbS) (European Commission, 2015; Kabisch et al., 2016). The 

concept of NbS builds on the ES concept, but addresses stronger global societal challenges that arise 

in connection with climate change, for example in urban areas (Cohen-Shacham et al., 2016; Kabisch 

et al., 2016). 

1.3.2 ES supply, demand and flow 

Several aspects of ES can be assessed and mapped. Figure 4 illustrates interactions and connections 

between an ecosystem and socio-economic system and highlights aspects of ES, which can be mapped 

separately. 

ES properties ("attributes which characterize an ecosystem, such as its size, biodiversity, stability, 

degree of organization, as well as its functions and processes" Potschin-Young et al., 2018, p. 19) and 

ES condition ("physical, chemical and biological condition or quality of an ecosystem at a particular 

point in time" Potschin-Young et al., 2018, p. 18) are the basis for the provision of ES. ES potential 

highlights the natural provision of ES. Human inputs (e.g. fertiliser, management practices) are not 

included (Maes et al., 2020). With ES potential, the amount of ES that could be provided naturally can 

be assessed and measured (Potschin-Young et al., 2018). ES supply describes "the provision of a service 

by a particular ecosystem, irrespective of its actual use. It can be determined for a specified period of 

time (such as a year) in the present, past, or future" (Burkhard and Maes, 2017, p. 368). The amount 

or quality of ES supply depends as well on the ES properties and conditions, but is also influenced by 

human inputs (e.g. land-use decisions). ES flow can be defined as "the amount of an ecosystem service 

that is actually mobilized in a specific area and time" (Potschin-Young et al., 2018 p. 23). This exchange 

can include matter, energy and/or information (Kleemann et al., 2020) and the mobilisation can occur 
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through trade, transport, travel, political decisions or ecological phenomena (Schröter et al., 2018). 

The supplied ES provides several benefits for people. ES demand examines the extent to which a 

society, groups of people, or individuals need or desire ES to meet their basic needs (such as food, 

safety, social life) and to enhance their quality of life (Dworczyk and Burkhard, 2021; Wolff et al., 2017). 

 

Figure 4. Simplified illustration of the cascade model to highlight the aspects of ES delivery, which can be mapped 
(Syrbe et al., 2017, p 149). 

ES assessments allow the identification of areas that show a particularly high or low supply of ES. In 

the case of an assessment of multiple ES, trade-offs or synergies can be analysed and visualised. Trade-

offs arise from land use decisions and management practices, which increase the magnitude of one 

particular ES. This intensification compromises, however, the provision of other ES (Potschin-Young et 

al., 2018; Rodríguez et al., 2006). A well-known example of this is the intensification of agriculture 

areas for increasing the ES crop production. Intensive agriculture has, however, negative impacts on 

the supply of other ES such as pollination or water quality. ES synergies occur when multiple services 

are enhanced simultaneously (Potschin-Young et al., 2018; Raudsepp-Hearne et al., 2010). This 

identification of ES that appear together in a landscape (ES bundles) is considered as a helpful tool for 

communicating the importance of multifunctional landscapes (Raudsepp-Hearne et al., 2010) and to 

illustrate the effects of human activities.  

A comparison between the demanded and the supplied ES can be used to determine whether an 

imbalance (ES mismatch) exists (Geijzendorffer et al., 2015). For each individual ES, it is possible to 

examine "1) the extent to which people need or demand these ES to meet their basic needs and improve 

their quality of life, and 2) the extent to which nature can meet these needs in a sustainable way" 

(Dworczyk and Burkhard, 2021, p. 2). As already explained above, when ES demand exceeds ES supply, 

the respective ES may not be used sustainably, or may show unmet demand in certain areas. Unmet 

demand can directly negatively impact human well-being (e.g., health, safety).  

However, the above-mentioned aspects and terms can be understood, interpreted and used 

differently within ES research (Honey-Rosés and Pendleton, 2013; Potschin-Young et al., 2018; United 

Nations, 2021). In many cases, the direct link between ES supply and ES demand is not clear, especially 

when long distances exist or when the benefits of the respective ES have time-lag effects (Wei et al., 

2017). Also, the spatial location of ES demand is challenging as it can vary greatly depending on the 

needs or desires of stakeholders, population subgroups, or individuals (Wolff et al., 2015). 
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The multifaceted nature of ES has resulted in a 'supply-demand knowledge gap' (Elmqvist et al., 2013). 

The supply-demand knowledge gap points to the fact that the research on the (potential) supply of ES 

has progressed further than the research on the demand for ES (Luederitz et al., 2015; Wolff et al., 

2015). This imbalance is still noticeable today in ES research (Campagne et al., 2020). 

1.4. Spatial-structural approaches 
The spatial relationships and connections between areas that supply and benefit from ES can be 

visualised in different ways, such as by using images, schematic illustrations or maps (such as in Fisher 

et al., 2009; Goldenberg et al., 2017; Rioux et al., 2019; Syrbe and Walz, 2012; Walz et al., 2017). These 

tools are helpful to understand, identify and communicate the complex spatial information of each ES 

potential, supply, flow and demand. This knowledge can help to identify suitable spatial scales, 

indicators and data needed for ES studies. It can also help to identify whether natural or anthropogenic 

barriers, sinks or depletion regions or other disturbances have an impact on the provision, distribution 

and accessibility of ES (Dworczyk and Burkhard, 2021). 

In ES research literature, spatial-structural approaches have been used to visualise the spatial 

relationships between Service Providing Areas (SPA) and Service Benefitting Areas (SBA) and the 

space between them, the Service Connecting Areas (SCA). The empirical understanding between 

those areas have been discussed, adapted and updated in several articles (see Chapter 3).  

 

Figure 5. Spatial-structural approach from Walz et al. (2017). The figure shows the types of spatial relations of 
Service Providing Areas (SPA), Service Benefitting Areas (SBA), and Service Connecting Areas (SCA) without 
separate consideration of areas where the demand for ES arises or are not met. 
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In existing spatial-structural approaches, such as in Walz et al. (2017), the SBA are the areas where 

people simultaneously demand and benefit from ES (see Figure 5). However, the extent to which 

people demand ES might be greater than the extent to which nature can provide ES. For example, Baró 

et al. (2015) assessed in an ES mismatch analysis that the amount of green infrastructure in five case 

study areas was insufficient to abate the concentration of air pollutants to a healthy level according to 

environmental quality standards. Furthermore, many city dwellers cannot benefit from the ES of urban 

nature at home, as green areas in the vicinity are lacking or inaccessible due to barriers (e.g. property 

rights) (United Nations, 2022b). In order to be able to analyse the distribution of ES and their 

(un)accessibility and (un)availability, the Service Demanding Area (SDA) and the SBA should be 

considered separately. Existing spatial-structural approaches need to be adapted and supplemented 

with the SDA to emphasise and communicate this point. 

1.5. Methodologies 
The following subsections provide an overview of the various methodologies applied in this thesis. The 

literature reviews (Chapters 2 and 3) provided a sound scientific knowledge basis for addressing the 

research questions mentioned above. It also revealed conceptual questions, especially on ES demand 

and ignited the idea of adapting the existing spatial-structural approaches (Chapter 3). This adapted 

version has been used in Chapters 4 and 6. Chapters 4 and 6 mapped selected ES with a) an expert-

based ES matrix approach, simple GIS mapping methods and models, and b) a comprehensive model. 

Chapter 5 complements the work with information from scientists and practitioners investigating the 

ES concept's implementation capacity in spatial planning and decision-making processes in urban 

contexts. This information has been assessed via discussions, questionnaires, and semi-structured 

interviews (see Chapter 5). 

1.5.1. Literature review 

The literature selection and review were based on the PRISMA (Preferred Reporting Items for 

Systematic reviews and Meta-Analyses) statement, which describes a systematic review process 

(Moher et al., 2009) (see Figure 6).  

 

Figure 6. Schematic illustration of used systematic review process, followed the literature review flow diagram 
from Garcia Rodrigues et al. (2017, p. 6) and the PRISMA statement (Moher et al., 2009, p. 3). 
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This methodology has been applied in numerous other ES review studies (e.g. Garcia Rodrigues et al., 

2017; Sieber et al., 2018). The systematic review process consists of several steps: First, peer-reviewed 

scientific articles are identified in scientific data bases like Scopus with keywords in a Boolean search. 

Other recommended articles can be included in the first list. Next, the initial relatively large number of 

records are reduced by the removal of duplicates and by screening the records. All records which do 

not match the eligibility criteria are excluded from the final list of records. The final list is then used for 

the literature review (see Chapter 2 and 3). 

1.5.2. Mapping ecosystem services 

ES assessment and mapping are needed to proceed from the conceptual framework described in 

Chapter 1.3 to the practical integration of ES into policy and decision-making (Burkhard and Maes, 

2017; Maes et al., 2020). There are many existing methods for assessing and mapping ES. Appropriate 

methods can come from different scientific disciplines (e.g. sociology, environmental economics and 

natural sciences) (Harrison et al., 2017). 

For mapping and assessing ES, there are approaches that: a) link ES values to land use and land cover 

classes, b) rely on expert knowledge, c) use known relationships between ES and spatial information 

from literature or statistics, d) use primary data (e.g. form field surveys), or, e) are based on more 

complex modelling (Grêt-Regamey et al., 2017). These approaches have their advantages and 

disadvantages, and the suitability of a method depends on many factors. Decisive factors are, for 

example, the objectives of the research project, the scale of the case study region and the availability 

and quality of the needed input data.  

 

Figure 7. Tiered approach for ES mapping, adapted after Grêt-Regamey et al. (2017). 

Guidance to choose suitable methods provides the tiered approach for ES mapping (see Figure 7). This 

approach classifies the methods and models into three different tiers according to their complexity, 

resource availability (e.g. time, data, knowledge) and mapping purposes (e.g. raising public awareness 

vs. scientific research) (Campagne et al., 2020; Grêt-Regamey et al., 2017; Grêt-Regamey et al., 2015). 

Relatively quick-to-apply methods (tier 1) can be used for instance for communication and awareness 

raising, as they can provide a simple overview of ES issues. More complex methods (tiers 2 or 3) provide 

results with higher spatial resolution and should be chosen if more in-depth analysis of the underlying 

Claudia Dworczyk

14



interactions between ES components and/or socio-ecological processes are needed (Grêt-Regamey et 

al., 2017; Grêt-Regamey et al., 2015). For this study, supply and demand for selected ES have been 

mapped with the ES matrix approach, simple GIS mapping with proxy indicators and data, plus models 

(InVEST1 and LEAFlood2) (see Chapters 4 and 6). 

1.5.3. Ecosystem services matrix approach 

The ES matrix approach is based on lookup tables, in which ES values are linked to appropriate geo-

biophysical spatial units. The ES values can be generated using the range of mapping methods and data 

sources (like expert estimates, literature or statistical data, primary data, results from quantitative 

regression or socio-ecological system models). The ES values are classified into a relative scale, which 

can, for example, range from 0 to 5 and represent the lowest/highest value of ES supplied or 

demanded. Thereafter, ES maps using the same categorisation scale and colours can be generated. 

This standardisation allows comparisons between individual ecosystem services (columns), geospatial 

units, and results from different mapping methods (Burkhard, 2017). 

Figure 8. Schematic concept of the ecosystem services matrix approach (adapted from Burkhard, 2017; Jacobs 
et al., 2015). For the implementation of the ES matrix approach, a map/spatial data with appropriate geospatial 
units and ES values for each individual ES are needed. The ES values can be collected using different methods 
and data sources. These values are classified using a relative scale (in this example: 0 (extreme low) to 5 (very 
high)). Thereafter, ES maps using the same scale and colours can be generated. This allows comparisons between 
individual ecosystem services (ES) (columns) as well geospatial units (U). 

The expert-based ES matrix approach describes a participatory scoring process, in which expert 

estimates are collected within the ES matrix approach. This method can be either conducted in 

workshops, focus group discussions, individual interviews or online. The participants get information 

material about the scoring process and explanations about the selected ES, ES component (e.g. supply 

1 InVEST - Integrated Valuation of Ecosystem Services and Tradeoffs models (The Natural Capital Project, 2021). 
2 LEAFlood - Landscape vegetation and flood model (Wübbelmann and Förster, 2022) 
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or demand) and considered land-use and land cover (LULC) classes. The key element of this 

participatory scoring process is a matrix, which can be provided to the participants either empty or 

with pre-populated scores. In this matrix, the columns describe selected ES, and the rows LULC classes. 

The participants are then asked to fill in their scores for ES supply or demand in the different LULC 

types in an empty matrix or to correct the estimates in the pre-populated in matrix. Additionally, 

participants can score their confidence in the knowledge of each ES and LULC using the scale 0 - 5 (very 

uncertain - very certain) (Campagne et al., 2017). Next, the expert estimates can be analysed using 

simple (or complex) descriptive statistics. 

In the context of the ÖSKKIP project (see Subchapter 1.7), the expert estimates for ES supply and 

demand were collected during two workshops held in 2018: 1) 'Angebot und Bedeutung von 

Ökosystemleistungen in Stadtregionen' (engl. Supply and importance of ecosystem services in urban 

regions), and 2) 'Ökosystemleistungen in den Stadtregionen: Angebot, Nachfrage und 

Planungsrelevanz' (eng. Ecosystem services in urban regions:  supply, demand and it's planning 

relevance). Both workshops took place in the selected case study areas Rostock and Munich (for the 

description of the case study areas, see Chapters 1.6 and 4). Figure 9 shows photographs from two of 

those events. For detailed descriptions of the workshops, see Barkmann et al. (2019) and Barkmann et 

al. (2020).  

 

Figure 9. Left: Workshop in the urban region of Munich. Photo: ifuplan. Right: Workshop in the urban region of 
Rostock. Photo: Hafencity Universität Hamburg 

1.5.4. Simple GIS mapping 

ES have been mapped with GIS software and available proxy indicators and data (such as literature, 

statistical, or LULC data) (see Chapter 4). The advantage of this method is that results can be generated 

relatively quickly without using complex methods and when data, time and money are scarce 

(Burkhard and Maes, 2017; Harrison et al., 2017). Furthermore, many proxy indicators are well-known 

and easy to communicate and to understand (Burkhard and Maes, 2017; Campagne et al., 2020; Jacobs 

et al., 2017; Roche and Campagne, 2019). 

1.5.5. Models 

ES can be assessed, mapped and quantified with computer models. Models can provide a deeper 

understanding of interactions and interdependencies between biophysical, ecological, and/or socio-

economic characteristics and provide the opportunity to explore alternative scenarios by changing 
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parameters within models (Dunford et al., 2017). A variety of models for mapping individual ES exist. 

For this thesis, InVEST3 models and the hydrological model LEAFlood4 have been used. 

Several individual ES can be mapped using the InVEST model suite (The Natural Capital Project, 2021b). 

The InVEST models are provided in a desktop application and relatively easy to run, as only basic to 

intermediate GIS skills are required. The results are site-explicit, allowing the opportunity to explore 

the impact of ecosystem structures and functions on ES supply (The Natural Capital Project, 2021b). 

For this thesis, following InVEST models were tested:  

• Food (from cultivated terrestrial plants): Crop Production (NatCap, 2022);

• Pollination: Pollinator Abundance: Crop Pollination (NatCap, 2022);

• Local climate regulation: Urban Cooling (The Natural Capital Project, 2019);

• Coastal protection: Coastal Vulnerability (The Natural Capital Project, 2021a).

However, due to data availability reasons, only results from the InVEST models Pollinator Abundance: 

Crop Pollination and Urban Cooling could be computed. For more details, see the Supplementary 

information for Chapter 4. 

The hydrological model LEAFlood (Chapter 6, Wübbelmann and Förster, 2022) is based on the 

functions of the open source Python packages 'Catchment Modelling Framework' (Kraft et al., 2011). 

Several hydrological processes are considered in LEAFlood: canopy interception, canopy evaporation, 

throughfall, soil infiltration, and surface runoff. The model is driven by meteorological data 

(precipitation, temperature, wind speed, relative humidity, and solar radiation), Digital Elevation 

Model (DEM), LULC data, tree data, and soil data (Wübbelmann et al., submitted). The model calculates 

and estimates the amount of surface water storage, canopy storage, soil water storage (all water depth 

in mm), and the outflow at outlets (in m³/time). For a detailed model description, see Wübbelmann 

and Förster (2022). 

1.5.6. Data acquisition 

Chapters 2 and 3 used literature data. See supplementary information for Chapter 2 and 3 for the lists 

of the considered peer-reviewed articles. 

Chapter 4 used a bundle of datasets. The experts' estimates for ES supply were collected with the 

expert-based ES matrix approach during the aforementioned topical workshops in Rostock and 

Munich. For the simple GIS mapping with proxy indicator and data and for computing the InVEST 

models Pollinator Abundance: Crop Pollination and Urban Cooling, LULC, literature and statistical data 

from various data sources were used. For detailed descriptions of the datasets used, see the 

Supplementary information for Chapter 4. 

Chapter 5 used a) the opinion and experiences of 17 scientists, and, b) the perspectives from 14 

practitioners, which were collected through semi-structured interviews. See Supplementary 

information for Chapter 5 for further information. 

For computing the hydrological model LEAFlood in Chapter 6, meteorological data (precipitation, 

temperature, wind speed, relative humidity, and solar radiation), LULC data, tree data, soil data, and 

Digital Elevation Model (DEM) has been used. For assessing ES demand, spatial data about population 

3 InVEST - Integrated Valuation of Ecosystem Services and Tradeoffs 
4 LEAFlood - Landscape vegetation and flood model 
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density, infrastructure, land reference value, and cultural buildings was required. A detailed overview 

of the datasets used is provided in the Supplementary information for Chapter 6. 

1.6. Case study areas 
Chapters 4 – 6 are focussing on case study areas, which are described in the following paragraphs. 

Chapter 4 focused on the urban regions of Rostock and Munich (see Figure 10). The case study regions 

include a core city (Rostock and Munich) and adjacent surrounding areas including small and medium 

sized cities. These case study areas represent two different urban regions with significant differences 

in the number of inhabitants, population density, size, geographical location and infrastructure. 

However, both case study areas face population growth, urban sprawl and urbanisation processes. The 

climate in both urban regions is characterised by a warm, temperate climate with humid periods, warm 

summers and cold winters (Köppen-Geiger climate class Cfa) (Kottek et al., 2006). 

 

Figure 10. Urban regions Rostock and Munich.  

The urban region of Munich is located in the southern part of Germany. The boundaries of the case 

study region are delimited towards the NUTS35 level. This study area encompasses the two districts 

(Landkreise) Dachau and Munich as well as the city of Munich, which is the capital of Bavaria. This 

study area covers approximately 1,550 km² and has almost two million inhabitants (Statistisches 

Bundesamt, 2019). The dominant land-use type of the whole study area is agriculture (44 %), followed 

by forest areas (27 %). The city of Munich, however, is primarily characterised by artificial surfaces. 

                                                           
5 NUTS - Nomenclature des unités territoriales statistiques (engl. Nomenclature of territorial units for statistics). 
This nomenclature provides a comprehensive classification of territorial units, which allows cross-border 
statistical comparisons. NUT3 level represents regions (in Germany: Kreise, kreisfreie Städte) (Eurostat, 2021).  
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Despite being a densely-built city, Munich has several parks, such as the Englisher Garden, which is 

frequently visited by urban citizens and visitors.  

As an economically attractive location, Munich is one of the fastest-growing cities in Germany 

(Bundesinstitut für Bau-, Stadt-, und Raumforschung, 2020). The district of Dachau is located in the 

north-western part of the urban region. This district has a hilly and agricultural-dominated countryside. 

However, the urban sprawl extending from Munich is advancing into the district's territory. The district 

of Munich is located in the east and south of the urban region. The city's growth is also strongly 

noticeable in this district too, especially close to the city's boundaries (Bayerisches Landesamt für 

Umwelt, 2021). The highest elevation of the case study area (approximately 700 m) can be found in 

this district, with the foothills of the Alps.  

The urban region of Rostock is located on the Baltic coast in the Northeast of Germany in Mecklenburg-

Western Pomerania and is part of the district (Landkreis) Rostock. The study area encompasses 21 

municipalities, including the Hanseatic city of Rostock. The study area covers approximately 670 km² 

and has a population of over 270,000 inhabitants (Statistisches Bundesamt, 2019). The dominant land-

use type is agriculture (63 %). From an orographic perspective, the city region of Rostock is located in 

a bulky to hilly moraine landscape. Several fens can be found along the Warnow river (Bundesamt für 

Naturschutz, 2009). The urban region of Rostock is an attractive place to live and work. The city itself 

and also some smaller towns in the vicinity of the city are experiencing strong population growth 

(Bundesinstitut für Bau-, Stadt-, und Raumforschung, 2020). The maritime character of the region 

attracts tourists and day visitors (Statista, 2022). The Rostock Heath (a coastal forest and heathland 

region) in the east of the study area is another popular tourist attraction and important nature 

conservation area.  

Chapter 6 is focused on a local study area within the urban region of Rostock. The study area covers 

4.5 km² and includes several city districts of Rostock. A heterogeneous mix of land-use types (such as 

urban green spaces, forests, built-up areas, and infrastructure) is located in this area. This study area 

has observed several floods through heavy rainfall in the past (Wübbelmann et al., submitted). More 

information is provided in Chapter 6. 

Chapter 5 is focused on ten urban case studies across Europe: Istanbul (Turkey), Lisbon (Portugal), 

Munich (Germany), Łódź (Poland), Dresden (Germany), Geneva (Sitzerland), Rostock (Germany), 

Liberec (Czech Republic), Rescaldina (Italy), Ragalna (Italy). These case study areas cover a wide range 

of spatial scales, geographic and climatic conditions, and population densities. Two of the case study 

areas are the aforementioned urban regions Rostock and Munich. More information about the case 

study areas are provided in the Supplementary information for Chapter 5. 

1.7. ÖSKKIP research project 
This thesis partially results from work carried out within the ÖSKKIP6 research project which tested the 

integration capacity of the ES concept into urban and regional planning in Germany. The Federal 

German Ministry of Education and Research (BMBF) funded this interdisciplinary research project 

within the framework of the strategy 'Research for Sustainability' (FONA – Forschung für Nachhaltige 

Entwicklung) from March 2017 to December 2021. ÖSKKIP was subdivided into several sub-projects. 

6 ÖSKKIP - Ökosystemleistungen von Stadtregionen – Kartieren, Kommunizieren und Integrieren in die Planung zum Schutz 

der biologischen Vielfalt im Klimawandel (engl: Ecosystem Services of Urban Regions – Mapping, Communicating, and 
Integrating into Planning to conserve biodiversity during a changing climate). www.öskkip.de 
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Within the sub-project 1 'ES in urban regions', selected ES in the urban regions of Rostock and Munich 

were assessed and mapped. The results were needed and used for communication and discussions 

with local stakeholders (Barkmann et al., 2020; Barkmann et al., 2019). ÖSKKIP revealed that there are 

changes for an implementation of the ES concept in different formal and informal planning instruments 

in Germany. However, comprehensive integration into spatial planning processes is still hampered by, 

among other things, the need for legal adjustments and better availability of data and indicators 

(Deppisch et al., 2021a; Deppisch et al., 2021b). 

The research project involved the partners HafenCity University Hamburg, Leibniz University 

Hannover, and ifuplan (Institute for Environmental Planning and Spatial Development) Munich as an 

implementation partner. The two urban regions of Rostock and Munich were represented as ÖSKKIP 

case study areas.  Local stakeholders from the two urban regions were invited to several workshops 

(in which the expert-based ES matrix methods were used) and online discussions.  

1.8. Structure of this thesis 
As presented in Chapter 1.1, the overall objective of this dissertation is to improve the conceptual and 

methodological understanding of mapping ES on urban and regional scales and to answer three 

research questions. Table 1 shows which research questions are answered from the original articles.  

Table 1. Connection of the Chapters 2-6 to the research questions.  

Research questions Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 

What are the trends in mapping and 

assessing ecosystem services in urban 

areas? 

x   x  

What are the conceptual challenges in 

mapping ecosystem service supply and 

demand in urban regions? 

 x x x  

What application obstacles do commonly 

applied ecosystem service mapping 

approaches face and how can these best 

be overcome? 

x x x x x 

Chapter 2 focuses on ES in urban ecosystems. It is based on the original article "Urbane 

Ökosystemleistungen erfassen und bewerten. Stand der Forschung, Indikatoren und zukünftige 

Perspektiven" (Assessing and evaluating urban ecosystem services - an overview of research status, 

indicators, and future perspectives), which was published in 2020 in Naturschutz und 

Landschaftsplanung 52 (04). This article followed the systematic review statement PRIMSA and 

focused on three research questions: Which urban ES are being assessed in current research in Europe? 

Is there any particular research concentrating on assessing and mapping urban ES? Which indicators 

and methods have been used? A systematic literature review was conducted to answer the research 

questions. Since it became apparent during the review process that a large number of indicators and 

methods were used for a variety of ES, only the indicators for the ES local climate regulation were 

analysed in more detail. 

Chapter 3 deals with the persisting conceptual challenges within the ES concept, especially with ES 

demand. In the article "Conceptualising the demand for ecosystem services – an adapted spatial-
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structural approach"  (Dworczyk and Burkhard, 2020), the focus was on the following questions: How 

to define ecosystem service demand? Where and from whom does the demand for ecosystem services 

come from? Where to map the demand for ES? This chapter used existing literature on ES demand to 

answer the research questions. To answer the last two questions more precisely, the authors have 

created schematic illustrations to explain and visualise the spatial relationships and connections 

between areas that provide, benefit from or demand ES. In existing spatial-structural approaches, ES 

demand is rarely considered or equated with areas where people can use the benefits (Fisher et al., 

2009; Syrbe and Grunewald, 2017; Walz et al., 2017). This Chapter introduced and illustrated the 

'Service Demanding Area' (SDA). 

Chapter 4 presents the original article "Challenges entailed in applying ecosystem services supply and 

demand mapping approaches: a practice report" (Dworczyk and Burkhard, 2023), which has been 

submitted in the journal land and is currently under review. This publication focused on the research 

questions: 1) How useful are commonly used ES mapping approaches in regional urban contexts, and 

which major obstacles to their application did we encounter? 2) How can [the] experiences [from the 

ÖSKKIP research project] help inform future research and comparable application perspectives in ES 

mapping? In this article, the authors used different easy-to-apply mapping methods (expert-based ES 

matrix method, simple GIS mapping with proxy indicator and data, and InVEST models) to map the 

supply and demand of selected ES. The authors summarised experiences from the ÖSKKIP research 

project and provided recommendations for future research on mapping ES supply and demand in 

urban regions. 

Chapter 5 highlights a summary of lessons learned from implementing the ES concept into urban 

planning practice from ten European urban case study areas. This study compared the views from 

scientific experts, who are focusing on urban ES, with the views from practitioners, who are responsible 

for spatial planning and decision-making in urban contexts. The position of the ES concept in urban 

planning and decision-making practices has been assessed via discussions, questionnaires, and semi-

structured interviews. Scientists and practitioners generally agree on both the opportunities of the ES 

concept to improve urban planning and the barriers and operational limitations that still exist. The 

article summarised the opinions and needs from both perspectives and provided recommendations 

for an improved implementation of the ES concept in future urban case studies (Grunewald et al., 

2021). 

Chapter 6 presents a study on one ecosystem service, namely flood regulation (also mentioned as 

flood regulating ES), in a district of the city of Rostock. The frequency and intensity of heavy rainfall 

events are projected to increase with climate change. This increase is expected to result in higher flood 

risks and damages. The ES flood regulation describes how ecosystems provide flood protection through 

the capacity of vegetation and soils to retain water. People benefit from this ES because it helps to 

manage, mitigate, or prevent potential damages to human health, cultural heritage, economic activity, 

and infrastructure (Haines-Young and Potschin, 2018). This study modelled with a hydrological model 

(LEAFlood) the actual and potential supply of and demand for flood regulation under a) current and 

future climate conditions, and, b) different nature-based solution measures. This publication has been 

submitted to Frontiers and is currently under review (Wübbelmann et al., submitted).  

Chapter 7 synthesises the answers of the aforementioned research questions of this study and 

presents the main conclusions as well as prospects for future research.  
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Chapter 2 

Urbane Ökosystemleistungen erfassen und bewerten. Stand der 

Forschung, Indikatoren und zukünftige Perspektiven 

Dworczyk, C., Burkhard, B. 
Naturschutz und Landschaftsplanung (2020), 52, 176–183 

Figure 11. Street trees improve the air quality. Photo: Jolanta Dworczyk.
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Chapter 3 
 

Conceptualising the demand for ecosystem services – an adapted 

spatial-structural approach 

Dworczyk, C., Burkhard, B. 
One Ecosystem (2021) 6, e65966. https://doi.org/10.3897/oneeco.6.e65966  

 

 

Figure 12. How to identify areas where more nature is urgently needed in urban areas?  
Photo: Jolanta Dworczyk. 
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Abstract

People require multiple ecosystem services (ES) to meet their basic needs and improve or

maintain their quality of life. In order to meet these needs, natural resources are exploited,

threatening biodiversity and increasing the pressure on the Earth's ecosystems.

Spatial-structural approaches are used to explain and visualise the spatial relationships

and connections between areas that provide and benefit from ES. However, areas where

the demand for these ES occurs are rarely considered in existing spatial approaches or

equated with areas where people can use the benefits.

In order to highlight the differences between these two areas, we would like to introduce

the 'Service Demanding Area' (SDA) in an adapted spatial-structural approach.

This approach relates SDA to already familiar ES provision and use units, namely Service

Providing Areas (SPA),  Service Connecting Areas (SCA) and Service Benefitting Areas

(SBA) and can be used to schematically illustrate, understand and analyse the different

forms of demand that can emerge.

A literature review was conducted to provide an overview of the spatial mapping of ES

demand. Three issues arose that should be addressed to improve the assessment of ES

demand:  1)  The  term  ES  demand  is  not  used  consistently.  To  avoid  confusion,  it  is

important  to  clarify  how  ES  demand  is  understood  and  how  it  differs  from  the  other

‡ ‡,§
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License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author
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components of the ES concept (e.g. ES supply, ES potential, ES flow); 2) It is important to

consider  that  ES  demand  is  multi-faceted  and  is  generated  on  different  geographical

scales,  including  the  full  range of  stakeholders'  perceptions,  needs  and desires  which

broadens the picture of societal demand for ES; 3) Meaningful interpretations between ES

supply and demand need to be available to inform decision-makers about interventions for

reducing ES trade-offs and mismatches.

Keywords

service  providing area;  service  benefitting  area;  service  demanding  area;  service

connecting area

1 Introduction

Biodiversity and healthy ecosystems are essential to support and sustain human well-being

(IPBES 2019). People require multiple ecosystem services (ES) to meet their basic needs

and to improve or to maintain their quality of life. To meet these needs, ecosystems are

exploited to satisfy the increasing demand for drinking water, food, materials, energy and

other wishes (Millennium Ecosystem Assessment 2005, Maes et al.  2020, Vysna et al.

2021).

The concept of ES describes the various contributions of ecosystem to human well-being

(Maes et al. 2018). It  is  an anthropocentric concept,  as the benefits people obtain from

ecosystems are the main focus (Millennium Ecosystem Assessment 2005). These benefits

can include any "positive change in well-being through the fulfilment of needs and wants"

(Potschin-Young et al. 2018) which  refers,  not  only  to  products  and goods,  but  also  to

health improvements, experiences or positive effects that may result from ES.

ES research is becoming increasingly important as the consequences of overuse of

resources,  climate  change,  biodiversity  loss  and other  environmental  changes become

more tangible (IPBES 2019). The ES concept has already achieved policy relevance in

recent years and has the potential  to become an important tool  for decision-makers in

(environmental) policy, spatial planning and economy, as it can address linkages between

environmental,  social  and  economic  issues  (Maes  et  al.  2018,  Maes  et  al.  2020).  It

provides a holistic framework for examining: 1) the extent to which people need or demand

ES to meet their basic needs and to improve their quality of life and 2) the extent to which

nature can meet those in a sustainable way (Burkhard and Maes 2017, Wolff et al. 2017).

The ES concept is embedded in national ecosystem assessments, which are driven by the

Convention  on  Biological  Diversity  (CBD)  (European  Union  2011,  Secretariat  of  the

Convention on Biological Diversity 2020), assessments of the Intergovernmental Platform

on  Biodiversity  and  Ecosystem  Services  (IPBES)  (IPBES  2019)  or  natural  capital

accounting (The Economics of Ecosystems and Biodiversity (TEEB) 2010, United Nations

2021). Recently, the UN System of Environmental-Economic Accounting (SEEA) presented
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a  "statistical  framework  for  organizing  biophysical  information  about  ecosystems,

measuring  ecosystem  services,  tracking  changes  in  ecosystem  extent  and  condition,

valuing  ecosystem  services  and  assets  and  linking  this  information  to  measures  of

economic and human activity" (United Nations 2021). This framework is consistent with the

national accounting standards (United Nations 2021).

Even  though  the  ES concept  has  gained  increasing  importance  in  scientific  research,

research gaps continue to reduce its practical application (Heckwolf et al. 2020, Czúcz et

al.  2020,  Grunewald  et  al.  2021).  There  are  a  number  of  open  conceptual  and

methodological questions that remain to be addressed, in particular, on the subject of ES

demand (Wolff et al. 2015, Geijzendorffer and Roche 2014, Geijzendorffer et al. 2015). For

example,  ES literature often emphasises that  ES demand is very multifaceted,  as it  is

driven by various factors, including, for example, access to ES, socio-economic conditions,

demographic changes,  technological  influences and marketing (Villamagna et  al.  2013, 

Wolff  et  al.  2017,  Schröter  et  al.  2018).  However,  this  diversity  makes  it  difficult  to

understand and to map ES demand (Wolff et al. 2015, Czúcz et al. 2020). Using schematic

illustrations and examples, this article presents the different ways in which demand for ES

can  be  spatially  allocated.  It  aims  to  show how spatial  distribution  of  ES  supply  and

demand is ES-dependent and how the spatial dynamics of ES flows play a crucial role in

understanding the actual fulfilment of ES demand and the spatial allocation of benefits. For

this purpose, we have developed the concept of a Service Demanding Area (SDA), which

we have integrated into the existing spatial-structural approaches.

Before discussing the SDA in detail, we will summarise our understanding of key ES terms

and provide a brief overview of existing concepts used to describe the application of ES

components in spatial-structural contexts. We will then look at the literature on ES demand,

focusing on those papers which deal with the development of an adapted spatial-structural

approach,  before  introducing the SDA.  Above all,  the following discussion will  seek to

synthesise  key  findings  on  assessing  and  mapping  ES demand  in  a  spatial-structural

context, while also proposing, in the form of the SDA, a new element with which to further

develop the ES approach.

1.1 Definitions of ES key terms with specific focus on ES demand

The inter- and transdisciplinary nature of the ES concept has led to the development of

different understandings of the ES terminologies (Bastian et al. 2012, Honey-Rosés and

Pendleton 2013).

In the European Union, the initiative Mapping and Assessment of Ecosystems and their

Services (MAES) synthesises knowledge about ES and aims to improve the evidence base

for sustainable policy developments in the context of the EU Biodiversity Strategies 2020

and  2030  (European  Union  2011).  MAES brings  together  research  results  from many

scientific fields, making a common understanding of the ES concept essential. Therefore, a

comprehensive  MAES  glossary  was  created,  bringing  together  the  various  existing

definitions. The glossary was also expanded with terms that reflect, not only ES-research,

but  also  specific  topics  (Potschin-Young  et  al.  2018).  It  should  be  noted  that  these
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harmonised definitions have an explicit focus towards the research topic of mapping and

assessing ES. In developing the spatial-structural approach, we mainly followed the MAES

understanding (Potschin-Young et al. 2018) of the key terms of ES supply, ES potential, ES

flow and ES demand, which are listed in Table 1 and explained in more detail below.

The distribution of ES tends to be spatially heterogeneous and can change over time. ES

are generated by ecological  processes and functions, which, in turn,  are influenced by

biodiversity,  local  climates,  topography,  land  cover,  human  activities  and  land-use

decisions  (Wei  et  al.  2017,  Schirpke  et  al.  2019b).  This  provision  of  ES  by  specific

ecosystems, irrespective of their actual use, has commonly been referred to as ES supply 

(Burkhard et al. 2012, Potschin-Young et al. 2018, Vallecillo et al. 2019, González-García

et al. 2020).

In the ES concept, the consideration of ES potential is important. Here, the potential (or

hypothetical) quantities or qualities of ES that can be provided or used in a certain region

are  examined  in  light  of  current  land  use  and  ecosystem  conditions  and  properties

(Burkhard and Maes 2017, Maes et al. 2020). ES potential can be used to show: (a) the

extent  to which an ecosystem can potentially  provide services and (b)  what limitations

there are likely to be on the sustainable and/or permanent use of these services (Potschin-

Young et al. 2018).

ES flow describes "the amount of  an ecosystem service that is actually mobilised in a

specific  area  and  time”  (Potschin-Young  et  al.  2018,  p.  23).  Matter,  energy  and/or

information can be exchanged between ecosystems in ways from which people can benefit

(Kleemann et al. 2020). This exchange can, depending on the nature of the specific ES,

take place within a localised surrounding or  over  long distances,  for  example,  through

trade,  transport,  political  decisions  or  ecological  phenomena,  such  as  global  climate

regulation (Schröter et al. 2018). Here, the focus is on ES which are delivered or accessed

either passively, via biophysical processes (e.g. airflow) or actively, as a result of human

involvement (i.e. via water pipelines, through food transport etc.) (Ala-Hulkko et al. 2019).

Individual actors can also play an important role in the ES flow dynamics by enabling or

restricting the transport and access of ES in the first place (La Notte and Dalmazzone 

2018). This has implications for  where and which people can actually benefit  from the

respective ES.

ES demand can be described as "the need for specific ecosystem services by society,

particular  stakeholder  groups  or  individuals.  It  depends  on  several  factors  such  as

culturally-dependent desires and needs, availability of alternatives, or means to fulfil these

needs.  It  also  covers  preferences  for  specific  attributes  of  an  ecosystem service  and

relates to risk awareness" (Potschin-Young et al. 2018, p. 20). The needs or wishes for ES

vary from people to people as well as from situation to situation. The needs depend on

many factors, for example, the availability of natural resources, socio-cultural backgrounds

and  the  (financial)  ability  to  meet  these  needs  (Maslow  1954).  Since  the  underlying

reasons are manifold, they can also be expressed in different ways. Wolff et al. (2015)

suggested to use different types of demand rationale. ES demand can be expressed and

assessed as: (1) an expression of wishes, values and norms; (2) derived from the different
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forms of  use and/or  (3)  consumption of  ES and (4)  or  as the need for  risk reduction/

prevention and increased security (Wolff et al. 2015). The form of expression, therefore,

depends  on  what  the  assessor  wants  to  emphasise,  be  it  dependence on  functioning

(local)  ecosystems,  the  benefits  acquired  from these  or  the  different  preferences  and

patterns of use within a society (Wolff et al. 2017). The location of demand for some ES

produces  additional  challenges.  This  is  particularly  the  case  for  ES  that  pursue

environmental goals on a global scale (e.g. global climate regulation or the conservation of

natural  habitats)  and whose benefits  are  reaped worldwide or  are  strongly  shaped by

inherent moral (or intrinsic) values (Burkhard et al. 2012, Jax et al. 2013, Baró et al. 2015, 

Sauter et al. 2019).

Main meaning (with

relation to the ES

concept) in the

Oxford Dictionary 

(Oxford University

Press (OUP) 2020)

Definitions in the core glossary of

ecosystem services mapping and

assessment terminology (Potschin-

Young et al. 2018)

Definitions or explanations in

official reports on ecosystem

accounting from the United

Nations (United Nations 2019, 

United Nations 2021) .

Capacity 1) The maximum

amount that something

can contain.

2) The amount that

something can

produce.

Capacity (for an ecosystem service):

"The ability of a given ecosystem to

generate a specific ecosystem service in

a sustainable way" (p. 12).

"Ecosystem capacity is the ability of

an ecosystem to generate an

ecosystem service under current

ecosystem condition, management

and uses, at the highest yield or use

level that does not negatively affect

the future supply of the same or

other ecosystem services from that

ecosystem" (p. 335) (United Nations

2021). 

Demand 1) An insistent and

peremptory request,

made as of right.

1. a) Pressing

requirements (usually

demands).

1. b) The desire of

consumers, clients,

employers etc. for a

particular commodity,

service or other item.

Demand (for an ecosystem service):

"The need for specific ecosystem

services by society, particular

stakeholder groups or individuals. It

depends on several factors, such as

culturally-dependent desires and needs,

availability of alternatives, or means to

fulfil these needs. It also covers

preferences for specific attributes of an

ecosystem service and relates to risk

awareness" (p. 20).

No definition.

Table 1. 

Table 1 shows how important  key terms are defined or  explained:  a)  in  the Oxford Dictionary

(Oxford University Press (OUP) 2020); b) in the core glossary of ecosystem services mapping and

assessment terminology (Potschin-Young et al. 2018) and c) defintions or explanations in official

reports on ecosystem accounting from the United Nations (United Nations 2019, United Nations

2021).
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Main meaning (with

relation to the ES

concept) in the

Oxford Dictionary 

(Oxford University

Press (OUP) 2020)

Definitions in the core glossary of

ecosystem services mapping and

assessment terminology (Potschin-

Young et al. 2018)

Definitions or explanations in

official reports on ecosystem

accounting from the United

Nations (United Nations 2019, 

United Nations 2021) .

Flow 1) The action or fact of

moving along in a

steady, continuous

stream.

1.a) The rate or speed

at which something

flows.

1.b) The rise of a tide

or a river.

2) A steady, continuous

stream or supply of

something.

Flow (of an ecosystem service): "The

amount of an ecosystem service that is

actually mobilised in a specific area and

time" (p. 23).

Explanations for actual flow:

"The ecosystem services supply

and use account records the actual

flows of ecosystem services

supplied by ecosystem types and

used by economic units during an

accounting period" (p. 77).

(United Nations 2019). 

"Following standard accounting

treatments, the measure of the

supply and use are equivalent and

will be equal to the actual flow

between the ecosystem asset and

people" (p. 117) (United Nations

2021). 

Potential 1) Latent qualities or

abilities that may be

developed and lead to

future success or

usefulness.

1.a) The possibility of

something happening

or of someone doing

something in the future

(often potential for/to

do something).

As an adjective:

2) Having or showing

the capacity to develop

into something in the

future.

Ecosystem service potential:

"The natural contributions to ecosystem

service generation. It measures the

amount of ecosystem service that can

be provided or used in a sustainable

way in a certain region. This potential

should be assessed over a sufficiently

long period of time" (p. 21).

The potential supply of ES

"indicating the potential sustainable

flow of services, assuming that

there is no limitations in the demand

for the service" (p. 21) (United

Nations 2019).

Supply 1) A stock or amount of

something supplied or

available for use.

1.a) The action of

providing what is

needed or wanted.

1.b) The amount of

goods or service

offered for sale (in

economics).

Ecosystem service supply: "The

provision of a service by a particular

ecosystem, irrespective of its actual use.

It can be determined for a specified

period of time (such as a year) in the

present, past or future" (p. 21).

"Supply of ecosystem services is

equal to the use of those services

during an accounting period, [...],

supply is not recorded if there is no

corresponding use" (p. 77) (United

Nations 2019).

Unfortunately, all presented terms are not understood or used consistently and there are

also  further  different  definitions  for  the  term  ES  demand  (see  Table  2 and  Suppl.

material 1).
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Author Definition

Burkhard et al. (2012)

, p. 18

"The sum of all ecosystem goods and services currently consumed or used in a particular

area over a given time period not considering where ecosystem services actually are

provided."

Villamagna et al.

(2013), p. 116

"The amount of a service required or desired by society."

Schröter et al. (2014),

p. 541

"ES demand is the expression ofthe individual agents’ preferences for specific attributes of

the service, such as biophysical characteristics, location and timing of availability and

associated opportunity costs of use".

Geijzendorffer et al.

(2015), p. 322

"Demand was defined as the actual expression of the willingness of stakeholders to obtain

a service (for instance, in money, time investments or travel distances)".

For example, the terms ES supply and ES potential are often used synonymously (Wei et

al. 2017, Maes et al. 2020) or are equated with the terms potential ES supply (Goldenberg

et al. 2017, Rioux et al. 2019, United Nations 2019) or ES capacity (Burkhard et al. 2009, 

Geijzendorffer and Roche 2014, González-García et al. 2020).

A  few examples  underline  some of  the  existing  ambiguities  between ES flow and ES

demand: for example, the definition of Geijzendorffer et al. (2015) is close to the economic

understanding  of  demand.  In  economics,  demand  is  traditionally  understood  as  the

intention and willingness of economic units (e.g. businesses, governments or households)

to buy goods, products or services (Bryan et al. 2018).

In SEEA EA, supply and use tables are commonly applied to record the actual flow of ES

between ecosystem assets  and economic  units  (United  Nations  2019).  The SEEA EA

follows standard accounting principles, according to which "the measure of the supply and

use are equivalent and will be equal to the actual flow between the ecosystem asset and

people"  (United Nations 2021,  p.  117).  This means that  the actual  flow represents the

actual  use  and  transaction  that  takes  place  between  ecosystem  types  and economic

sectors and households (La Notte et al. 2019). However, the actual use of ES does not

necessarily consider important spatial aspects. Furthermore, it usually does not take into

account  broader  costs  and  benefits  that  may  result  from  increased  or  decreased

consumption  of  ES  that  affect  other  aspects,  for  example,  health.  Thus,  "ecosystem

accounting does not consider the relationship between people and the environment from

an economic or social welfare perspective" (United Nations 2019, p. 77). However, current

considerations examine experimentally whether the potential flow, as the total flow that the

respective ecosystem types can generate for each ES, can also be integrated into the

SEEA EA (La Notte and Dalmazzone 2018, La Notte and Marques 2019, La Notte et al.

2019).  With  this  consideration,  it  would  also  be  possible  to  examine  whether  the

ecosystems and their services are used in a sustainable way or not (La Notte et al. 2019).

Table 2. 

Examples of existing definitions of ES demand used in ES literature. Further definitions, see Suppl.

material 1.
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Demand  for  ES  is  often  directly  associated  with  the  beneficiaries,  those  (individuals,

households or economic units) who perceive the final  benefit  of  the ES. Some studies

emphasise that, without the demand for and use of an ES, there is no ES flow (Burkhard

and  Maes  2017,  Czúcz  et  al.  2020).  Therefore,  the  actual  use  of  ES  is  often  used

synonymously  as  ES  flow  in  the  ES  mapping  literature  (e.g.  Burkhard  et  al.  2012, 

Villamagna et al. 2013, Burkhard et al. 2014, Baró et al. 2015, Zhao and Sander 2015, 

Baró et al. 2016).

Other  ES  demand  definitions  take  into  account,  not  only  the  amount  of  ES  used  or

consumed, but also the expressed needs, wishes or preferences (Villamagna et al. 2013, 

Schröter  et  al.  2014,  Potschin-Young  et  al.  2018).  This  is  an  important  distinction  as

expressed needs, desires and preferences for ES may differ from the actual ES received.

In this article,  we followed this understanding where the demand for  ES describes the

extent to which society, interest groups or individuals need or desire ES to meet their basic

needs and to improve their quality of life.

1.2 Spatial-structural approaches

ES  mapping  approaches  have  proven  to  be  an  essential  tool  to  assess  ES  and  to

communicate  the  complex  spatial  information  of  ES  (Burkhard  and  Maes  2017).  For

comprehensible communication, abstract concepts are often clarified and visualised in an

extremely simplified way, not only using maps, but also pictures or illustrations.

In order to be able to describe the differences between the areas where ES are provided

and where benefits arise, Fisher et al. (2009) highlighted the spatial relationships between

Service Providing Areas (SPA) and Service Benefitting Areas (SBA) in a schematic figure.

Syrbe and Walz (2012) extended the scheme to include the Service Connecting Areas

(SCA), which give greater consideration to the space between SPA and SBA. As these

areas do not necessarily overlap, the location of the SCA can be used to show ES 'flow'.

An extended version of these illustrations can be found in Walz et al. (2017).

The spatial dynamics of ES flows can be very diverse. Natural or anthropogenic barriers,

sinks or depletions regions have an influence on the distribution and accessibility of ES

(Burkhard et al. 2014, Wei et al. 2017). Therefore, ES flows has been the focus in various

schematic illustrations that explain, in simple drawings, the spatial dynamics of respective

ES (e.g. Serna-Chavez et al. 2014, Rioux et al. 2019). Here, illustrations were on the one

side  used  to  explain  models.  For  example,  Bagstad  et  al.  (2013) used  schematic

illustrations to explain the multi-agent simulation system (SPANS) model that focuses on

detailed mapping of ES flow. Ala-Hulkko et al. (2019) presented a scheme to explain the

calculations in a spatial accessibility analysis, which aims to assess the spatial flows and

balance between ES supply and demand. On the other hand, these representations also

contribute to increasing the empirical understanding of the spatial  dynamics of ES. For

example,  Syrbe and Grunewald (2017) classified the spatial  dynamics of  SCA in more
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detail and described six cases, where they included the different scales and various access

possibilities:

1. Local: ES are provided and demanded in the same area (in situ). Since the ES do

not have to "flow" or be transported as a result, the benefits of these ES can also

be located in the same area.

2. Proximity: Natural processes and ecological laws determine the close transfer of

ES.

3. Process: Natural processes take place over further distances.

4. Access: People actively access areas to benefit from provided ES.

5. Transport of goods: ES products and goods (wood, food etc.) are transported to

people who demand these things.

6. Global: The benefits of some ES are global and cannot be spatially constrained.

The conceptual diagram by Schröter et al. (2018) aims to improve the understanding of

inter-regional telecouplings in socio-ecological systems by explaining the spatial dynamics

and  effects  of  four  different  types  of  inter-regional  flows  and  transport  mechanisms

between a sending and a receiving system. The authors explained that biophysical ES

flows can: a) be transported through human-made carriers (e.g. for food, raw materials); b)

take  place  through  species  migration  and  dispersal  (e.g.  bird  migration)  and  c)  arise

passively through diverse ecosystem processes and functions (e.g.  flood protection).  A

special point here is that, in the case of cultural ES, the exchange of data, information or

media can also represent a form of ES flow. Although the framework focuses on inter-

regional ES flows, the considerations could be applied at any scale (Schröter et al. 2018).

In SEEA EA, tables showing supply and use are applied to record the actual flows of ES

between ecosystem assets and economic units (United Nations 2019). There is also an

interest  in  mapping  this  supply  and  use  information.  However,  the  exchange between

ecosystem and economic units takes place from an accounting perspective, which may

limit the mapping ambitions. In accounting terms, the ecosystem-economic unit exchange,

for  example,  for  provisioning services (food,  raw materials)  takes place at  the point  of

harvest. This means that ES are treated as provided and used in the same area (in situ).

The transport of harvested materials to the regions where it is actually consumed is the

subject of standard economic accounting. Therefore, this aspect has no role in ecosystem

accounting and is, therefore, not mapped (United Nations 2021).

In  these  presented  approaches,  the  Service  Benefitting  Areas  equal  the  areas  where

people demand ES. This situation, however, is rarely simple. In highly anthropogenically-

modified landscapes, such as cities, some areas have a high demand for ES, such as air

quality  or  local  climate  regulation,  which  most  cities  cannot  meet  by  the  few  existing

remnants of nature (Baró et al. 2015,Grunewald et al. 2021).

This aspect is crucial for detecting ES mismatches, in which the quantity of ES demand

exceeds the amount or quality of ES supply (Baró et al. 2015, Geijzendorffer et al. 2015, 

Syrbe  and  Grunewald  2017).  As  ES  mismatches  can  indicate  unsustainable  use  and

inequitable distribution, there is an interest in illustrating how, when and where they can
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arise (Villamagna et al. 2013). Looking at two selected ES, Goldenberg et al. (2017), for

example, used a schematic illustration to depict the main differences between potential and

realised ES supply and demand, emphasising that demand can also remain unmet. We

want to further develop these considerations within a spatial context with the integration of

the SDA.

2 Methods

Based on an examination of available material, existing concepts were summarised and

streamlined  in  order  to  develop  an  adapted  spatial-structural  approach  which  includes

SDA.

2.1 Literature review

For the development of our adapted approach, existing reviews and theoretical articles

about supply and demand of/for ES were highly relevant (see Fisher et al. 2009, Burkhard

et al. 2012, Syrbe and Walz 2012, Villamagna et al. 2013, Geijzendorffer and Roche 2014, 

Geijzendorffer et al. 2015, Wolff et al. 2015, Hegetschweiler et al. 2017, Stosch et al. 2017,

Syrbe and Grunewald 2017, Wei et al. 2017, Walz et al. 2017, Schröter et al. 2018, La

Notte et al. 2019). This literature was expanded with further articles by conducting a search

in the scientific literature databases, ISI Web of Knowledge (https://webofknowledge.com)

and Scopus (http://scopus.com).  The search keyword combinations are documented in

Table 3. Due to the extensive amount of literature, articles were limited to studies that

explicitly  stated  that  the  demand  for  ecosystem  services  was  assessed  and  spatially

mapped.  In  this  way,  it  was  possible  to  examine  articles  that  might  describe  spatial

relationships and patterns between SPA and SDA.

Keywords Occurrence 

Scopus ISI Web of Knowledge 

Ecosystem Service + Demand 402 716

Ecosystem Service + Demand + Supply 145 218

Ecosystem Service + Demand + Mapping 44 97 

As Wolff et al. (2015) published a comprehensive review on mapping ES demand and was

especially considered in this article, the search was limited to articles from 2015 to 2020.

From this search, the relevant literature was selected by reading abstracts and examining

the texts. A record was made of which definition of demand was used, who demands ES,

whether  mismatches  were  considered,  which  ES  were  investigated,  which  spatial

representation of the demand for ES was chosen and which methods were used.

Table 3. 

Examined keyword combination. The highlighted keywords were used for further analysis as they

address the mapping of ES.
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2.2 Development and structure of the adapted spatial-structural approach

The illustrations and descriptions of the adapted spatial-structural approach were compiled,

based on already-existing graphical representations, terms and explanations. These have

been  redesigned  and  reformulated  to  include  the  SDA.  An  overview  of  the  central

components is shown in Fig. 1. The components can be explained as follows:

Service Providing Areas (SPA) locate areas where ES supply/potential emerge. These

areas contain natural  elements and may include parts  or  even whole ecosystems that

represent complex, functional units of plant, animal and microorganism communities and

their  non-living environment (Potschin-Young et al.  2018).  The most appropriate spatial

units are those that are closely related to the ES concerned. These can be, for instance,

biotopes,  habitats,  water  bodies,  watersheds,  land-use types or the areas of  impact  of

related ecosystem functions or processes (such as floodplains). As ecosystem condition,

conservation, as well as land management measures are important factors influencing ES

supply, these areas can consist of natural and anthropogenic elements and characteristics

Figure 1. 

Overview and explanations of the central components.
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(Syrbe and Walz 2012, van Oudenhoven et al. 2012, Walz et al. 2017). La Notte et al.

(2019) described how ecosystems (or, in this case, the SPAs) can play different roles in

providing  ES  potential.  They  can:  1)  increase  the  productivity  of  an  ES  (e.g.  food

production or raw materials); 2) influence the suitability of ecosystems for providing, for

example, pollination services or suitable habitats; 3) act as a sink (when ES absorb matter

or energy, such as in air filtration); 4) buffer matter or energy which flows through the SPA

(e.g. flood regulation); or 5) form the area where intangibles, such as information or cultural

identities, are generated (La Notte et al. 2019).

We propose that people's needs or desires can be spatially located and are an indication of

Service Demanding Areas (SDA).  When characterising the SDA, it  should be kept in

mind that the spatial location can vary with the selected ES demand type as well as with

the group of people from whose perspective the expressed demand is to be presented.

SDA often correspond to the usual location of people (urban areas, buildings), but can also

be located with the help of closely related land-use types, on which the benefits of ES are

intended to be received.

Service Connecting Areas (SCA) visualise the different forms of ES flows and transport

mechanisms. As already mentioned above, the representation of the SCA is strongly scale-

dependent. Depending on the ES considered, the SCA can be represented by natural or

anthropogenic  elements  (such  as  streams,  rivers  or  human-made infrastructures).  The

spatial distance of impact and possible access restrictions or barriers should be taken into

account in the presentation of the SCA as these are crucial in determining whether people

can reach or benefit  from ES. Often SCA can only be detected by conducting specific

analyses,  as is particularly the case with inter-regional  ES flows (Schröter et  al.  2018, 

Kleemann et al. 2020).

Service  Benefitting  Areas  (SBA) represent  the  areas  where  people  knowingly  or

unknowingly benefit from the ES of interest.

The various spatial relationships that can occur were ordered into three main categories:

1) In-situ: ES are provided and demanded in the same area (in situ). Since the ES do not

have to "flow" or be transported, the benefits of these ES can also be located in the same

area.

2) Directional connections: ES are not provided and demanded in the same area, but these

areas  are  near  each  other,  directional  connections  exist.  The  provided  ES can  "flow"

through natural processes or people who demand these ES, actively access the SPA in

order to benefit from provided ES.

3) Non-directional  connections:  ES  are  provided  and  demanded  in  areas  with  non-

directional  connections.  The  provided  ES  "flow"  through  natural  processes  over  long

distances,  ES  products  and  goods  (wood,  food  etc.)  are  transported  to  people  who

demand these things or people who demand these ES actively access the SPA to benefit

from provided ES.
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3 Results

In the following sections, we will present the outcomes of the literature review and present

the  newly-introduced  component  of  service  demanding  areas  in  the  adapted  spatial-

structural approach in more detail and with examples.

3.1 Literature review

Altogether 33 articles were identified which addressed demand for ES. A detailed overview

of the articles analysed and the definitions, ES, methods and scale of analysis used can be

found in Suppl. materials 1, 2.

The articles looked at different ES at a varying level of detail (see Suppl. material 2). Nine

articles focused only on one ES, 24 articles considered two or more ES. The demand for

regulating ES was considered most frequently, with a popular focus on specific ES, such

as  global  or  local  climate  regulation,  water  flow  regulation,  air  quality  regulation  and

pollination. Amongst the cultural ES, the demand for nature-based recreation was most

frequently  assessed,  followed  by  the  demand  for  intangible  services,  such  as  natural

heritage and intrinsic values of biodiversity. The demand for provisioning services received

the least attention. Here, the demands for food, (drinking) water and raw materials were

most often analysed.

The spatial scales of the case study areas varied from local to international, with regional

studies  being  most  predominant  (21).  Fifteen  articles  did  not  describe  from  which

perspective ES demand had been assessed. In the remaining articles, it can be deduced

which perspective was presented. In Quintas-Soriano et al. (2019), the demand for ES was

assessed by randomly selected persons. In some papers, key or local stakeholders and/or

experts assessed or estimated the demand for ES (Beichler 2015, Palacios-Agundez et al.

2015,  Li  et  al.  2016,  Palomo-Campesino  et  al.  2018,  Kokkoris  et  al.  2019).  Others

assessed the demand of particular interest groups like vulnerable people (Cortinovis and

Geneletti 2018), farmers (Chen et al. 2018), visitors/tourists (Schirpke et al. 2018, Zhao et

al. 2019), people dependent on wild medicinal plants or certain consumers groups (Wolff et

al. 2017). The demand of different population groups was also examined, identifying them

as residents  (Schirpke et  al.  2018),  rural  population (Chen et  al.  2018)  or  households

(Sahle et al. 2018b, Yuan et al. 2019). Three articles used environmental quality standards

(Baró et al. 2015, Baró et  al.  2016,  Chen et  al.  2019),  which are set  by  institutions to

assess discrepancies as a proxy threshold to determine expected or required ecosystem

conditions from a societal perspective demand.

Statistical/literature data was most commonly used for simple assessments and mapping

of  ES  demand  (18)  (e.g.  Baró  et  al.  2016).  In  contrast,  only  six  articles  used

comprehensive  models  to  calculate  the  demand  for  a  few  selected  ES:  recreation,

pollination, flood regulation and wild medicinal plants (e.g. Wolff et al. 2017). Participatory

methods  were  used  in  eight  articles,  including  participatory  mapping,  qualitative

participatory  scenarios,  preference  assessments  and  various  types  of  surveys  (e.g.

Beichler 2015, Palacios-Agundez et al. 2015, Quintas-Soriano et al. 2019). For example,
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interviewees expressed their estimation of the extent of a region's ES demand using the

ES matrix look-up table method (Li et al. 2016, Chen et al. 2018). Furthermore, results

were analysed with  different  statistical  and spatial  analysis  methods,  such as principal

component  analysis,  cluster  analysis,  multi-criteria  analysis  or  spatial  prioritisation (e.g.

Verhagen  et  al.  2017,  Schirpke  et  al.  2019a,  Schirpke  et  al.  2019b).  Some  articles

combined scenario-based analyses with trade-off analyses to consider and determine the

effects of,  for example, changes in land cover and land-use, land use management or

policy  and/or  climate  change  (Goldenberg  et  al.  2017,  Cimon-Morin  and  Poulin  2018, 

Cortinovis  and Geneletti  2018,  Sauter  et  al.  2019,  Yuan et  al.  2019).  In  30 articles,  a

combination of methods was found. Most articles (29) analysed ES mismatches and trade-

offs, by comparing results from ES supply/potential with ES demand assessments.

3.2 Demand for ecosystem services in a spatial-structural approach

Fig.  2 illustrates possible types of  spatial  relations in the adapted ES spatial-structural

approach in a generalised and simplified way.

Based on the spatial  relationships presented above (Chapter 2.2),  a distinction can be

made between the following types of relationships between the SPA and SDA:

1) in situ: ES can be provided and demanded in the same area (in situ). The benefit of this

ES  can  be  found  in  the  same  area,  as  it  does  not  require  the  ES  to  "flow"  or  be

transported. There may still be areas where the ES is demanded, but not provided at this

location. This can lead to an unmet demand. It is also possible that there are areas that

provide the ES, but these ES are not used by people and, therefore, are not classified as

SBA.

Example: Crop yield is influenced by ES which regulate and maintain soil quality. These ES

can, however, only provide benefits in their immediate location. The benefits of these ES

can be seen directly where soils with good natural soil quality are used, i.e. in the SDA.

These ES can also be provided in areas like urban parks, but the benefits seen in urban

parks are not related to food production. Gardens or agricultural land where these ES are

not provided would display unmet demand.

2) There are several ways in which directional connections can occur between SPA and

SDA:

2a)  Central  directional:  ES  are  provided  in  an  area  surrounding  the  SDA.  The  ES

provided "flow" through natural processes into the SDA, where the benefits can be used.

However, the flow distance of the respective ES can be limited. Outside this range, there

would remain unmet ES demand.

Example: City residents can benefit from the supply of fresh and cold air produced in the

open spaces in the surrounding area that mixes with the warmer air in the built-up areas.

As this distance is limited, people living in centrally located built-up areas may still need

local climate regulation.
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2b)  Omnidirectional:  This  case  is  similar  to  2a),  except  that  a  central  SPA provides

benefits to a surrounding SDA.

Example: A park within a city provides fresh and cool air that mixes with the warmer air in

the built-up areas. As this provision distance is limited, residents in more built-up areas

cannot benefit from this ES type.

2c) Directional with a predominant impact direction: ES are provided in an area that is

close to the SDA. The SCA is determined by ecological functions and processes, with a

predominant direction of impact. If the SCA is missing, the SDA behind it cannot benefit

from the respective ES.

Example:  The residents  of  a  built-up area are protected from storm surges by natural

coastal protection through, for instance, dunes, coastal wetlands or seagrass. As not all

coastal areas provide this ES type, there may be built-up areas not protected by natural

coastal defences. These residents live in areas that are at higher risk of flooding.

Figure 2. 

Spatial-structural  approach  including  Service  Demanding  Areas  (SDA).  Types  of  spatial

relations  of  Service  Providing  Areas  (SPA),  Service  Benefitting  Areas  (SBA)  and  Service

Connecting Areas (SCA) (adapted and extended from Fisher et al. (2009), Syrbe and Walz

(2012), Syrbe and Grunewald (2017), Walz et al. (2017) and with consideration of the work

from Schröter et al. (2018), La Notte et al. (2019)).
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2d) Directional with a predominant use direction: This case is similar to 2b), except that

there is a movement from the SDA to the SPA.

City residents can actively walk to urban parks for sport and recreational reasons. Using

the natural environment helps the residents to stay fit. SCA can be used to display the

distances that  residents travel  from their  homes.  However,  some of  the suitable urban

green spaces may be too far  and are,  therefore,  not  used.  There may also be urban

settlements where the distance to any park or green area is too far. The demand of these

people for the ES remains unfulfilled.

3) The SPA and SDA can be spatially separated from each other at greater distances,

where non-directional connections exist. There are several circumstances:

3a) The areas where ES are provided and demanded are spatially separated. However,

there is an SCA, determined by ecological functions and processes, which ensures that the

benefits of these ES take place where they are in demand. Nevertheless, there may still be

areas that do not benefit from the ES, for example, due to barriers influencing the SCA.

Example: A floodplain upstream protects residents in a built-up area against river flood

events. As there may also be urban areas that cannot benefit  from the ES due to, for

instance, geographical reasons, an unmet demand may exist.

3b) Movement:  This case is similar to 2d, except that people actively access areas at

greater distances in order to benefit from the ES provided there.

Example: People can travel around the world to enjoy and benefit from ES provided by

aesthetic landscapes. As some places are too far away or inaccessible due to restrictions,

these areas do not represent SBA. Similarly, there may be people who cannot travel or for

whom the places are too far away, which may result in an unmet demand.

3c)  Transport  of  commodities:  SDA  and  SPA  are  spatially  separated;  thus,  the

connection area is  determined by the transport  of  goods and materials  or  information.

Areas, where these things are transported, can benefit from the ES. However, it may also

be that these things are not transported into certain areas, which means that the demand is

still unsatisfied.

Example: Agricultural land provides crops, fruits and vegetables that can be transported to

urban areas worldwide where people live  and need food.  However,  there may be (for

various reasons) no food transport to certain urban areas, so residents cannot benefit from

this food supply, which, in the worst case, can lead to hunger.

4 Discussion

This article contributes to the conceptual understanding about ES demand and aims to

illustrate that not only the areas where the benefits of ES arise and can be used by people

should be considered, but also that it is essential to look at the areas where the demand for
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these ES arise in the first place. By taking this aspect into account, interventions can be

explored that could strengthen the role of healthy ecosystems - especially where people

are particularly dependent on nature - and where solutions should focus on reducing ES

demand to protect the ecosystem (Chaplin-Kramer et al. 2019, Chen et al. 2019).

We hope that with the addition of SDA to existing spatial concepts, the difference between

ES demand and benefits can be highlighted. In addition, the schematic illustrations and

examples  show  that  similar  spatial  connections  exist  that  significantly  influence  the

fulfilment of ES demand.

4.1 Ecosystem service demand is multifaceted

Spatially-explicit mapping of ES demand is challenging given that demand is multifaceted

and can change over time.

ES are not delivered to society as a single group of beneficiaries; the groups differ in their

cultural  and  demographic  characteristics  (such  as  age,  gender  and  ethnicity),  have

different  levels  of  education,  interests,  motivations,  financial  resources  or  consumption

patterns (Pascual et al. 2014, Pascual et al. 2017, Hegetschweiler et al. 2017). Therefore,

people demand ES in very different and often contradictory ways, leading to trade-offs

between the interests of different stakeholders (Cavender-Bares et al. 2015).

Often, only a few actors (such as farmers, landowners, business enterprises or institutions)

have an impact on land-use change and the ES flow mechanism and, thus, play a crucial

role in creating, distributing and meeting ES demand (La Notte et al. 2019, Watson et al.

2019). In particular, institutions can strongly influence the demand for specific ES through

land-use  decisions,  guidelines,  environmental  quality  standards  or  policy  objectives

(Geijzendorffer and Roche 2014, Baró et al. 2015, Baró et al. 2016, Chen et al. 2019). For

example, Schulp et al. (2014) have shown how demand for pollination increased after the

European  Commission  started  to  promote  and  subsidise  pollinator-dependent  crops

(oilseed rape,  sunflower and other oil  crops)  with the EU Biofuels Directive (European

Commission 2009). Due to the increasingly negative impact of agricultural intensification

on ES potential, the authors call for further ecosystem protection at the EU level to help

meet demand for pollination. Identifying these 'enabling actors' (La Notte and Dalmazzone

2018) and the geographic and policy scale from which they influence land use helps to

better understand who is responsible for land-use change and what policy or management

interventions are needed to enhance or maintain ES successfully (Darvill and Lindo 2015, 

Geijzendorffer et al. 2015).

In general, as with all ES assessments, the spatial scale also plays an essential role in ES

demand (Geijzendorffer and Roche 2014). The illustrations and examples of the spatial

concept presented here show that the spatial distribution and connection of the SPA and

SDA can vary greatly depending on the ES. Therefore, it is advisable to examine possible

SPA and SDA for each ES and determine whether specific patterns can be identified in

different human-environment systems.
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As demand varies from ES to ES, it can also be met in diverse ways. In many cases, ES

supply is actively co-produced and increased through human activities and interventions

(Bennett et al. 2015, Fischer and Eastwood 2016) or the benefits are imported in the form

of products and goods from other regions. For example, food production on agricultural

land is enhanced through various agricultural interventions (Wiggering et al. 2016, Bethwell

et al. 2021) and the harvest is subsequently transported to beneficiaries (Ala-Hulkko et al.

2019). Strategically planned networks, such as green infrastructure, safeguard or enhance

recreational  opportunities  (Hegetschweiler  et  al.  2017),  multiple  ES  and  support

biodiversity (Chen et al. 2019, European Commission 2019, Hersperger et al. 2020).

The  high  demand  for  ES  and  trade-offs  between  ES  can  also  be  reduced  without

increasing ES supply through intelligent policy-making, for example, by increasing prices,

fees  or  taxes  on  certain  products  (Fisher  et  al.  2009),  by  restricting  access  to  fragile

ecosystems (Schägner et al. 2016), through planning laws that aim, for instance, at social

and environmental justice (Jacobs et al. 2016, Cortinovis and Geneletti 2018) or through

agreements  on climate,  ecosystem and biodiversity.  This  option  is  often a  solution for

regulating ES, as the underlying ecosystem processes and functions often take place over

longer  distances and the benefits  cannot  be used or  consumed directly  (Sauter  et  al. 

2019). The demand for  global  climate regulation,  for  example,  can be expressed as a

demand for a global ecosystem state in which CO  and other GHG emissions, as major

contributors to global climate change, are adequately sequestered and stored at a global

scale (Burkhard et al. 2012, Baró et al. 2015, Sahle et al. 2018a, Cimon-Morin and Poulin

2018).  However,  alternative  scales,  data  and  indicators  can  also  indicate  ES demand

mismatches for these ES (Rioux et al. 2019). For example, it can be shown at the local

level  whether  anthropogenic  emissions  exceed  local  CO  sequestration  and  storage

capacity (Zhao and Sander 2015, Sahle et al. 2018a, González-García et al. 2020). Such a

study is politically relevant as it  can show where and why CO  emission levels exceed

legally binding CO  emission targets (Baró et al.  2015, Chen et al.  2019, Sauter et al. 

2019).

4.2 Mapping ecosystem service demand

As with all mapping assessments, data availability is a crucial factor for spatial mapping of

ES  demand.  It  is  noticeable  that,  in  the  studied  articles,  demand  for  ES  mainly  was

assessed  and  analysed,  based  on  simple  statistical  and/or  literature  data  (see  Suppl.

material 1). The use of statistical and/or literature data, look-up tables or the ES matrix

method is well-suited for comparatively quick and large-scale analyses, especially when

implementing comprehensive process-based ES models would be too resource-intensive

(Sauter et al. 2019, Campagne et  al.  2020).  In  this  way,  relatively  simple,  yet  realistic,

estimates  can  be  generated  that  show  spatial  distribution  patterns  (Goldenberg  et  al. 

2017). However,  it  should  be kept  in  mind that  the  complexity  of  ES demand is  then

represented  in  a  simplified  way,  which  may  have  consequences  in  identifying  or  not

identifying ES mismatches and trade-offs (Li et al. 2016).

2

2

2

2
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Furthermore, ES demand is often derived from a land-use/land-cover perspective.  This

approach assumes that certain land-use types have a higher demand for the benefits of

the corresponding ES. For example, studies have determined the demand for pollination by

the size of vegetable gardens in residential or agricultural areas (Schulp et al. 2014, Rioux

et al. 2019, Zhao et al. 2019). A higher demand for ES is often attributed to particularly

vulnerable land-use types at higher risk during extreme events. For example, high demand

for ES for flood regulation has been attributed to those land-use types that are most likely

to  experience  negative  impacts  for  people  during  flood  events  (Nedkov  and  Burkhard 

2012). A similar attribution can also be observed in assessing and managing flood risk in

the EU (Directive 2007/60/EC). However, further aspects of demand are also considered,

namely the potentially negative impacts of floods on human health, infrastructure, nature

conservation areas and cultural heritage (European Union 2007).

The  frequent  use  of  proxy  indicators  (e.g.  population  numbers  or  building  density,  air

quality and proximity to green spaces) (Baró et al. 2015) only provides information on the

potential use of ES and does not take into account the diverse demands of stakeholders.

So far, only a few authors have taken up the challenge of considering the demands of

different user groups (e.g. residents, farmers and tourists) to represent different interests or

concerns (Chen et al. 2018, Schirpke et al. 2018, Chen et al. 2019). However, such an

investigation requires a comprehensive data basis and requires a higher methodological

effort.

Various  participatory  methods  are  available  to  indicate  the  ES  demand  of  different

stakeholder groups (see, for example, Cavender-Bares et al. 2015, Palacios-Agundez et

al. 2015, La Rosa et al. 2016, Harrison et al. 2018, Quintas-Soriano et al. 2019). Although

these methods may not  provide accurate geographical  data,  they provide valuable ES

information  that  is  otherwise  difficult  to  assess,  such  as  cultural  ES  (Beichler  2015, 

Palomo-Campesino et al. 2018). However, additional methods should be included for ES

that are rarely known or often hardly perceived as relevant by stakeholders (Kaye-Zwiebel

and King 2014,  Quintas-Soriano et  al.  2019).  Since ES demand is  multifaceted,  using

multiple methods and data types from different disciplines can significantly increase the

knowledge and applicability of the results (Milcu et al. 2013, Flood et al. 2021).

In  the  reviewed  articles,  ES  mismatch  analyses  were  mostly  conducted  through

comparatively simple supply-demand comparisons that express the degree of (im)balance

between the ES supply and demand (e.g. Li et al. 2016, González-García et al. 2020). The

relationship between ES supply and demand can be strongly influenced by site-specific

and short-term aspects,  such as  weather  conditions,  land-use/land-cover  changes and

landscape features, which can be included in the analysis and reveal further underlying

correlations  (Hegetschweiler  et  al.  2017).  Such  comprehensive  studies  have  been

conducted, for example, by Schirpke et al. (2018) and Schirpke et al. (2019a), where the

use of landscape, temporal and socio-ecological variables was able to identify and explain

the heterogeneous distribution of ES bundles in the European Alps.

Interestingly, significant differences in the quality of ES supply and demand assessments

can be observed in some articles. The difference in quality is also acknowledged as a
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limitation by the authors themselves and has also been criticised in other studies (e.g.

Czúcz et al. 2020, González-García et al. 2020). Comprehensive modelling of ES demand

has only been carried out in comparatively few studies (e.g. Wolff et al. 2017). The reasons

for this could be that, so far, suitable demand indicators have only been integrated into

ready-to-use models for a few ES (see, for example, InVEST (The Natural Capital Project

(NatCap) 2021), ESTIMAP (Zulian 2016) or ARIES (Villa et al. 2014)).

4.3 Limitations

This study complements previous spatial  structural  approaches with SDA, but also has

some methodological limitations. First, we are aware that ES research is a very dynamic

field and that there may now be other relevant sources that consider and map ES demand.

Second, the selection of our keywords had a major impact on identifying relevant articles

and narrowing down the results. This problem has been highlighted in other review articles

(e.g. La Rosa et al. 2016).

In the process of editing this article, it  became more and more apparent that;  a) there

continues to be a heterogeneous understanding of  key terms and b)  that,  accordingly,

specific  key terms are also used differently  in  ES assessment,  mapping or  accounting

literature. In the official reports of the accounting community, "ES demand" is not used as

an independent term (see also Table 1 in the Introduction) - instead, the focus here is on

"use of ES" or "actual flow" of services. Expanding the keywords in the literature search

with, for example, these terms could have identified more sources.

Given the diversity of ES and the different influencing factors that affect and respond to

changes in ES demand, a narrow definition is often avoided to reflect this diversity (Wolff et

al.  2015).  This  flexibility  is  often even desired in  the  holistic  ES approach to  facilitate

discussions between disciplines (Czúcz et al. 2020, Grunewald et al. 2021). However, in

many of the articles reviewed, the demand for ES was not sufficiently described, leading to

further  confusion.  Overall,  the  different  understandings  pose  a  challenge  for  the

transferability  and  comparability  of  the  methodological  approaches  and  the  ability  to

communicate and apply the results in policy, land-use management or spatial planning.

Understanding the diversely interpreted ES terms is particularly challenging for non-native

speakers, especially when English terms themselves contain subtle nuances of meaning

and  there  are  no  direct  translations  into  their  native  language  (Dłużewska  2016).

Therefore, it should be communicated how the ES concept terms are understood and what

indicators have been used to represent them.

We would like to emphasise that this paper only intends to provide an initial overview of the

spatial relationships between the different components of the ES concept and to make a

valuable contribution to future considerations in this  field.  This being the case, various

aspects  (e.g.  temporal  changes)  that  influence  the  distribution  of  the  ES  are  not  yet

included in the figures or examples used in this paper.
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5 Conclusions

Healthy ecosystems play a key role in meeting ES demand by providing, for example, food,

clean drinking water, security and protection against natural hazards and a wide range of

recreational opportunities. The ES approach provides a holistic framework to examine how

nature can sustainably fulfil ES demand.

Matching  ES  supply  and  demand,  based  on  conservation  and  sustainable  use  of

ecosystems and their services, can help safeguard human well-being by avoiding unmet

demands.  Information  and  data  from  respective  ES  assessments  (including  the

comprehensive and robust  data provided by ecosystem and natural  capital  accounting

following SEEA)  that  integrate  ecological,  social-cultural  and economic  value  domains,

provide the evidence base for appropriate public and private decision-making on relevant

spatial and temporal scales - from local to global and from short- to long-term (Goldenberg

et al. 2017, Ala-Hulkko et al. 2019, González-García et al. 2020, Vysna et al. 2021).

Having analysed the selected scientific articles, three issues have emerged that can be

addressed to strengthen the assessment of ES demand and, thus, ES mismatch analyses.

Firstly, different studies perceive ES demand differently and it is important to clarify what is

meant by ES demand. Overall, a clear distinction between ES supply, potential, flow and

demand is mandatory to consider the different components of complex ES delivery from

nature to society. ES research requires both a common internal lexicon and the flexibility to

adapt the terminology used in external publications/communications regarding the desired

field of application in science, policy, business and society. This would help to increase the

mutual  understanding  within  the  ES  concept  and  improve  the  chances  of  its

implementation in related fields of applications, such as, for example, urban and regional

planning (Scott et al. 2018).

Secondly, it must be kept in mind that there are different ways to express human needs

and desires and that demand is thus multifaceted. Including the full range of stakeholders'

perceptions, needs and desires broaden the picture of societal demand for ES (Bennett et

al.  2015).  It  is  often the case that  multiple  stakeholders must  be brought  on board to

elaborate on important land-use decisions. Thus, it is crucial to look at these actors and the

spatial and temporal dimensions of the mutual inter-relationships between ES supply and

demand in order to identify the most effective approaches for achieving ES sustainability

(Villamagna et al. 2013, Geijzendorffer et al. 2015).

Thirdly,  to  inform  decision-makers  about  reducing  ES  trade-offs  and  mismatches,

meaningful  interpretations  between  ES  supply  and  demand  must  be  available.  The

adapted spatial-structural approach is a helpful (visual) support for understanding the ES

concept’s spatial components for identifying areas of interest. Studies vary widely in terms

of ES demand indicators, data and evaluation methods used. This highlights the lack of a

systematic methodological framework or the policy triage system to guide ES research,

which comprehensively measures comparable units and can link existing information on

ES  supply,  demand  and  benefits  (Honey-Rosés  and  Pendleton  2013).  Existing
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frameworks, such as the MAES framework, provide a valuable basis, but need to address

the ES demand side strongly (Burkhard and Maes 2017, Heckwolf et al. 2020).

Understandably,  a  precise  assessment  of  the  demand  for  ES  is  challenging,  as  both

environmental and socio-economic systems are highly complex as well as spatially and

temporally variable. Uncertainties about the interaction of ES supply and demand can, for

instance, arise from feedback loops (Stosch et al. 2017). For example, significant socio-

economic and cultural changes have occurred due to the current COVID-19 pandemic and

are changing the perception and use of the ES provided (Rousseau and Deschacht 2020).

The current negative developments related to the pandemic, such as travel restrictions,

increase the importance, but  also the use of  nature-based recreational  activities in the

immediate vicinity (Kleinschroth and Kowarik 2020, Venter et al. 2020). With the integration

of the SDA, we hope that the spatial connections of the complex ES delivery will be more

strongly emphasised.
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Figure 13. Bees and other insects are vital for pollination. Photo: Jolanta Dworczyk. 
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Schlaepfer, M.A., Sikorska, D., Tezer, A. 
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Figure 14. Urban water bodies and vegetation help to regulate the local climate in cities during hot summers. 
Photo: Jolanta Dworczyk.
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Chapter 6 
 

Urban flood regulating ecosystem services under climate change 

– How can Nature-based Solutions contribute? 

Wübbelmann, T., Förster, K., Bouwer, L.M., Dworczyk, C., Bender, S., Burkhard, B. 
Submitted to Frontiers. 

 

 

Figure 15. Vegetation and unsealed soils help to prevent flooding during heavy rainfalls.  
Photo: Jolanta Dworczyk 
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Abstract 

Urban areas are mostly highly sealed spaces, which often leads to large proportions of surface runoff. 

Simultaneously, heavy rainfall events are projected to increase in frequency and intensity with global 

climate change. Consequently, higher risks and damages from pluvial flooding can be expected. With 

the analysis of Flood Regulating Ecosystem Services (FRES), the benefits from nature to people to 

reduce surface runoff and runoff peaks can be determined. However, urban FRES are rarely studied for 

heavy rainfall events under changing climate conditions. Therefore, we first estimate the functionality 

of current urban FRES-supply and demand under changing climate conditions. Secondly, we identify 

the effects of nature-based solutions (NBS) on FRES-supply and demand and their potential future 

functionality and benefits concerning more intensive rainfall events.  

A district of the city of Rostock serves as the case study area. Besides the reference conditions based on 

the current land use, we investigate two potential NBS: 1) increasing the number of trees; and 2) 

unsealing and soil improvement. Both NBS are applied for three heavy rainfall events. Besides a 

reference scenario, two future scenarios were developed to investigate the ecosystem service 

functionality, based on 21% and 28% more intense rainfall. While the potential FRES-demand was held 

constant, we assessed the FRES-supply and actual demand for all scenario combinations, using the 

hydrological model LEAFlood. Comparing the actual demand and supply indicates the changes in 

FRES-supply surplus and unmet demand increase. 

Using FRES indicators from hydrological models to estimate future functionality under changing 

climate conditions and the benefits of NBS can serve as an analysis and decision-support tool for 

decision-makers to reduce future urban flood risk. In the next step, different scenarios for flood 

regulation demand and other adaptation measures can be tested with practical applications in other urban 

areas. 

1 Introduction 

Heavy rainfall is projected to increase in frequency and intensity due to climate change (Jacob et al., 

2014; Rajczak and Schär, 2017; Villaseñor, 2021). Consequently, rainfall changes will have a major 
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impact on pluvial flooding in urban areas. Flood Regulating Ecosystem Services (FRES) can function 

as measure to mitigate pluvial flooding. Ecosystem Services are defined as the linkage of ecosystems 

and society with direct or indirect contributions of ecosystem functions to human well-being (MEA, 

2005; TEEB, 2010). Flood Regulating Ecosystem Services (FRES) in particular are ecosystem processes 

and functions that store water and consequently lower surface runoff, which benefits human well-being 

by protecting and securing livelihoods (Burkhard and Maes, 2017). Whereby, FRES-supply comprises 

the contribution of the ecosystem to lower the flood hazard, and the ecosystem delivers a service when 

there is a demand or need for this flood reduction by society. Therefore, climate change must be urgently 

taken into account in the assessment of FRES to prove their future functionality (Maes et al., 2020).  

Different studies already address the impact of climate change on the future functionality of FRES using 

hydrological modelling (Shen et al., 2021; Wübbelmann et al., 2021). In general, the focus of FRES 

assessment is on fluvial floods in catchments on the regional or European scale (Nedkov and Burkhard, 

2012; Stürck et al., 2014; Gaglio et al., 2019). However, cities are particularly affected by pluvial floods 

because of two reasons. Firstly, they are vulnerable due to the high population density and the large 

potential for social and economic damage. Secondly, the high degree of sealing has modified the water 

cycle, which contributes to higher surface runoff. Yet FRES has been less frequently applied at the local 

or urban scale (Shen et al., 2019; Wübbelmann et al., 2022). 

Mismatch analyses of supply and demand can identify and visualise the benefits of FRES to society. 

The results can also reveal whether the demand for flood reduction can be met or not. In the case of 

heavy rain events, unmet demand may indicate flood risk to people and infrastructure. However, ES 

demand is less frequently spatial assessed and mapped (Campagne et al., 2020), causing research and 

knowledge gaps in mismatch analyses. For instance, Mori et al. (2022) mapped supply, demand and 

budget changes between 1990 and 2018 for a river basin using SWAT and Xiong and Wang (2022) 

conducted a mismatch analysis for an urban area. However, the future functionality of urban FRES 

under changing climate conditions for heavy rainfall events remains unclear. 

To counteract flood risks and to adapt to climate change, different concepts of natural adaptation 

measures exist (Kabisch et al., 2017). One concept of adaptation measures are Nature-based Solutions 

(NBS). NBS are measures or actions, which are inspired or supported by nature and use or imitate its 

complex characteristics and processes (European Commission, 2015). They are “actions to protect, 

sustainably manage and restore natural or modified ecosystems, which address societal challenges […] 

effectively and adaptively, while simultaneously providing human well-being and biodiversity benefits” 

(Cohen-Shacham et al., 2016, xii). For a successful implementation, urban planners lack information on 

the performance and benefits of NBS (Zölch et al., 2017). With the concept of Ecosystem Services this 

knowledge gap can be closed by considering the supply of ecosystems and the contribution of green 

infrastructure on the flood regulation.  

For sustainable development, the NBS must withstand climate change and should also contribute 

services under future conditions. However, strong evidence on the performance of NBS for climate 

adaptation is missing (Kabisch et al., 2016). Zölch et al. (2017) tested different NBS regarding their 

capacity and functionality under higher precipitation amounts with hydrological models and found out, 

that the regulation potential of NBS decreases. Other studies used system dynamic models for the long-

term effectiveness of NBS under changing climate conditions in rural areas (Gómez Martín et al., 2021). 

Studies on water supply and regulation for the future functionality of NBS under changing climate 

conditions for a floodplain have been done using the InVEST model that analyses seasonal water yield 

(Gaglio et al., 2019; Natural Capital Project, 2020).  

Most studies on FRES that reduce impacts from climate change and the usefulness of NBS are focused 

on floodplains and river catchments. The few existing studies on urban FRES are related to the current 

situation and lack the analysis of future scenarios. Therefore, the objective of this research is 1) to 

estimate future functionality of urban FRES under more intense rainfall events, and 2) to estimate the 

benefits of NBS on urban FRES under current and future climate conditions. For this, we determine the 

FRES-supply change, the change in actual demand, and finally, the change in the FRES budget. These 

objectives lead to the following research questions of this study: 
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• How does more extreme precipitation affect urban FRES-supply and as a consequence the 

urban FRES-actual demand? 

• Can ecosystem-based climate adaptation by NBS enhance the urban FRES-supply and lower 

the actual demand and how significant is their benefit related to more intense rainfall events? 

• Is our approach appropriate to test the future functionality of urban FRES and to identify 

mismatches between FRES-supply and demand? 

2 Material and Methods 

2.1 Study Area 

The study location is in the southwest of Rostock (area of 182 km²) in northern Germany and has an 

area of 4.5 km² (see Figure 1). In the past, Rostock was affected by several heavy rainfall events. In 

particular, in the summer of 2011 several heavy rainfall events were detected (Miegel, 2011), which 

created awareness and resulted in several research projects. The study area, which includes the 

Holbeinplatz, was chosen because of the present critical infrastructure, the diversity of urban land use 

structures and the flooding observed in the past in the area, especially at the Holbeinplatz.  

The dominant land-use types are green areas (parks, forests and woodland) with 50 % of the area, 23 % 

consisting of traffic areas and 25 % containing sealed areas (settlements, urban dense areas, and 

industry) (Steinbeis-Transferzentrum Geoinformatik, 2017). The predominant soil types are luvisol-

pseudogley and regosol and the substrate textures of the soil are wet sandy loam and loamy sand (Hanse- 

und Universitätsstadt Rostock – Amt für Umwelt- und Klimaschutz, 2019). The climate conditions in 

Rostock are mild-maritime due to the vicinity to the Baltic Sea. The mean annual temperature is 9.4 °C 

(1981-2010) (DWD Climate Data Center, 2022a) and the annual precipitation sum is 646.2 mm with 

summer precipitation of around 202 mm (DWD Climate Data Center, 2022b) at the DWD station 

Rostock-Warnemünde (closest weather station in ~ 9.6 km distance). 

 

Figure 1 Location and land use of the research area in Rostock 
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2.2 Data 

The hydrological modelling and FRES analysis require a bundle of datasets. Table 1 (supplements) 

shows a detailed overview of the data that was used. 

The spatial geometry of the hydrological model is defined by using spatial data of land use, soil type, 

elevation, and tree coverage and characteristics. Temperature, relative humidity, solar radiation, wind 

speed and precipitation are the meteorological input of the model. For these meteorological data, 

observations were taken from the climate station Rostock-Warnemünde, operated by the German 

national weather service (DWD). The heavy precipitation event that was used for the present study was 

observed on the 6th of August 2011 and lasted over one hour with a rainfall total of 21.7 mm. Further 

spatial data about infrastructure, population density, land reference value, and appearance of monuments 

were used for the FRES-demand analysis (see table 1).  

2.3 Hydrological Model LEAFlood 

The hydrological model quantifies ES indicators for canopy interception and soil water for the supply, 

and the surface water depth for the actual demand. We used the hydrological model LEAFlood 

(Landscape vEgetAtion and Flood model) (Wübbelmann and Förster, 2022), which is based on the 

modular and open-source Python package “Catchment Modelling Framework” (CMF) (Kraft et al., 

2011; Kraft, 2020). LEAFlood adopts and uses CMF functions to create a mesh out of a GIS shapefile. 

The model enables a detailed presentation of canopy interception, including through fall and canopy 

evaporation, and lateral surface runoff simulation, using a 2D kinematic wave approximation (Figure 

2). In addition, one soil layer of 0.5m depth is used following the Green-Ampt infiltration approach 

(Rawls et al., 1993) and Brooks Corey Retention curve. The representation of canopy interception and 

runoff by LEAFlood was verified in detail by Camarena et al. (2022), who compared measured runoff 

and canopy interception observations with LEAFlood results. Furthermore, the model has already been 

applied for a FRES analysis under contemporary conditions by Wübbelmann et al. (2022). 

The geometry in this analysis is the same as Wübbelmann et al. (2022). The basis was a shapefile of 

polygons with a size of approximately 1000m². The canopy cover was calculated by a quotient of the 

canopy area and polygon area. Each tree species was assigned a Leaf Area Index (LAI) and an 

interception capacity (Breuer et al., 2003). Missing values were filled by mean values. Afterward, mean 

LAI and interception capacity were calculated by an intersection of the tree point information and the 

polygon shapefile. For each polygon, the mean value of all contained trees was then calculated. The 

literature values by Breuer et al. (2003) depict the mean interception capacity including a range of 

different rainfall events regarding amount and duration, but they do not give information about the 

maximum interception during heavy rainfall events as investigated here. Therefore, based on the 

modelling results in a neighborhood in the city of Freiburg, Germany (Camarena et al., 2022), 

observation data on this site (Jackisch et al., 2013) and further interception measures from other studies 

(Asadian and Weiler, 2009; Alves et al., 2018) we have increased the interception values of all cells by 

a factor of 5.  

The saturated conductivity (Ksat) was also variable over the area and depends on the sealing (see Table 

5). Based on sandy loam, a baseline value of 0.3m/d was assumed and reduced for higher sealing degrees 

(Sponagel et al., 2005; Wübbelmann et al., 2022). Further soil parameters were constant in the area. In 

addition, each land use was assigned a surface roughness coefficient Manning (Wübbelmann et al., 

2022). 

The output of the model consists of surface water depth, soil water depth, intercepted water depth, and 

the outflow at the outlets. The outflow is detected as water that leaves the study area at the set boundary 

conditions (constant head). These results are generated per polygon and per time step.  
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Figure 2 The hydrological processes of LEAFlood (Wübbelmann and Förster, 2022). 

2.4 Flood regulating Ecosystem Services Analysis - Indicators and Quantification 

The FRES analysis was done with a combination of ArcGIS Pro 2.8.0 by ESRI and statistical calculation 

with Python. The general method and indicators are based on Wübbelmann et al. (2022) and were 

adapted to a scenario analysis by using the changes to a reference scenario as indicators. Figure 3 shows 

the methodological framework of the analysis. Different indicators were used for the supply and demand 

analysis (see tab 2).  

The hydrological modelling with LEAFlood delivered the indicators of soil water depth and intercepted 

water depth by the tree canopies in mm for the FRES-supply. Both storages are important flood 

regulation elements in urban areas and therefore necessary to be considered as indicators in urban FRES 

assessment. With LEAFlood the interception can be considered as an appropriate resolution of single 

landscape elements of the urban environments (such as parks or streets) and is reachable. For both 

storages (canopy interception and soil water storage), the difference between the maximum water depth 

over the whole period and the initial water depth at the beginning was used to calculate the sum of soil 

water and interception for the FRES-supply. Afterward, the difference was calculated for all scenarios, 

relative to the reference scenario, consisting of current land use, and the extreme rainfall event of 2011. 

This was then normalized to a relative scale from -1 to 1, where -1 indicates a very high decrease in 

supply, 0 no change, and 1 a very high increase in supply. 
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The potential demand was assumed to be constant among all scenario combinations to better estimate 

the effects of the NBS and the influence of future precipitation scenarios. We determined the potential 

demand as described in Wübbelmann et al. (2022). Five indicators – population density, monuments, 

land reference value, critical infrastructure, and traffic areas - were used following the approach of 

(Biota, 2014). As opposed to demand, the flood hazard has changed depending on the scenario. The 

corresponding indicator is the surface water depth [mm] of the model output. As the supply, the 

difference to the reference scenario was normalized to a relative scale from -1 (decrease of surface water) 

to 1 (an increase of surface water). The intersection of the hazard changed classes and potential demand 

gave the actual demand change with the same scale from -1 to 1.  

 

Figure 3 Workflow of the FRES analysis. t0 is the first time step of the modelling, ci represents the 

water depth in one cell and cmax or q0.9 is the maximum or 90% quantile water depth for this 

hydrological parameter over all cells. 

Finally, the difference between the classified supply and actual demand change resulted in the budget 

change. The resulting scale can therefore take values on bandwidth from -2 to 2.  

2.5 Scenarios and adaptation measures 

2.5.1 Rainfall scenarios 

For the analysis of the current and future functionality of FRES in an urban area we used a reference 

scenario and two future scenarios (period 2050). They are based on an observed one-hour rainfall event 

in 2011 measured at the Rostock-Warnemünde station with a temporal resolution of one minute. The 

total rainfall amount in this hour was 21.74 mm with a maximum intensity of 2.93 mm/min after 29 

minutes (see table 3). The event can be assigned to a three-years return period (DWD Climate Data 

Center, 2020), which corresponds to the design standards in the planning of urban drainage systems in 

residential areas (DIN-EN, 2017). 

For the definition of the future scenarios, we used the super Clausius-Clapeyron (sCC) relation between 

atmospheric water vapour content and temperature, to scale (increase) the rainfall intensity of the 

observed 2011 event with temperature change (further global warming). Unlike the CC scaling 

approach, the sCC relation is more appropriate for sub-daily and convective events (Westra et al., 2014; 

Förster and Thiele, 2020). This sCC relation assumes an increase in precipitation intensity of up to 14 

% per degree of temperature increase for short extreme events, at daily mean temperatures higher than 
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12 °C (Lenderink and van Meijgaard, 2008; Dahm et al., 2019; Förster and Thiele, 2020). We 

investigated scenarios of 1.5°C and 2°C warming compared to 2011. Therefore, with the sCC scaling 

factor of 14%, warming of 1.5°C and 2°C suggests an increase in precipitation intensity of 21% and 

28% in 2011, respectively. Table 3 compiles major statistical characteristics for each scenario.  

Table 3 Names and statistical description of the rainfall scenarios. The return period was 

estimated utilizing the KOSTRA dataset (DWD Climate Data Center, 2020). 

Scenario Abbreviation Sum [mm/h] Return 

period 

[a] 

Maximum [mm/min] 

Reference 2011 F0 21.74 3 2.93 

Future 1.5° +21% F1.5 26.31 5 - 10 3.55 

Future 2° +28% F2 27.83 5 - 10 3.75 

For the definition of the future scenarios, we used the super Clausius-Clapeyron (sCC) relation between 

atmospheric water vapour content and temperature, to scale (increase) the rainfall intensity of the 

observed 2011 event with temperature change (further global warming). Unlike the CC scaling 

approach, the sCC relation is more appropriate for sub-daily and convective events (Westra et al., 2014; 

Förster and Thiele, 2020). This sCC relation assumes an increase in precipitation intensity of up to 14 

% per degree of temperature increase for short extreme events, at daily mean temperatures higher than 

12 °C (Lenderink and van Meijgaard, 2008; Dahm et al., 2019; Förster and Thiele, 2020). We 

investigated scenarios of 1.5°C and 2°C warming compared to 2011. Therefore, with the sCC scaling 

factor of 14%, warming of 1.5°C and 2°C suggests an increase in precipitation intensity of 21% and 

28% in 2011, respectively. Table 3 compiles major statistical characteristics for each scenario.  

According to regional climate model projections by Climate Service Center Germany (2019), 2011 was 

already around 0.8°C warmer than the annual mean temperature of the reference period 1971 – 2000. In 

the following, the earliest possible year (upper boundary of the projection bandwidth) in which climate 

projections for different RCP scenarios reach a 1.5°C or 2°C warming compared to 2011 is listed: 

• 1.5°C warming for RCP 8.5 will be reached in 2032 

• 1.5°C warming for RCP 4.5 will be reached in 2041 

• 2°C warming for RCP 8.5 will be reached in 2046 

• 2°C warming for RCP 4.5 will be reached in 2053 

It must be mentioned that these climate projections have high bandwidth with uncertainties. The listed 

values are the upper boundaries of the ensemble. In a low emission scenario (RCP2.6) these warming 

scenarios compared to 2011 will not be reached (Climate Service Center Germany, 2019).  

2.5.2 Adaptation measures 

Besides the current land use and land cover conditions, we investigate the potential benefit of two 

measures where additional NBS solutions result in additional canopy area, and a reduction of sealed 

areas, and thereby improving infiltration (see table 4). These two measures were first applied separately; 

additionally, we applied the combination of both NBS in a model run. These NBS measures represent 

options for climate adaptation to reduce urban flood risk. 
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Table 4 Overview and description of the applied nature-based solutions 

NBS measure Abbreviation Description 

Reference land 

use 

 

NBS0 Aggregated and reclassified land use from the 

‘Realnutzungskartierung’ from 2014 (Steinbeis-

Transferzentrum Geoinformatik, 2017) 

Additional 

trees 

 

NBStree Increased tree coverage by increasing the canopy cover 

over: 

• Forest land: minimum coverage of 90% 

• Green areas: minimum coverage of 30% 

• Traffic areas: minimum coverage of 30% 

Unsealing NBSunsealing Increased saturated conductivity (Ksat) for better 

infiltration (see table 5) 

Combined NBScombined A combination of both NBS. The increased tree coverage of 

NBStree and the enhanced saturated conductivity for better 

infiltration of NBSunsealing were applied 

First, we implemented a higher canopy cover in the study area. For this, we defined a minimum canopy 

cover of 90% above forest land use polygons, 30% for green areas, and 30% for traffic areas. This leads 

to an increase in average canopy coverage from 18% to 33% throughout the study area. This percentage 

can be considered as a realistic and feasible option since other cities also show a canopy cover up to 30 

% (e.g. Oslo or Singapore) (MIT Senseable City Lab; The Guardian, 2019). We have set the LAI to 5 

and the Interception Capacity to 1.4, reflecting the mean of all main tree species in the study area.  

The second adaption measure entails an unsealing of traffic areas and a soil improvement for green 

areas. Since the sealing is defined via the saturated conductivity in LEAFlood, we adjusted this 

parameter from 0.006 m/day to 0.1 m/day for traffic areas in the hydrological model. Because of possible 

numerical instability, we waived to create smaller polygons for green space along the street. Instead, we 

applied the adjustment to all traffic polygons. The saturated conductivity of the green areas was 

increased from 0.3 m/day to 0.4 m/day, respectively (see Table 5).  

Table 5 Saturated conductivity (Ksat) for the Reference Scenario and the adaptation measure 

"Unsealing". 

Land use Manning n Saturated Conductivity [m/day] 

  Reference 

 

Unsealing 

Urban dense areas 0.2 0 0 

Settlements 0.12 0.015 0.015 

Industry 0.12 0 0 
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Traffic area 0.03 0.006 0.1 

Green area 0.05 0.29 0.4 

Woodland 0.14 0.3 0.3 

Forest 0.15 0.3 0.3 

Water 0.03 0.015 0.015 

Lastly, a combination of both NBS was tested. For this purpose, the canopy cover and saturated 

conductivity were adjusted Names and statistical description as described above. 

3 Results 

We analyzed flood regulation in two ways. In the first part, we aggregated all spatial elements by the 

median and 90%-quantile and only considered the temporal evolution of pluvial flooding. In a second 

step, we focused on the spatial distribution of supply and demand change, and computed the averaged 

values of demand and supply over time. 

3.1 Timeline 

Fig 4 shows the timeline for the supply (interception + soil water; upper plot), the surface water (middle 

plot), and the total outflow of the study area (lower plot). The solid line displays the median water depth 

and the dashed line the 90% quantile over all polygons. Orange indicates the reference land use (NBS0), 

green the tree NBS (NBStree), blue the unsealing NBS (NBSunsealing), and purple the combination of 

the NBStree and NBSunsealing (NBScombined), while darker colors denote the 1.5 and 2°C warming 

rainfall scenario with 21 and 28% higher intensities (F2) and lighter colors for the reference scenario of 

2011 (F0). 

The median supply was not significantly increased for higher rainfall intensities for all NBS measures. 

However, both NBS have a higher supply than the NBS0. While the supply increase by the 

NBSunsealing is relatively small, it is higher with the NBStree and highest with a combination of both 

NBS (for median and 90% quantile).  

For the surface water, the NBStree leads to a higher decrease of the surface water than the NBSunsealing 

compared to the NBS0, whereas the effect is smaller for higher rainfall events (e.g. F2). The 90% 

quantile has greater differences between the NBS than the median. While the NBSunsealing again 

reduces surface water only slightly, the influence of the trees is visible (for all precipitation scenarios). 

The greatest reduction of surface water can be reached with the combination of both adaptation 

measures. The increase by higher rainfall intensities is comparatively high for the 90% quantile, while 

the impact is lower looking at the median.  

In addition, we investigated the total outflow of the area by summarizing all outlets for each time step 

(fig 4). The maximum of the peak, the change of the peak to the reference scenario of NBS0 and F0, 

and the reduction by the single NBS compared to the NBS0 for the respective rainfall scenario is listed 

in tab 6. Higher rainfall amounts increased the outflow and the peak discharge by 17.33 m³/min for the 

F1.5 scenario and by 23.51 m³/min for the F2 scenario. Whereas, the NBS decrease the peak outflow 

for the F0 scenario by -7.5 [m³/min] for NBStree, -1.4 [m³/min] for NBSunsealing, and -8.7[m³/min] for 

NBScombined. The NBStree had a higher impact by reducing the outflow and the peak discharge 

compared to the NBS0 for the same climate scenario (-9.2[m³/min] for F1.5 and -9.9[m³/min] for F2), 

than the NBSunsealing. The outflow of NBStree for scenario F2 is even lower than for the NBS0 and 

NBSunsealing for the climate scenario F1.5. The maximum outflow peak reduction for the 
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NBSunsealing is 1.6 [m³/min] for the F1.5 scenario. The combination of both NBS (NBScombined) 

reduces the outflow by about 1.2 – 1.4 [m³/min] more than the NBStree. 

 

Figure 4 Above figure: Median (solid line) and 90% quantile (dashed line) FRES supply 

(interception + soil water) of all cells in the study area. Bottom figure: Median (solid line) and 

90% quantile (dashed line) surface water depth of all cells in the study area. 

Table 6 Peak Runoff and the changes to the reference scenarios for all combinations of rainfall 

scenarios and NBS. The first column displays the peak runoff, the second column the peak 

increase/ reduction compared to the reference scenario NBS0 /F0, and the third column the 

reduction to the NBS0 of each rainfall scenario.  

 F0 F1.5 F2 

 Peak 

Max 

[m³/mi

n] 

Peak 

change 

to 

NBS0/ 

F0 

[m³/mi

n] 

Reductio

n to 

NBS0 

[m³/min] 

Peak 

Max 

[m³/mi

n] 

Peak 

change 

to 

NBS0/ 

F0 

[m³/mi

n] 

Reductio

n to 

NBS0 

[m³/min] 

Peak 

Max 

[m³/mi

n] 

Peak 

change 

to 

NBS0/ 

F0 

[m³/mi

n] 

Reductio

n to 

NBS0 

[m³/min] 

NBS0 29.03 - - 46.35 17.33 - 52.54 23.51 - 

NBSTree 21.57 -7.45 -7.45 37.17 8.15 -9.18 42.62 13.59 -9.92 
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NBSunseali

ng 

27.64 -1.38 -1.38 44.77 15.75 -1.58 50.89 21.86 -1.65 

NBScombin

ed 

20.33 -8.70 -8.70 35.77 6.75 -10.58 41.17 12.14 -11.37 

3.2 Supply Change 

The supply change for each scenario and NBS combination compared to the reference scenario is 

mapped in fig 5, which also shows the mean change over the entire study area for each scenario and 

NBS combination. In addition, fig 6 shows the change in the individual land use classes. The maximum 

interception of all cells and time steps and all scenario combinations was 7.5mm, the soil water storage 

3.9mm, and the total supply 11mm. Latter was the reference value for the computation of the supplies 

relative scale from 0 to 1.  

Without any NBS but with increasing rainfall intensities, the supply did not increase over the entire 

study area. However, some parts of the study area had a slight increase with heavier rainfall events, 

which was highest in forest areas (fig 5). 

With the NBStree a low supply increase in the total area average was detected. The future rainfall 

scenario F1.5 and F2 increased the supply even more (medium). However, the difference between F1.5 

and F2 is very small (fig 5). In particular, traffic areas and green areas, over which the canopy closure 

has been significantly increased, were affected by the positive change in supply (Fig 6).  

The increase in supply achieved through NBSunsealing was very low in the study area for all rainfall 

events. A positive supply change was mainly shown in green areas and traffic areas where the adaptation 

measure was implemented. The future rainfall scenarios led to a slight supply increase in these areas, 

but in total the supply in the area did not increase more than for F0. 

The combination of both NBS (NBScombined) enhanced the supply even more than the NBStree. For 

all scenarios, a medium supply increase could be observed compared to the reference scenario of 

NBS0/F0. As for the NBStree and NBSunsealing the highest changes were detected on green areas and 

traffic areas.  

3.3 Actual Demand Change 

Fig 7 shows the spatial distribution of the actual demand change for all rainfall scenarios and NBS 

combinations, as well as the mean change over the study area. Note that in this map, red colors indicate 

demand increases; contrary to figure 5, where red indicates supply decreases. Fig 8 displays the actual 

demand change over individual land use classes. The maximum surface water of all cells and time steps 

and all scenario and adaptation measure combinations was 4682.3mm and the 90%-quantile was 

36.7mm. The 90%-quantile further was used as the reference value for the relative scale from 0 to 1, 

while water depths above the quantile of 36.7mm were indicated as 1. 

Without NBS (NBS0) and with higher rainfall intensities, the actual demand showed a low increase over 

the entire study area (fig 7). The change is very small between the future rainfall scenarios F1.5 and F2, 

both in the spatial distribution and on average over the entire area. The highest increase in actual demand 

was computed on traffic areas (fig 8). 

The NBStree deacreased the actual demand very low for F0 in the study area. The decrease is highest 

on water bodies and traffic areas (low). Whereas the actual demand was very low it increased for the 

F1.5 scenario. In contrast to the F0 scenario, where a low decrease was observed on traffic areas, a low 

increase was shown for the F1.5 and F2 scenarios. However, the change is smaller between F1.5 and 

F2, than between F0 and F1.5. The relations of spatial patterns are similar to the F1.5 scenario with a 

slight increase. 
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Figure 5 Map of the total FRES supply change by interception and soil water. 
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Figure 6 Area weighted FRES supply change by the NBS and rainfall scenarios over the 

different land uses. 

The NBSunsealing did not lower the actual demand for the reference scenario F0. Only water land uses, 

traffic areas and green areas had a visible decrease in actual demand (fig 8). For both future rainfall 

scenarios (F1.5 and F2) a medium increase of actual demand with the adaptation measure was computed. 

The highest actual demand change was again shown over traffic areas that were comparable to the 

NBS0/F2 scenario. 

The combination of trees and unsealing led to a very low decrease in actual demand for the reference 

rainfall scenario, a very low increase for F1.5, and a medium increase for F2. Thereby, the changes are 

similar to these of the NBStree (fig 7). 

All NBS indicated similar hotspots for the respective rain scenario (see fig 8). In particular, the streets 

leading to the Holbeinplatz tended to have a high actual demand for future rainfall scenarios.  

3.4 Budget change 

For the budget change, we calculated the difference between the supply change and the actual demand 

change (fig 3). The results are mapped in figure 9. Positive values mean a higher supply change towards 

supply surplus (blue). Negative values instead indicate a higher actual demand change towards unmet 

demand (red). In fig 10 the budget change over the individual land uses is displayed.  

The budget analysis showed a low increase in actual demand for NBS0 for both future scenarios. In 

general, traffic areas are most affected by a medium increase in unmet demand. In the entire area, no 

supply surplus increase can be observed. 

The NBStree measure in contrast led to a medium supply increase for the reference scenario F0. While 

settlements and industrial areas had no or a very low increase in supply, green areas and traffic areas 

with higher tree coverage showed a high increase in supply surplus. The supply increase was lower for 

the future rainfall events F1.5 and F2 (very low), but the supply increase still exceeded the actual demand 

on average over the entire study area. In particular, green areas and traffic areas, where the NBS was 

implemented, benefitted from the measure. Some parts had a high or very high supply increase. Whereas 

settlements, urban dense areas and industry had a very low increase in unmet demand.  
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Figure 7 Map of the FRES actual demand change by interception and soil water. 
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Figure 8 Area weighted FRES actual demand change by the NBS and rainfall scenarios over the 

different land uses. 

The NBSunsealing measure led to a very low increase of supply in the area average for the F0 scenario. 

On average, green and traffic areas showed a low supply increase, while built areas were not affected 

by a demand change. Under the future climate scenarios F1.5 and F2, the demand increase exceeded the 

supply to a low actual demand increase, which is lower than for the NBS0. However, the land uses 

where the adaptation measure was not implemented had similar demand increases as without adaptation 

measures.  

The combination of both NBS increased the supply high for the reference rainfall scenario F0, which 

also exceeded the effect of the NBStree. Higher rainfall amounts of the F1.5 scenario lowered the supply 

increase but it was still higher than the actual demand. Therefore, a medium supply surplus change was 

observed for F1.5 and a low supply exceed to the actual demand for the F2 scenario was shown. The 

spatial patterns were comparable to that of the NBStree, whereby the increase in supply exceeding the 

actual demand was more strongly over green and traffic areas for NBScombined. 

All rainfall scenarios and NBS combinations showed hotspots on the west of the Botanical garden and 

in the south of the study area at the Zoo. While the supply increase is slightly higher than the actual 

demand increase for the NBStree and NBScombined at the Holbeinplatz, the actual demand exceeded 

the supply with the NBS0 and NBSunsealing. 

4 Discussion 

4.1 The benefit of NBS and the impact of heavier rainfalls  

The fact that there is no supply increase for the measure NBS0 and F1.5 allows the conclusion that 

retention by soil and canopy interception has already reached a capacity limit for the reference scenario 

F0 (Figure 4 and Figure 5). The capacity is determined by some green areas. However, the large increase 

in actual demand on traffic areas means that adaptation measures are necessary thus, NBS were tested 

in the following.  

The NBSs increased the supply, reduced the run-off, and lowered the actual demand. For the future 

scenarios, they are shown to be able to lower the discharge and flooding compared to the reference land 

use (NBS0) of the respective rainfall scenarios but do not increase the supply enough to prevent flooding 

under higher rainfall events of scenarios F1.5 and F2.   
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The measure where tree canopies were expanded (NBStree), had a higher positive flood-reducing effect 

than the unsealing. This measure increased the supply by interception and led to a low actual demand 

decrease. The adaptation measure NBStree was with a higher increase of supply than actual demand in 

the mismatch analysis. It also showed the highest reduction of outflow and surface water depth over the 

60 min time period, which also resulted in less water being available to flow into depressions of water 

bodies, thus lowering water levels and actual demand. Because of the increasing supply with higher 

rainfall amounts for the F1.5 scenario, it can be assumed that the supply capacity was not reached with 

the measure NBStree for the reference scenario. Despite the higher supply, the surface water increased 

with the measure NBStree for higher rainfall events and consequently the actual demand. One possible 

consequence of higher surface water depth could be higher velocities and faster runoff. Still, some traffic 

areas (for instance around the Holbeinplatz) had a very high increasing actual demand by simultaneous 

increase of supply with higher rainfall events. This might be because of the high sealing combined with 

surrounding areas contributing to inundations at the depression of the Holbeinplatz.  

Other studies had also proven the contribution of interception by trees to lower the peak runoff. 

Camarena et al. (2022) have shown that trees have a major effect on peak runoff. Even if those results 

were site-specific, a single tree stored one cup of coffee per second, which may not have a major impact 

on the site at first, but contributed significantly to flood regulation for the entire area and reduces the 

runoff for downstream areas. Also Yarnvudhi et al. (2021) found that 60% catchment runoff can be 

avoided by trees per year. Although we only come to a reduction of 28%, it must be taken into account 

that we are looking at heavy rainfall in ungauged urban areas, while Yarnvudhi et al. (2021) studied 

long-term balances of a catchment. Interception capacities therefore initially have a buffering effect, 

especially through an increase in tree cover (Zölch et al., 2017), but even their capacities are reached for 

extreme events at one point (Smets et al., 2019). In summary, the NBStree can be seen as an effective 

adaptation measure for current and future extreme events to increase retention supply and lower flood 

hazards.  

On the contrary, the benefits of the NBSunsealing measure were smaller. The supply increase was very 

small and could not reduce the actual demand. It is worth mentioning that unsealing in our study has 

only been applied to a small areal fraction, for which this measure was viewed as reasonable. Indeed, a 

supply increase was only visible in the areas where the measure was applied (green spaces and traffic 

areas), while the impact on the actual demand was very low.  

Local effects could still be observed and in addition, the timeline analysis showed a small reduction by 

the unsealing for all rainfall scenarios. Resulting from lower surface water levels, the actual demand 

was lower at the depressions of water bodies, which are mainly located within green areas where the 

NBS was applied. Therefore, a positive influence of the measure on surrounding deeper areas can be 

noted. The application of the measure to a limited number of elements and the aggregation of spatial or 

temporal elements in the further analysis, resulted in a small positive flood regulating impact for the 

NBSunsealing and therefore the change signal is mostly determined by the climate changes (Strasser et 

al., 2019). Furthermore, the used FRES-supply depends on the initial saturation. Thus, unsealing is still 

a very important flood prevention measure as it delivers multiple ES such as groundwater recharge, 

biodiversity and climate regulation.  

The combination of both NBS partially improved the FRES compared to the individual measure 

NBStree and influenced the supply in particular. For the rainfall scenario F2 (+28%) both, the NBStree 

and NBScombined, seem to reach their supply capacity, because no significant increase was detected 

and also the supply timeline showed a similar level for both rainfall scenarios, while the actual demand 

increased.  

Using extreme events to evaluate adaptation measures limited the effects of NBS because of their 

reached retention capacities. The NBS still lower the run-off and have a retention effect, but their relative 

contribution is smaller as the rainfall intensities increase. Further, apart from the timeline of the outflow 

we mainly observed the impacts of the NBS where they were implemented, which was focused on traffic 

and green areas. FRES improvement for settlements, urban areas, and industry was not determined. 

Consequently, it can be said that a single adaptation measure is probably not sufficient (Smets et al., 
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2019). Trees will reduce heavy precipitation that may occur under an RCP 8.5 partly, in particular, but 

flooding cannot be avoided by one single ecosystem-based adaptation measure. Furthermore, the NBS 

have synergy effects and co-benefits on other ecosystem services and are not only positive for flood 

regulation, but also biodiversity, urban climate regulation, pollination and recreation.  

4.2 Uncertainties and limitations of the approach 

We used the sCC relation to scale future possible extreme events. Although this is a simple approach, 

we consider it to be a valid approximation. It is an alternative to climate modelling, which currently do 

not provide reliable results on local and short-duration precipitation projections, but non-hydrostatic 

models are under development (Lenderink and van Meijgaard, 2008; Westra et al., 2014; Manola et al., 

2018; Dahm et al., 2019). For a sensitivity analysis of ecosystem services the (super-) Clausius-

Clapeyron scaling is an appropriate method and was also used by  Lenderink and Attema (2015) for 

climate scenario analysis. Originally, the sCC is the scaling of precipitation using the dew point 

temperature following local convective atmospheric processes, which leads to more robust results than 

the temperature. However, since no detailed information was available, we used the temperature. With 

the assumption of constant relative humidity 1°C temperature rising is linear to a 1°C dew point rising 

(Lenderink et al., 2011). Yet, it is unclear whether the scaling approach of sCC is transferable to regions 

with higher temperatures (above 24°C) (Westra et al., 2014; Lenderink et al., 2017).  

In future climate scenarios, we did not consider drier soil conditions. Projected longer and more intense 

dry periods in combination with higher temperatures cause a decrease in soil moisture in some regions 

in the future (Holsten et al., 2009; Villaseñor, 2021). Parched soils can absorb less water and have a low 

infiltration rate, which reduces flood regulation by soils and lead to higher surface water levels, and will 

consequently cause higher actual demand (Liu et al., 2011). With the current set-up of LEAFlood, we 

can not capture such an effect, but only the initial saturated depth to lower the water level in the soil and 

give more infiltration space.  

We have adopted a simplified methodological approach for the unsealing of the NBSunsealing. Entire 

road sections were unsealed instead of separating smaller areas, which in reality would be the case with 

green stripes. Furthermore, we did not consider soil improvement by the NBStree. Rooting loosens the 

soil and improves infiltration (Smets et al., 2019). Indeed, only small open areas are created along roads 

and the soils there are very compact. Therefore, taking soil improvement at tree pits into account would 

probably not have much effect here. Moreover, the results of the unsealing measure and the combination 

of trees and unsealing already showed only minor effects of soil improvement.  

The results showed that the supply continues to increase at the end of the simulations, while the surface 

water and the outflow decreased. To assess the long-term retention effect of the measure beyond the 

event, the modelling time must be extended. Since we focus on the flood regulating effect during the 

rainfall event, the investigated time period is suitable for this research question.  

The used hydrological model LEAFlood defined three indicators. Modelling is always only a reflection 

of reality and therefore the input data is always event (e.g. saturated depth) and site-specific (e.g. 

Manning n, saturated conductivity, or vegetation parameters). For example, the interception capacity is 

also an effective parameter whose literature values cannot be directly transferred into the modelling. 

Literature values often represent an average over a longer period, whereas we considered an extreme 

event. In the absence of on-site measurements, we have to refer to literature and measurements from 

other areas. The comparative study by Camarena et al. (2022) showed that LEAFlood could reflect the 

measurements well. Based on these arguments and further literature (Asadian and Weiler, 2009; 

Jackisch et al., 2013; Alves et al., 2018), we can justify the increased initial interception capacity (Breuer 

et al., 2003) for our research question on heavy rain events. 

The ES concepts serve as a communication tool with an indication of ES. The normalization of 

indicators into a relative scale from 0 to 1 brings the advantage that indicators of different units can be 

compared. This is in particular relevant for the intersection of social or economic units (people or euro) 

and biophysical units (mm or mm²) (Czúcz et al., 2018). It must be noted that relative scales are based 
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on different maxima values due to the different units, but also indicators of the same unit. Consequently, 

the scale is site and event-specific. This also applies to the mismatch analysis, whose variables (supply 

and actual demand) are based on indicators of the same unit but of different ranges. 

The demand might be overestimated due to neglecting the urban drainage system, while this does not 

influence the FRES-supply. Since this study 1) focus on the contribution of the natural ecosystem to 

flood regulation and 2) we investigate the high rainfall intensities that typically exceed the capacity of 

urban drainage systems, this limitation is acceptable here.  

Further, the ES classification eliminates some effects and details regarding temporal resolution. The 

maximum or 90%-quantile over the event duration was considered, and hence features, in particular 

throughout the event, are aggregated through statistical summarization and classification. The concept 

is thus static and the temporal course, which is important in flood regulation for reducing and shifting 

peak discharges, is summarized in simple ES indicators. Therefore, it is also important to examine the 

model results and absolute values, which is why we have additionally consulted the time series. 

The ES concept serves as a communication tool with simplified indicators. It highlights the supply of 

ecosystems, rather than focusing on flood hazards only (European Parliament, 2007; Oppenheimer et 

al., 2014) the mismatch analysis of FRES-supply and demand 1) the contribution of natural ecosystems 

to flood regulation can be quantified, and 2) missing FRES-supply can be identified on hotspots with 

high actual demand (Dworczyk and Burkhard, 2021).  

Concerning the higher rainfall intensities due to climate change, the mismatch analysis helps to highlight 

areas where the actual demand increases more due to higher surface water than the provided water 

retention by natural ecosystems. By taking into account the FRES-supply, a value is attributed to the 

natural ecosystems and adaptation measures such as NBS can be tested regarding their sufficiency and 

long-term effectiveness to lower flood hazards and consequently the actual demand. Therefore, the 

FRES framework provides a useful tool for testing the potential impact of NBS under changing climate 

conditions. This study did not include feedback from stakeholder and decision-makers. However, 

involving stakeholder in future research approaches would improve the FRES framework, is beneficial 

for identification of the stakeholder needs, the science-praxis dialogue, and the practical application 

success of NBS in urban planning (Grunewald et al., 2021).  

4.3 Outlook 

In this paper, we have shown the benefit and contribution of single NBS measures under increasing 

rainfall events due to climate change by examining indicators of canopy interception and soil water 

storage for the supply and surface water depth as a component of the actual demand. Another interesting 

additional indicator to estimate the effects of the NBS measures and the climate change projections 

would be the flow velocity. High velocities can cause high damage and is therefore an interesting 

indicator to estimate FRES-demand.  

The NBS measures and climate scenarios can be further extended by taking into account more details. 

For instance, trees not only increase the storage capacity by interception and evaporation, but also by 

infiltration in tree pits (Zölch et al., 2017), which can be implemented for further analysis by a coupling 

of interception and infiltration improvement. In addition, drier soil conditions due to longer and warmer 

dry periods should be investigated regarding their impact on the FRES-supply by soils. 

Apart from that, to improve the flood regulating ES other NBS like green roofs or a combination of 

different adaptation measures can be tested which is probably needed and sustainable to deal with future 

extreme events (Zölch et al., 2017). Green roofs tend to have a large effect on annual stormwater runoff 

and peak runoffs (Bengtsson, 2005), while the retention for extreme events is small (Stovin et al., 2013). 

LEAFlood is capable to consider green roofs either in a simple way as land use with appropriate soil 

settings (Camarena et al., 2022) or it can be further developed and connected with the details CMF 

model setup of green roofs by Förster et al. (2021). 
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Before bringing these or other adaptation measures into practice, a feasibility study for practical 

application needs with stakeholders to be carried out. The NBS how they are applied here, are theoretical 

concepts. For instance, a tree cover of 30 % cannot be realized over all traffic areas. Likewise, it is not 

necessarily possible to unseal all traffic areas by implementing green strips, nor to increase saturated 

conductivity by improving soil conditions.  

We tested different rainfall scenarios and land use measures, while we held the potential demand 

constant. However, demographic change, urbanization and digitalization will change the demand in the 

future and there is still a lack of analysis on the ES demand side (Campagne et al., 2020). For instance, 

Mori et al. (2022) analyzed the temporal dynamics of FRES-budget for a catchment basin by land use/ 

land cover changes from 1990 to 2018. Therefore, another future task would be to test different demand 

scenarios and assess the increasing vulnerability to more intense rainfall events using the ecosystem 

services concept.  

Lastly, better guidance to policy and decision-makers is needed, applying comprehensive and holistic 

approaches that highlight synergies and benefits of NBS or ecosystem-based adaptations to support 

sustainable urban development (Zölch et al., 2018).  

5 Conclusion 

The capacity of existing ecosystems has already been reached and exceeded under past rainfall events. 

No noticeable increase in supply can be observed for projected higher amounts of short-duration (one 

hour) extreme rainfall events. Consequently, the flood hazard increases under the climate change 

scenarios of 1.5 and 2 degrees additional average annual warming that we studied, due to higher surface 

water depth and so the actual demand. The structure and landscape appearance of the investigated 

neighborhood in Rostock can be regarded as representative of the average of a medium-sized city in 

Germany. With this assumption, it can be expected that also in other cities with similar characteristics 

the existing green infrastructure is not sufficient for similar pluvial events. 

Even though the study area already has a relatively high amount of green infrastructure in the form of 

trees and parks, this is not sufficiently shown by the future FRES assessment for today’s land uses. Both 

applied NBS partly increased the FRES-supply and reduced the flood hazard and consequently the actual 

demand for today’s rainfall events. The relative scale also indicated a higher increase in FRES-supply 

than the actual demand. For future projected heavy rainfall events, an impact of NBS can still be 

observed compared to modelling without NBS, but the supply cannot be noticeably increased and 

flooding and increasing actual demand cannot be prevented. The combination of both NBS behaves 

similarly to the results of the trees, which is why there is great FRES potential of trees to be mentioned 

here. As both NBS were applied on the same land uses (mainly traffic areas and green areas), we suggest 

to implementing a full set and combination of green infrastructure on different sites, such as settlements. 

Examples of measures within settlements are swales or green roofs or in addition. This is needed to 

adapt to extreme events associated with climate change and to create a resilient city over the entire area 

instead of single local measures. 

Using the differences in the scenario and NBS combinations to the reference scenario NBS0 (no 

measures) F0 (current climate) appears to be an appropriate indicator to estimate the change and 

development of ES functions. Converting the results into relative scales make it possible to compare 

different indicators, although the use of the same units, such as monetary values in euro, would improve 

the results. The identification of FRES-supply and demand changes due to climate change and the 

benefits of NBS is a useful visualization tool for urban planning. Decision makers can be made aware 

of where natural ecosystems for sustainable city planning are missing and have the possibility to test the 

future functionality of adaptation measures. 
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7. Synthesis 
This Chapter summarises the main findings of the thesis and the individual Chapters and answers the 

research questions. Furthermore, this Chapter reflects challenges and limitations of this thesis. Finally, 

the thesis closes with conclusions and an outlook for future research.  

7.1. Answers to research questions 

7.1.1. What are the trends in mapping and assessing ecosystem services in urban areas? 

Chapter 2 presented a literature review designed to analyse the trends in mapping ES in Europe. 177 

articles were reviewed, and all mapped one or more ES in case study areas across Europe. The results 

showed that research on urban ES increased rapidly during 2010 - 2019. This trend underpins the rising 

relevance of the ES concept. 

The case study areas of the reviewed publications were unequally distributed in Europe. Most studies 

were found in Germany, Great Britain, Spain, and Italy. Fewer records were found in South-East 

Europe. However, a closer look at research projects conducted during the screening process (e. g. 

ESMERALDA7 research project, Geneletti et al., 2020) showed that research on urban ES was also 

conducted in South-Eastern European countries. The usage of only Scopus as a literature database 

could be a possible cause for this bias. Using additional databases (such as Google scholar) might 

identify further relevant records. 

Nevertheless, the identified and screened articles revealed trends in mapping urban ES: The different 

case studies targeted urban ES on larger (neighbourhood, districts) to smaller spatial scales (city, 

region). The varying spatial scales can be related to the diversity of ES analysed and to targeted impacts 

of the study on urban or regional planning decisions (Haase et al., 2014). Research on a larger spatial 

scale could be aimed to influence strategies for urban planning and design. In comparison, research on 

a smaller spatial scale (e.g. regional and national scale) could be required for transboundary strategies 

or expanding Green Infrastructure (GI) (Grunewald et al., 2021; Maes et al., 2020).  

In Chapter 2, CICES V5.1. (Haines-Young and Potschin, 2018) was used for classifying the ES analysed 

in the screened articles. The studies focused mostly on multiple ES from all categories (CICES sections), 

including abiotic services. Most frequently considered were regulating ES, followed by cultural ES and 

provisioning ES. 

Generally, the articles screened showed that the research focus was concentrated on the following 

topics: 

• Climate mitigation (e.g. carbon storage and sequestration) and climate adaptation (e.g. local 

climate regulation, flood protection, coastal protection); 

• Mitigation of environmental pollution and related health impacts (e.g. regulation of air quality 

or water quality); 

• Supporting urban biodiversity (e.g. maintaining nursery populations and habitats, pollination); 

and 

                                                           
7 ESMERALDA - Enhancing ecoSysteM sERvices mApping for poLicy and Decision mAking, http://www.esmeralda-
project.eu  
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• Supporting and maintaining non-transportable and non-replaceable ES (local climate 

regulation, noise attenuation, cultural ES). 

Overall, those ES are expected to have high relevance for improving human health and the quality of 

life of urban dwellers (Gómez-Baggethun and Barton, 2013). Other reviews have also identified similar 

trends focusing on urban ES (e.g. Haase et al., 2014; Luederitz et al., 2015; Pulighe et al., 2016).  

As diverse ES were considered in the articles studied, a variety of ES mapping methods and indicators 

were also used. Chapter 2 examined the indicators for local climate regulation as an example. The 

provision of this ES is influenced by complex climatic processes and site-specific factors. No 

standardised methods for assessing and mapping this ES were available when the literature review 

was carried out. Therefore, different methods and indicators were used in the studies and tested for 

their applicability. In some cases, unclear descriptions of the indicators as well as the very diverse 

mapping context of the respective studies made it difficult to compare the results. 

Chapter 5 highlighted opinions and needs from scientists' and practitioners' perspectives from ten 

European urban case study areas. Both the scientists and practitioners acknowledged that the ES 

concept has the potential to deliver sustainable urban planning solutions. However, despite increasing 

urban ES assessments and mapping studies, the ES concept still has limited use and impact in policy 

and decision-making processes (see also Olander et al., 2017; Ronchi et al., 2020; Tezer et al., 2020). 

Here, the unclearly communicated added value of ES concept, lack of legal obligations, and conceptual 

and methodological challenges and obstacles were mentioned as barriers. These challenges and 

obstacles are discussed in more detail in the Subchapters 7.1.2 and 7.1.3 below. 

7.1.2. What are the conceptual challenges in mapping ecosystem service supply and 

demand in urban regions? 

The conceptual challenges in mapping ES supply and demand were addressed in Chapters 3-5. Chapter 

3 in particular dealt with conceptual and methodological questions that remain to be addressed on the 

subject of ES demand. Table 2 provides an overview of the main conceptual challenges in mapping ES 

supply and demand and proposes solutions for researchers and map-makers. 

Table 2. Overview of the main conceptual challenges in mapping ecosystem services supply and demand.  

Challenges Description Solutions for researchers and map-makers 

ES terminology 
Issues related to 
ambiguous ES terminology 

Use of existing guidelines and glossaries;  
Define key terms in every study; 
Communicate key terms as simply as possible 

Identification of the 
(urban) ecosystem types 

Issues related to urban 
definitions 

Use of the global methodological manual 
Applying the Degree of Urbanisation (Eurostat, 
2021); 
Use of existing classification systems of 
ecosystem types 

Determining the spatial 
relationships between the 
different components of 
the ES supply and 
demand 

Issues related to the 
allocation of Service 
Providing Areas (SPA), 
Service Benefiting Areas 
(SBA), Service Demanding 
Areas (SDA), and Service 
Connecting Areas (SCA) 

Use of the conceptual backgrounds to spatial-
structural approaches; 
Draught visualisations of the spatial relationships 
between relevant ES components 
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Challenge 1: ES terminology 

As already specified above, differences in the use and understanding of important key terminology of 

the ES concept can result in mapping and implementation barriers (see Chapter 3 and 5, Palomo et al., 

2018). Capturing and synthesising the diversity of definitions and conceptualisations has also been one 

of the major challenges of this thesis. Terms such as ecosystem structures, processes, functions, 

services, benefits, ES supply, ES demand, or ES flow are important for understanding the links between 

ecosystems and humans, but the labels are far from being used consistently in scientific literature or 

real-world applications and are frequently discussed from different scientific points of view 

(Grunewald et al., 2021; Potschin and Haines-Young, 2011). The discussions already start with the term 

ES itself. For example, it was recently suggested that the term 'nature's contributions to people' should 

be used instead of 'ecosystem services' (Díaz et al., 2018; IPBES, 2019). With this label, the scientists 

want to avoid the (alleged) dominance of economics and natural sciences in the ES concept and to 

strengthen perspectives from social sciences, including local knowledge from citizens and indigenous 

people (Díaz et al., 2018). 

Ambiguous differences exist between ES supply and ES potential (Maes et al., 2020; Wei et al., 2017). 

According to the MAES glossary, the most significant difference is that human inputs (e.g. fertiliser, 

management practices) are not included in the definition of ES potential (Maes et al., 2020; Potschin-

Young et al., 2018). A differentiated consideration of ES supply and ES potential is beneficial in the case 

of provisioning ES. Maes et al. (2020) provide methodologies and indicators that disentangle human 

and ecosystem contributions and enable the quantification of ES, such as food provisioning, strictly in 

relation to the amount of yield attributable to the ecosystem's role. Such results can certainly be useful 

for the agricultural sector, as this sector aims to maximise crop productivity and to reduce additional 

costs, such as fertilisers (Maes et al., 2020). However, for other ES, such as cultural ES, it is questionable 

whether the exclusion of human interventions and contributions would provide valuable information 

for policy and decision-makers at all (Burkhard and Maes, 2017; Chen et al., 2018; Geijzendorffer et 

al., 2015; Rioux et al., 2019). In urban contexts and from the perspective of practitioners, one 

acknowledged advantage of the ES concept is that it delivers arguments for the implementation of 

sustainable development policies which take into account all of the factors involved and consider their 

environmental, economic and social aspects (Grunewald et al., 2021). Human influences on the 

provisioning capacity of ES should, therefore, not be excluded from the assessment in this context. 

Conceptual challenges exist especially on the subject of ES demand (Dworczyk and Burkhard, 2023, 

2021). ES demand can be understood from an economic or social perspective (Wolff et al., 2015). From 

an economic perspective, demand can be understood as the "intention and willingness of economic 

units (e.g. businesses, governments or households) to buy goods, products or services" (Dworczyk and 

Burkhard, 2021, p. 7). The focus lies here on the actual use or consumption of the products, goods and 

services, which are supplied by an ecosystem and which flow from the ecosystem to the consumers. 

Therefore, the actual use or consumption of ES is often used synonymously as ES flow or ES demand 

in the ES mapping literature (Baró et al., 2016; Baró et al., 2015; Burkhard et al., 2014; Burkhard et al., 

2012; Geijzendorffer et al., 2015; Villamagna et al., 2013). This understanding is also applied in the 

SEEA EA, which records the actual flow of ES between ecosystem assets and economic units in supply 

and use tables (United Nations, 2019). The SEEA EA follows standard accounting principles, according 

to which "the measure of the supply and use are equivalent and will be equal to the actual flow 

between the ecosystem asset and people" (United Nations, 2021, p. 117).  
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From a more social perspective, ES demand is directly associated with the beneficiaries (individuals, 

interest groups or society) expressing their consumption, needs, wants or preferences for the benefits 

of ES (Potschin-Young et al., 2018; Villamagna et al., 2013; Wolff et al., 2017). This is an important 

distinction as expressed needs, desires and preferences for ES may differ from the actual ES received 

and used. Furthermore, trade-offs between the beneficiaries' needs, desires and preferences of the 

beneficiaries can exist (Cavender-Bares et al., 2015). This is because people differ in their cultural and 

demographic characteristics (such as age, gender and ethnicity), have different levels of education, 

interests, motivation, financial resources or consumption patterns (Hegetschweiler et al., 2017; 

Pascual et al., 2014). 

The variations of definitions can be attributed to inter- and transdisciplinary research, which is needed 

and desired per se by the holistic nature of the ES concept. Nonetheless, it is not helpful to expand all 

ES terms further semantically, as practitioners and stakeholders are already deterred by the complexity 

of the ES concept (Grunewald et al., 2021). A more important requirement is helpful and easy-to-follow 

guidelines and glossaries for ES researchers and ES map-makers (Burkhard and Maes, 2017; Dworczyk 

and Burkhard, 2021; Grunewald et al., 2021).  

To overcome the variety of definitions, MAES has already harmonised existing definitions with an 

explicit focus towards the research topic of mapping and assessing ES (Potschin-Young et al., 2018). 

Yet, the MAES glossary needs to be better known and used among researchers and map-makers. In 

addition, researchers and map-makers still need to navigate between co-existing definitions and 

glossaries from, for instance, MA (2005a), TEEB (2010), SEEA-EA (with a strong economic focus) (United 

Nations, 2021), or the new terminology of Natures Contributions to People (IPBES, 2019). All terms are 

being harmonised, maintained and improved according to the current state of research. Furthermore, 

to promote the ES concept to practitioners, local stakeholders or the wider public, the terms and labels 

are often renamed for better communication. This happens because practitioners might not 

understand the ES terms, prefer to use terms from familiar approaches or are sceptical about the 

novelty of the ES concept (old ideas in new words) (Grunewald et al., 2021). 

It is crucial for every study to decide, define and consistently use clear definitions of the terms used, 

as the understanding has a direct impact on the choice of methods, indicators, spatial scale and thus 

on the overall result (Dworczyk and Burkhard, 2021; Grunewald et al., 2021; Scott et al., 2018). This is 

especially important when results as well as the lessons learnt are aimed to be included in future case 

studies and research projects (Grunewald et al., 2021). 

Challenge 2: Identification of the (urban) ecosystem types 

Almost every urban ES mapping study faces the questions: What is urban? What is an urban region? 

Where are the boundaries of a city? Where are the boundaries of an urban ecosystem? The questions 

are not easy to answer and subject for discussions in the scientific articles (see Chapter 2, 3 and 5). 

Already the definitions or classifications of a city vary between countries and continents (Seto et al., 

2013). Some countries use a minimum number of inhabitants for the definition of a city. However, this 

number can vary greatly between countries and can range from 200 (Denmark) to 50,000 or more 

(Japan) (UN Habitat, 2020; United Nations, Department of Economic and Social Affairs, Population 

Division, 2019b). Other countries use administrative boundaries to divide urban areas from rural areas. 

However, these boundaries may differ from the actual built-up area due to e.g. urban sprawl dynamics 

and may neglect the less densely populated commuting zone which has a labour market is strongly 

linked with the city (Dijkstra and Poelman, 2014; Maes et al., 2013). 
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Recently, to facilitate international comparisons, a new global methodological manual Applying the 

Degree of Urbanisation (Eurostat, 2021), has classified area typologies (cities, suburbs, suburban or 

peri-urban areas, villages, dispersed rural areas and largely uninhabited areas) depending on the 

degree of urbanisation. Furthermore, this manual provides guidelines for the delimitation of the EU 

classification of territorial units for statistics (NUTS) (Eurostat, 2021). MAES recommends using the 

manual's typologies to achieve consistent comparisons of urban ecosystem assessments across the EU 

(Dworczyk and Burkhard, 2020; Maes et al., 2016b). 

Furthermore, Maes et al. (2016b) or European Environment Agency (2016a) provide guidance in the 

identification of ecosystem types for the EU. Those classification systems have the additional 

advantage that they are tailored to the needs of the EU Biodiversity strategy (Burkhard et al., 2018) 

and part of LULC data sets, such as CORINE Land Cover (European Environment Agency, 2019) or Urban 

Atlas (European Environment Agency, 2016b).  

Challenge 3: Determining the spatial relationships between the different components of ES supply 

and demand 

This challenge refers to the difficulties of determining the spatial relationships between the different 

components of the ES concept. A reoccurring conceptual question faced by researchers and map-

makers is: where should ES be mapped? This question has been explored in detail in Chapter 3. 

ES are spatially heterogeneously distributed and can change over time (Fisher et al., 2009). They are 

provided in process or function-related landscape units and LULC types such as, for example, 

ecosystems, biotopes or watersheds (Dworczyk and Burkhard, 2021; Syrbe and Walz, 2012). These 

areas (also called Service Providing Areas, SPA) can include both natural and anthropogenic elements 

and characteristics and provide multiple ES in various forms and quantities (Dworczyk and Burkhard, 

2021; La Notte et al., 2019).  

In contrast, the area in which people's demand for ES can be located, represents the Service 

Demanding Areas, SDA. ES demand is, however, multifaceted and can change over time, which makes 

spatially-explicit mapping difficult. The demand for ES and their related benefits can differ highly 

between individuals or subgroups of the population, as the use, consumption, wishes or preferences 

vary from person to person as well as from situation to situation (Dworczyk and Burkhard, 2021). 

Researchers and map-makers have different options for expressing ES demand: they can emphasise a) 

different preferences, wishes, values and norms; b) patterns of use and consumption of goods and 

final benefits, or c) the dependence on functioning (local) ecosystems for risk reduction/prevention 

and increased security (Dworczyk and Burkhard, 2021; Wolff et al., 2017; Wolff et al., 2015).  

Between SPA and SDA, different forms of ES flow and transport mechanisms can appear and be 

visualised with the Service Connecting Areas (SCA). For many regulating ES, the possible extent of the 

SCA is determined, for example, by ecological functions and processes. The SCA can be interrupted by 

barriers or restrictions (Dworczyk and Burkhard, 2021).  

Finally, the Service Benefitting Areas (SBA) describes the areas where people benefit from the ES of 

interest (Dworczyk and Burkhard, 2021). This area is not easy to map, as it needed the aforementioned 

spatial locations of SPA, SDA and SCA.  

In every study, it is possible to map different types of spatial relations between SPA, SDA, SBA, and SCA 

(see Chapter 3, Figure 2). The different types of spatial relations (for example, in situ, directional, non-
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directional or spatially separated connections between SPA and SDA) are described in more detail in 

Chapter 3, where the descriptions are intended to illustrate that ES supply and demand can arise in 

different locations and that the benefits may be unavailable or out of reach. These are factors which 

researchers and map-makers need to bear in mind when exploring measures that address 

strengthening and protecting the capacity of an ecosystem to provide required services. 

Chapter 6 used the adapted spatial-structural approach to a) define relevant indicators for the ES 

mismatch analysis, b) map ES supply and demand in the case study region, and c) analyse how different 

climate adaption measures increase or decrease the ES supply under future climate conditions. The 

study considered an in-situ situation: Heavy rainfall events can lead to severe flooding and cause 

several risks for the urban population. Therefore, a high capacity of vegetation and soils to regulate 

the amount of water needs to appear in the same area. Suppose the urban vegetation and soils can 

retain the rainwater, the urban population benefits directly from this ES. The study showed that low 

ES supply and high demand result in unmet demand: these areas need to be sufficiently protected by 

the available urban natural elements and are at risk for flooding. Identifying current and potential 

future ES mismatches can be a helpful visualisation tool for urban planning. The results provide 

evidence for sustainable policy- and decision-making on relevant spatial and temporal scales 

(Goldenberg et al., 2017; González-García et al., 2020).  

7.1.3. What application obstacles do commonly applied ecosystem service mapping 

approaches face and how can these best be overcome?   

Several obstacles of different ES mapping approaches were addressed in Chapters 4 and 6. Table 3 

provides an overview of the main issues and proposes solutions for researchers and map-makers. 

Table 3. Overview of the main obstacles in ecosystem services mapping approaches.  

Obstacles Descriptions Solutions for researchers and map-makers 

Selection of ecosystem 
services 

Issues related to the 
process of selecting 
relevant ES 

Establish criteria for determining the ES to be 

prioritised; 

Select ES according to the research purpose; 

Stakeholder involvement 

Spatial and temporal 
scales 

Issues related to spatial 
and temporal scales 

Identify the needed spatial scale by using the 
spatial-structural approach;  
Research on and use of scalable indicators and 
data 

Methodology 
Issues related to select 
adequate ES mapping 
methods  

Tiered approach for ES mapping;  
Decision trees for methods selection; 
Clearly define ES mapping purpose 

Indicator selection 
Issues related to select 
adequate ES indicator 

Checklist for ES indicator selection;  
Stakeholder involvement 

Data availability and 
accessibility 

Issues related to data 
limitations 

Open access data; 
FAIR principles 

 

Claudia Dworczyk

131



 

 

Obstacle 1: Selection of ecosystem services  

This issue refers to the broad range and variety of ES that an ecosystem can provide. In urban 

ecosystems, for example, manifold ES are all essential for human well-being and health. CICES 5.1. lists 

more than 90 ES and abiotic services, which could be assessed and mapped in more detail. However, 

such a task would include an unaccountable amount of appropriate methods, indicators, data, and the 

necessary time and financial resources to assess and map them. Unsurprisingly, the same question 

arises in many ES case studies: How do we prioritise and select the most relevant ES for the respective 

case study area? 

The selection of ES in a case study is a crucial step, as it influences the whole ES assessment and the 

outcomes for policy and decision-making (Boeraeve et al., 2018). Researchers and map-makers can get 

guidance for the ES selection process, for example, from literature reviews. Literature reviews are 

intended to highlight the trends, state of the art of ES mapping, availability of data, or research and 

knowledge gaps on a specific subject (Dworczyk and Burkhard, 2020; La Rosa et al., 2016; Luederitz et 

al., 2015). Furthermore, MAES provides summarised knowledge and frameworks (e.g. Maes et al., 

2020; Maes et al., 2016b), which can be helpful in the first scoping phase of a project. In addition, 

criteria (e.g. spatial significance, relevance for the local population and ongoing decision processes, 

reference to binding agreements or strategies, such as the EU Biodiversity Strategy) can be determined 

to prioritise ES (Rabe et al., 2016).  

However, the selection of ES solely based on literature or data availability often does not consider the 

individual urban settings and socio-cultural context in the case study areas (Boeraeve et al., 2018). 

Therefore, it can also be beneficial to include local stakeholders in the ES selection process (Boeraeve 

et al., 2018). With participatory processes, potentially important ES and the information requirements 

of local stakeholders can be identified (see also Chapter 5). Furthermore, a participatory process 

provides an opportunity to introduce and communicate the multifunctionality of ecosystems 

(Mascarenhas et al., 2016). 

Obstacle 2: Spatial and temporal scales 

This obstacle refers to the scale aspects that need to be considered in ES mapping. Ecosystem 

processes and underlying ecosystem functions occur on multiple spatial and temporal scales (Maes, 

2017). The spatial scale can range from a local to a global extent, while the temporal scale can range 

from seconds to decades. The most suitable scale depends on the individual ES (Liu et al., 2017). In 

Germany, for example, pollination occurs only in warmer seasons, when insects (like bees) are active 

and can pollinate nearby plants. Comparatively, global climate regulation is determined globally by 

large-scale processes and functions whose impact can take decades to be seen (Maes, 2017). 

Trade-offs and synergetic relationships among ES (Liu et al., 2017) or the spatial relationships between 

ES supply, demand and flow can appear on different scales (Kleemann et al., 2020; Schröter et al., 

2018; Syrbe and Walz, 2012). Understanding the different spatial relationships is a prerequisite for 

defining the spatial scale, which addresses ES-related problems and solutions for policy and decision-

making (Kleemann et al., 2020). However, selecting the most appropriate spatial scale for identifying 

trade-offs, synergies or ES mismatches can be challenging. Knowledge gaps still exist, in particular, as 

regards the temporal scales (Maes, 2017).  
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Chapter 3 focused on the complex spatial relationships between ES, highlighting how ES demand is 

generated on different spatial scales. It illustrated and clarified eight possible types of spatial relations 

between Service Providing Areas (SPA), Service Demanding Areas, Service Benefitting Areas (SBA) and 

Service Connecting Areas (SCA). The chapter's figures and examples are intended to act as guidelines 

for the identification of the most suitable spatial scale. For example, in a locally confined situation (in-

situ), ES are provided and demanded in the same area. Therefore, a local spatial scale would be 

deemed the most suitable for capturing potential ES mismatches and providing solutions for policy and 

decision-makers (see also Chapter 6). However, in the case of many other ES, ES supply and demand 

do not appear in the same geographical locations or on the same spatial scales. For example, a city's 

demand for food can normally only be met by ES provided beyond the city's boundaries and this food 

then needs to be imported into the city. In this situation, La Notte et al. (2019) distinguished between 

different categories of ES actors who influence the spatial relationships of ES supply and demand: a) 

beneficiaries, who directly use, consume or benefit from the flow of ES, and b) enablers, who either 

influence trade and logistics or decisions on land use and management practices. These dynamics can 

also be subdivided according to different institutional scales and this extra level of distinction should 

be considered (Ronchi, 2018; Syrbe and Grunewald, 2017). 

Identifying these complex spatial relationships requires different ES mapping approaches, indicators 

and data (Maes, 2017). Cross-scale comparisons are, however, challenging to perform, as suitable 

methods and comparable indicators first need to be available (Lindborg et al., 2017; Liu et al., 2017). 

For example, Chapter 4 aimed to map ES supply and demand in the urban regions of Rostock and 

Munich, which would have provided the opportunity to conduct ES mismatch analyses. The expert-

based ES matrix approach was used (alongside other approaches) to generate the required data. Local 

stakeholders were then asked to fill in the matrix, but they found it challenging to estimate the demand 

for regulating ES at a regional scale due to the more local scope of many ecosystem processes and 

underlying ecosystem regulating functions. The lack of indicators and data available at the required 

spatial scale hampered simple GIS mapping and prevented the use of available models like InVEST. 

There was a particular lack of suitable regional and local indicators for provisioning ES. The 

recommended indicators and data for provisioning ES primarily exist on a national scale, these are, 

however, not detailed enough for the purposes of regional mapping. To address these challenges, 

future ES research should provide and use scalable indicators which can be monitored over time 

(Lindborg et al., 2017; Liu et al., 2017; Maes, 2017).  

Obstacle 3: Methodology 

As described already in the introduction (Chapter 1.5), the selection of adequate methods is a 

challenging task. This issue has also been described in Chapter 4 (Dworczyk and Burkhard, 2023) and 

identified as one of the key challenges encountered during ES mapping processes (Palomo et al., 2018). 

The tiered approach for ES mapping (see Chapter 1.5.2), decision trees for selecting biophysical, socio-

cultural and monetary methods (Harrison et al., 2017), or online platforms such as the MAES Methods 

Explorer (ESMERALDA, 2020) can help to select methods regarding the research purpose, knowledge, 

data and resource availability. The different purposes of ES mapping can have low to high quality 

requirements concerning the maps' reliability, accuracy, spatial and temporal resolution and clarity 

(Jacobs et al., 2017). For communication or awareness rising, for example, ES maps produced with low 

to medium spatial resolution and data accuracy might be suitable enough to show spatial patterns. 

However, detailed maps with high accuracy are required for other purposes, such as ecosystem 
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accounting or urban planning measures (Grunewald et al., 2021; Jacobs et al., 2017). Therefore, it is 

helpful to define the ES mapping exercises' purpose and check the available resources (data, time, 

knowledge, money). 

However, despite carefully selecting the ES mapping methods, other challenges and obstacles can 

hinder the ES mapping process. Chapter 4, for example, mapped with different methods (expert-based 

matrix approach, simple GIS mapping, models) ES demand and supply for selected ES. The expert-

based ES matrix approach is appreciated for its simple and fast technique that can provide spatially 

explicit results (Burkhard, 2017; Campagne et al., 2020; Harrison et al., 2017). Although ES demand has 

been estimated with the expert-based ES matrix approach in other studies (Campagne et al., 2020), 

discussions with local stakeholders on the subject of ES demand revealed that this component needs 

a clarified understanding and further research (Chapter 4). An alternative methodological design which 

uses questionnaires and joint discussions instead of a blank matrix could be a solution to avoiding this 

challenge. GIS mapping using proxy indicators and data was also only partially successful. 

Unfortunately, recommended and well-tested indicators and accessible data were still missing for 

either ES supply or demand (see Issue 3 – Indicator selection). Simple ES models like InVEST are not 

yet available for all individual ES at the selected spatial scale or the models do not consider both ES 

supply and demand (The Natural Capital Project, 2021b). 

In addition, some ES are well-studied, such as flood regulation, which means that several models are 

available (Lüke and Hack, 2018; Nedkov and Burkhard, 2012; Stürck et al., 2014; The Natural Capital 

Project, 2021b; Wübbelmann et al., submitted). However, the differences in the model structure and 

the required data basis lead to differences in the outcomes that can be generated. Hence, the question 

arises: which models should be selected for the respective research question and which can generate 

the "best" results? 

Burkhard (2017) suggested comparing the results of different methods using the ES matrix method. 

With this method, map comparisons can be facilitated by normalising and classifying different results 

into a comparable scale. Such a map comparison was carried out in Chapter 4. There, the different 

methods' results were compared to determine whether they showed spatial differences. 

Unsurprisingly, differences emerged depending on the information reflected by the chosen indicator 

(see Obstacle 4 - Indicator selection). However, the map comparisons revealed that the expert-based 

ES matrix approach identified similar spatial patterns as the other methods tested. This result showed 

that ES mapping methods with lower map quality requirements do not necessarily provide less reliable 

results on a regional scale. This finding matches other map comparisons on this subject (Lüke and Hack, 

2018; Roche and Campagne, 2019; Wei et al., 2017). 

Obstacle 4: Indicator selection 

This obstacle refers to the challenge to select adequate ES indicators. Indicators describe or reflect a 

phenomenon of interest (here, individual ES) (Potschin-Young et al., 2018) and can be captured and 

mapped using methods and models of different disciplines (e.g. sociology, economics or natural 

sciences) and varying complexity (ESMERALDA, 2020; Harrison et al., 2017; Maes et al., 2020).  

In the ES literature, tested and proposed indicators are of varying quality and informational content 

(Czúcz et al., 2018a; La Rosa et al., 2016; van Oudenhoven et al., 2018).  
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Chapter 4, for example, mapped for communication and awareness-raising reasons several ES with GIS 

using proxy indicators and data (LULC, literature or statistical data). Proxy indicators (especially those 

that are based on just one variable or data set) can only reflect a certain phenomenon of the 

comprehensive object (Czúcz et al., 2018a). The causality between variables used and the actual 

phenomenon of interest can often only be assumed (Czúcz et al., 2018b; Schröter et al., 2020). Baró et 

al. (2016) and Schulp et al. (2014) warned that there is a high potential for bias when using proxy 

variables, especially in spatially explicit approaches. To tackle this problem, several proxy indicators 

can be used to reflect the complexity of an object (Müller and Burkhard, 2012). In an urban context, 

for example, proxy indicators that can measure environmental, economic and demographic aspects 

should be used (La Rosa et al., 2016). This recommendation was followed up in the assessment of ES 

demand for coastal protection in Chapters 4 and 6. Here, several proxy indicators express the 

variations of coastal flood risks for different protected assets (human health, infrastructure, economic, 

environment, and human economic activities). The indicators have the additional advantage that they 

are directly linked to the EU Floods Directive (Directive 2007/60/EC) (European Union, 2007). 

Many scientific articles noted that scientific information is most likely to be effective for decision-

making processes if the quality of the selected indicator is perceived to be credible, salient, legitimate 

and feasible (Cash et al., 2003; Grunewald et al., 2017; van Oudenhoven et al., 2018). On the subject 

of ES, credibility refers to the scientific adequacy of the information and technical evidence that the 

indicator provides (Cash et al., 2003; van Oudenhoven et al., 2018). This means, that, alongside other 

considerations, the indicator is agreed upon by experts and the scientific community and backed by 

scientific literature and high-quality data (ibid.). Salience refers to the relevance and usefulness of the 

assessment to the needs of policy- and decision-makers (ibid.). This means that the indicator is 

understandable, can raise awareness about important topics in the case study, is transferable and 

scalable, and can monitor changes of time (ibid.). Legitimacy reflects that the indicator has been 

chosen for acceptable and fair reasons. This includes behaving in an unbiased and objective manner 

and respectfully and appropriately treating stakeholders’ divergent values, views, interests and beliefs 

(ibid.). Furthermore, the feasibility reflects whether there are adequate data, time, knowledge and 

resources to continuously assess and monitor proposed and selected ES indicators. Continuous 

assessment and monitoring reveals changes over time, which can be of value for decision-makers (van 

Oudenhoven et al., 2018).  

Van Oudenhoven et al. (2018) provided guidance for the indicator selection process and a checklist for 

selected indicators. A collaborative selection of indicators with experts and (local) stakeholders can be 

helpful (Czúcz et al., 2018b; Mascarenhas et al., 2016). Locally selected and agreed indicators provide 

an optimal balance between credibility, salience, legitimacy and feasibility (Czúcz et al., 2018b; Olander 

et al., 2017).  

Obstacle 5: Data availability and accessibility 

The availability of and accessibility to appropriate data and statistics at the required spatial and 

temporal scale significantly affects the selection of indicators and methods (Palomo et al., 2018; Sylla 

et al., 2021). The study in Chapter 4 in particular faced different reasons for data unavailability and 

inaccessibility during the ES mapping process. Several methods and indicators were considered to be 

of interest in the indicator selection process, but could not be used since the required data a) simply 

did not exist, b) was expensive or restricted due to data protection laws (for example InVeKoS 
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(Integrated Administration and Control System) (Bay.StMELF, 2021)), or c) not available at the required 

spatial and temporal scale (see also Obstacle 2). 

To tackle some of those issues, researchers and map-makers should, whenever possible, use open data 

and publish developed mapping methods, models and generated results under, for example, the FAIR 

(Findable, Accessible, Interoperable, and Reusable) data principles (Wilkinson et al., 2016). 

7.2. Limitation and uncertainties of this thesis 
Several uncertainties and limitations are inherent in the individual parts of this thesis. Most of the 

uncertainties and limitations can be related to the aforementioned conceptual challenges in mapping 

ES supply and demand in urban regions and the persistent issues in ES mapping approaches. In the 

following, the most important limitations and uncertainties are synthesised. 

One of the major challenges of this thesis dealt with the existing variety of ES terms and their 

definitions. Despite using the MAES glossary (Potschin-Young et al., 2018), uncertainties in the use of 

the key terms may be present. This is particularly noticeable in the different understanding of the term 

'ES demand' in Chapter 3. 

Chapter 3 provided an initial overview of the spatial relationships between the different components 

of the ES concept. This being the case, various aspects (e.g. spatial or temporal changes) that might 

influence the distribution of individual ES still need to be included. Chapter 6 used the spatial 

structural-approach for structuring its analysis. The study focused on an in-situ situation, where ES 

supply (capacity of vegetation and soils to retain the amount of heavy rainfall), demand (assets at risk 

of pluvial flooding), and benefits (prevented pluvial flooding through vegetation and soils) appear in 

the same area. However, upstream or downstream effects can appear in a heavy rainfall event. To 

include those effects, consideration of the ES flow and mapping the SCAs might be useful. 

Methodological uncertainties can be found in the Chapters 2-6. For example, in Chapter 2, only peer-

reviewed studies from Europe were included. However, scientific research from other regions of the 

world, such as China and the USA (Georgia et al., 2022), also contribute valuable information. However, 

the increasing amount of scientific literature on the subject of ES required a narrowing focus. Chapter 

3 (Dworczyk and Burkhard, 2021) focused on the development of an adapted spatial approach. For the 

development, existing reviews and theoretical articles that focus on ES supply and demand were highly 

relevant. The review included only English literature and peer-reviewed studies from 2015 to 2020. 

This period was chosen because previous publications were already considered in a comprehensive 

review by Wolff et al. (2015). The use of broader keywords (such as 'use', 'need') would eventually 

have provided a larger number of topic-related articles. Other articles might also address issues of ES 

demand without mentioning the term in the title, keywords, or abstract.  

This thesis used a set of ES that were compiled in the ÖSKKIP research project (Barkmann et al., 2020; 

Barkmann et al., 2019). These ES were selected by the research team and local stakeholders at 

workshops in Rostock and Munich. The selection of participants involved a previously conducted 

stakeholder analysis. Potential participants were selected and invited according to their professional 

backgrounds and how they related to the targeted ES. Here, attention was paid to the fact that the 

local stakeholders already had knowledge about certain topics that could be linked to certain ES. Of 

the 132 people invited, only 30 participated in the workshops. A different selection and invitation of 

local stakeholders would most likely have resulted in a selection of different ES. Furthermore, the 

mapping issues mentioned above (e.g. availability and accessibility of data) resulted in the fact that 
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only some of the ES selected by the stakeholders could be considered in Chapter 4 (Dworczyk and 

Burkhard, 2023). In particular, cultural ES were missing in this study. 

Chapter 4 (Dworczyk and Burkhard, 2023) aimed to map ES supply and demand for several selected 

ES. However, it was challenging to find appropriate methods, indicators and data for the chosen 

mapping purpose. For the simple GIS mapping, datasets from different sources (for example literature, 

official statistics, LULC data) and different spatial and temporal resolutions have been used. As in all 

GIS mapping and modelling, the quality and spatial resolution of the used input data had an influence 

on the results (Wübbelmann et al., submitted). 

Chapter 5 (Grunewald et al., 2021) collected the scientific experts' perspectives through questionnaires 

and the practitioners' perspectives through semi-structured interviews. Different methods might lead 

to bias in identifying or not identifying existing barriers and opportunities of the ES concept. The 

number of interviewed practitioners also varies between the study areas. 

Chapter 6 (Wübbelmann et al., submitted) focused on only one ES, namely flood regulation, which is 

primarily caused by the complexity and time-consuming nature of the LEAFlood model. It would, 

however, be advantageous to include multiple ES in scenario and ES mismatch analyses. The results 

could be used to inform policy and decision-makers on sustainable urban design and the wise use of 

multiple ES in the future (Geijzendorffer et al., 2015; Palacios-Agundez et al., 2015).  

7.3. Conclusion and prospects for future research 
ES in urban areas is a very active research field that addresses social challenges in the context of climate 

change, biodiversity loss, environmental pollution, unsustainable land-use management and 

environmental justice. Despite the increasing number of urban ES assessments and mapping studies, 

the ES concept still only sees limited policy use and is yet to have any significant influence upon real-

world decision-making processes. And, this limited application at a policy making level can at least 

partially be attributed to the field's persisting conceptual challenges and to problems intrinsic to ES 

mapping approaches themselves. 

In urban contexts, the conceptual challenges of the ES concept can be traced back to three main issues: 

ambiguous ES terminology, the distinction between urban and non-urban areas across administrative 

boundaries, and difficulties in determining the spatial relationships between the different components 

of the ES concept across spatial scales. 

The proliferation of ambiguous ES terminologies can be attributed to the inter and transdisciplinary 

character of the ES concept and is seen as a natural consequence of the field's concurrent development 

within multiple disciplines. Were each individual study to start by transparently communicating its own 

research purpose and specific intradisciplinary understanding of the ES concept, then this would help 

contribute to clarifying one's own stance and to overcoming interdisciplinary differences in perception 

and definition. For example, An operational framework for integrated Mapping and Assessment of 

Ecosystems and their Services (MAES) (Burkhard et al., 2018) provides several practical steps for more 

structured ES mapping processes. An essential part of this framework is the necessity to define and 

report key terminologies.  

A standardised approach is also recommended for identifying and describing urban areas, ecosystem 

types and ES. To facilitate EU-wide comparisons of urban case studies, the following classification 

systems are recommended:  
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• For urban typologies: the global methodological manual, Applying the Degree of 

Urbanisation, by Eurostat (2021);  

• For ecosystem types: common classification systems such as presented by Maes et al. 

(2016b) or the European Environment Agency (2016a);  

• For ES classification: the categorisations proposed by the Common International 

Classification System of ES (CICES) (Haines-Young and Potschin, 2018).  

While comprehensive, it should, however, be stated that CICES is a very complex and academic 

publication. Therefore, its descriptions of classifications require some interpretation before being used 

with actors outside academia. 

Overall, a standardised approach is desirable and necessary for assessing and mapping ES. However, 

this thesis has shown that existing research gaps need to be filled for this to be achieved. This thesis 

lists several key criteria which play a role in determining which ES mapping approaches can be applied. 

These criteria can be grouped into five topics: 1) the selection of ecosystem services, 2) the 

determination of spatial and temporal scales, 3) the selection of appropriate methods, 4) the selection 

of suitable indicators, and, 5) data availability and accessibility. To summarise, ES mapping is 

particularly in need of low-cost and accessible data, scalable, transferable and high-quality indicators 

and methods that provide easily understandable results. 

The EU working group MAES has provided a good example of how to proceed going forwards, working 

to recommend frameworks, methods and indicators which have been developed and tested in 

numerous research activities. MAES's groundwork should be built upon to ensure that outstanding 

indicators and methods are developed in consultation with practitioners and with a clear practice 

orientation. This will ensure that researchers are able to guarantee that their work is orientated 

towards the needs of practitioners and provides a robust basis for decision-making. 

In addition to improved standardisation, a stronger focus on ES demand and its feedback loops for ES 

supply is urgently needed. The growth in urban populations worldwide puts increased pressure on 

multiple ES. The concurrent and ongoing overexploitation of ecosystems and their services is one of 

the causes of climate change, which itself further compromises the ability of ecosystems to provide ES 

and poses increased risks to human health and well-being.  

New studies are required which map and assess the economic and social perspectives of ES at the 

desired urban-regional scales. Such studies would make a significant contribution to future research 

prospects. In particular, comprehensive and transdisciplinary research would help to assess the 

multifaceted nature of ES demand and to provide more detailed analysis of the many factors at work. 

Research could, for example, look to facilitate identification of the drivers determining land-use 

management practices in urban areas or to explore the impact of different measures in future climate 

change scenarios. Whatever the scenario, the more comprehensive the data on the multifaceted 

nature of ES interaction, the greater our chances of providing information that really helps to formulate 

more sustainable and equitable urban design and land-use decisions.  

It would also be advantageous to better utilise existing connections to relevant legislation and proven 

approaches within the ES concept. Using indicators and data employed in policies such as the EU Floods 

Directive (Directive 2007/60/EC) could help increase the ES concept's impact and enhance the 

understanding and acceptance of research results amongst local stakeholders. Furthermore, non-ES 

native approaches, such as life cycle (Guinée et al., 2011; Luca Peña et al., 2022; Othoniel et al., 2016) 
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or ecological footprint (Global Footprint Network, 2022; Mancini et al., 2018) assessments, have been 

developed to highlight the impact of human activities upon demand for natural resources and provide 

excellent communication and awareness-raising tools (Nadalini et al., 2021), with which the problems 

of high ES demand can be highlighted for local stakeholders. These methodologies could all be used as 

alternative or additional approaches for assessing the connections between urban and peri-urban 

areas (Seto et al., 2012), ES flows (Kleemann et al., 2020; Schröter et al., 2018) and ES demand for 

provisioning ES, and selected regulating and cultural ES (Othoniel et al., 2016). However, the initial 

ideas for integrating these approaches into the ES cascade framework will require some additional 

development before they can provide site-specific information on multiple ES (Luca Peña et al., 2022; 

Rugani et al., 2019). 

Overall, better integration of the demand side of the ES concept will be crucial if we are to achieve the 

EU's Biodiversity Strategy objective of halting biodiversity loss and the ongoing degradation of 

ecosystems and their services. Meaningful interpretations of ES supply and demand will need to be 

available to inform decision-makers about the best ways of reducing ES trade-offs and mismatches. 

The adapted spatial-structural approach developed here contributes to this by providing helpful 

support for understanding the spatial linkages and interdependencies between ES supply and demand. 

Maintaining healthy ecosystems and their services in urban and peri-urban areas will be key to 

ensuring the future sustainable and equitable development of cities, especially in the face of increased 

urbanisation and climate change. And, overcoming the identified conceptual challenges and 

application barriers forms a significant first step towards increasing the use and impact of the ES 

concept in policy and decision-making processes in these regions.  
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Tab.  A2: Einheiten und Dimensionen, verändert nach CZÚCZ et al. (2018: Appendix C).  

Die Vereinheitlichung der Einheiten und Dimensionen ist für weitere Analysen hilfreich.  

Abkürzung Beispiele 

m: Menge/Masse (kg, g, mg, Konzentrationen etc.) 

l, l2, l3: Länge (m, cm, km etc.), Fläche (m2, ha etc.), Volumen (m3, ml etc.) 

t: Zeitangaben (Stunden, Jahre etc.) 

p: Bevölkerungseinheit (Personen, Haushalte etc. ) 

n: Anzahl / Nummer (von etwas) 

T: Temperatur (°C, K) 

E: Energie (J, MJ) 

0: Dimensionslose Einheiten  

  

Tab. A3: Indikatoreneinteilungsmuster, angelehnt an VAN OUDENHOVEN et al. 2012. 

Obergruppe Unterteilung in Untergruppen Beispiele 

Eigenschaften des 
Ökosystems  

A1 Klimatologische 
Indikatoren 

Temperatur, Niederschlag  

A2 Landbedeckung und 
Landschaftsstruktur 

Landbedeckung (Art, Flächengröße), 
Landnutzung (Typ, Flächengröße), 
Zusammenhang und Anteil von Landbedeckung 
und Landschaftselementen,  
Anzahl, Flächengröße und räumliche Ausdehnung 
von z. B. Landschaftsstrukturen 

A3 Flora und Fauna Arten 

Lebensraum/Lebensraumbedarf der Arten, 
Verbreitung von Arten,  
Vegetationsmerkmale (z. B. 
Nettoprimärproduktion (NPP, 
Blattflächenindex)  

A4 Boden Bodenart, Bodentyp  

A5 Wasser Grundwasserlevel  
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A6 Luft Luftqualität 

A7  Infrastruktur  Natürlichkeitsgrad,  
städtische Elemente (z. B. Straßen, Gebäude), 
Anzahl und Ausstattung von Freizeiteinrichtungen  

A8 Bevölkerung* Demografie 
Bewertungen/Einschätzungen (Informationen, 
generiert durch Umfragen, Interviews etc. Beispiel:  
Zahlungsbereitschaft) 

Ökosystemfunktion B  Anzahl an Nutztieren 
Gespeicherter Kohlenstoff in Böden, Biomasse etc.  
Filtration von z. B. Feinstaub durch Vegetation, 
Lebensraumeignung für bestimmte Arten, 
Besucherkapazität von 
Umweltbildungseinrichtungen 

Ökosystemleistung  C1 ÖSL-Angebot Lebensmittelproduktion; Veränderung z. B. der 
Feinstaubbelastung in der Luft 

C2 ÖSL-Potenzial Klimaregulierungspotenzial der Vegetation 

C3 ÖSL-Nachfrage Hitzewellen-, Hochwasserrisiko 

* Die Bevölkerung ist Teil eines urbanen Ökosystems. Diese Indikatoren liefern Informationen über verschiedene Bevölkerungsmerkmale (z. B. Demografie, sozio-kulturelle oder sozio-

ökonomische Aspekte).   
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Tab. A3: Indikatoreneinteilungsmuster, angelehnt an VAN OUDENHOVEN et al. 2012. 

Obergruppe Unterteilung in Untergruppen Beispiele 

Eigenschaften des 
Ökosystems  

A1 Klimatologische 
Indikatoren 

Temperatur, Niederschlag  

A2 Landbedeckung und 
Landschaftsstruktur 

Landbedeckung (Art, Flächengröße), 
Landnutzung (Typ, Flächengröße), 
Zusammenhang und Anteil von Landbedeckung 
und Landschaftselementen,  
Anzahl, Flächengröße und räumliche Ausdehnung 
von z. B. Landschaftsstrukturen 

A3 Flora und Fauna Arten 

Lebensraum/Lebensraumbedarf der Arten, 
Verbreitung von Arten,  
Vegetationsmerkmale (z. B. 
Nettoprimärproduktion (NPP, 
Blattflächenindex)  

A4 Boden Bodenart, Bodentyp  

A5 Wasser Grundwasserlevel  

A6 Luft Luftqualität 

A7  Infrastruktur  Natürlichkeitsgrad,  
städtische Elemente (z. B. Straßen, Gebäude), 
Anzahl und Ausstattung von Freizeiteinrichtungen  

A8 Bevölkerung* Demografie 
Bewertungen/Einschätzungen (Informationen, 
generiert durch Umfragen, Interviews etc. Beispiel:  
Zahlungsbereitschaft) 

Ökosystemfunktion B  Anzahl an Nutztieren 
Gespeicherter Kohlenstoff in Böden, Biomasse etc.  
Filtration von z. B. Feinstaub durch Vegetation, 
Lebensraumeignung für bestimmte Arten, 
Besucherkapazität von 
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Umweltbildungseinrichtungen 

Ökosystemleistung  C1 ÖSL-Angebot Lebensmittelproduktion; Veränderung z. B. der 
Feinstaubbelastung in der Luft 

C2 ÖSL-Potenzial Klimaregulierungspotenzial der Vegetation 

C3 ÖSL-Nachfrage Hitzewellen-, Hochwasserrisiko 

* Die Bevölkerung ist Teil eines urbanen Ökosystems. Diese Indikatoren liefern Informationen über verschiedene Bevölkerungsmerkmale (z. B. Demografie, sozio-kulturelle oder sozio-

ökonomische Aspekte).   
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Tab. A4: Ergebnistabelle. Identifizierte Indikatoren für die ÖSL „lokale Klimaregulation“. Die vereinheitlichten Einheiten und Dimensionen nach CZÚCZ et al. 

(2018) werden in den eckigen Klammern angegeben.  

CICES-
Code 

CICES-Klasse 
Einfache 
Beschreibung 

 Indikator (deutsch) Indikator (englisch) Quellen 

2.2.6.2 Regulierung von 
Temperatur und 
Luftfeuchtigkeit, 
inkl. Luftaustausch 
und Verdunstung 

Regulierung der 
physischen 
Luftqualität für 
Menschen 

A Eigenschaften des Ökosystems 

A1 Klimatologische Indikatoren  

 Oberflächentemperatur (°C) [T]  Surface temperature (°C) [T]  KREMER et al. 2018 

 Physiologisch äquivalente Temperatur (°C) (PET) 
[T]  

Physiologically equivalent temperature 
(PET) (°C) [T]  

ZÖLCH et al. 2016 

A2 Landbedeckung und Landschaftsstruktur  

 Urbane Landschaftsstruktur (Klassifikation) [%] Urban landscape structure (classification) 
[%] 

KREMER et al. 2018 

 Vegetationsfläche (ha) [l²] Sum of vegetated area (ha) [l²] NEUENSCHWANDER et al. 2014 

 Parkform  Park shape  GIEDYCH & MAKSYMIUK 2017 

 Gewässer Water bodies  GIEDYCH & MAKSYMIUK 2017 

 Ökologisch wirksames Gebiet [0] Ecologically effective area [0] DENNIS & JAMES 2016 

A3 Flora und Fauna  

 Urbane Grünflächentypen Urban green space type DERKZEN et al. 2015 

 Vegetationsstruktur Vegetation structure GIEDYCH & MAKSYMIUK 20172017 

 Bäume [n] Sum of trees [n] NEUENSCHWANDER et al. 2014 

 Blattflächenindex [0] Leaf area index [0] GÓMEZ-BAGGETHUN et al. 2013 

 Flechtenvielfalt Lichen diversity VIEIRA et al. 2018 

 Baumschattenfläche [%] Tree shade area [%] BARÓ et al. 2015 

A4 Boden 

A5 Wasser 

A6 Luft 

A7 Infrastruktur  

A8 Bevölkerungsmerkmale 

 Bewertungen/Einstufungen [0] Ratings [0] DERKZEN et al. 2017 

 Zahlungsbereitschaft (€) [Währungseinheit] Willingness to pay (€) [monetary unit] DERKZEN et al. 2017 

 Bewertungen/Einstufungen [0] Ratings [0] KOTHENCZ et al. 2017 

B Ökosystemfunktion 
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 f-Evapotranspiration [0] f-evapotranspiration [0] SCHWARZ et al. 2011 
LARONDELLE & HAASE 2013 
LARONDELLE et al. 2014 
HOU et al. 2015 
KAIN et al. 2016 
SZUMACHER & PABJANEK 2017 

 Evapotranspirationrate von Bäumen (g m-2 s-1) [ml-
2t-1] 

Evapotranspiration rate of trees (g m-2 s-1 ) 
[ml-2t-1] 

MOSS et al. 2019 

 Evapotranspiration aus Stadtwäldern (kg s-1;  kg s-1  

km-2;  kg h-1  Baum-1) [ml-2t-1; ml-2n-1] 
Evapotranspiration from urban forest (kg s-

1;  kg s-1  km-2;  kg h-1  tree-1) [ml-2t-1; ml-2n-1] 
MOSS et al. 2019 

 Oberflächen-Emissivitäts-Index [0] (Land) surface emissivity index [0] SCHWARZ et al. 2011 
HAASE et al. 2012 
LAUF et al. 2014 
LARONDELLE & HAASE 2013 
LARONDELLE et al. 2014 
DEPIETRI et al. 2016 
KAIN et al. 2016 
SZUMACHER & PABJANEK 2017 

C Ökosystemleistung  

C1 Ökosystemleistungs-Angebot 

 Temperaturabnahme durch Baumbedeckung (C°) 
[T] 

Temperature decrease by tree cover (C°) 
[T] 

GÓMEZ-BAGGETHUN et al. 2013 

 Temperaturabsenkung (K) [T] Temperature reduction (K) [T] KAIN et al. 2016 

 Reduzierung von Hitzeinseln (C°) [T] Heat island mitigation (C°) [T] HOLT et al. 2015 

C2 Ökosystemleistungs-Potenzial 

 Kühlungspotenzial durch Bäume Tree cooling potential LARONDELLE & HAASE 2013 

 Klimaregulierungspotenzial von ökologisch 
wirksamen Gebieten (£m-2yr-1) [Währungseinheit 
l¯² t⁻¹] 

Climate regulation potential of ecologically 
effective area  
(£m-2yr-1) [monetary unit l¯² t⁻¹]  

DENNIS & JAMES 2016 

 Mögliche Auswirkungen der Evapotranspiration 
auf die Gebäudekühlungssysteme (£ h−1 Baum-1) 
[Währungseinheit l¯² n-1] 

Potential energy impact of 
evapotranspiration on building cooling 
systems (£ h−1 tree-1) [monetary unit l¯² n-1] 

MOSS et al. 2019 

C3 Ökosystemleistungs-Nachfrage 

 Hitzewellenrisiko (Tage) [t] Heat wave risk (days) [t] BARÓ et al. 2015 

 Bevölkerung, die in einem Umkreis von 100 m um 
eine grüne oder blaue Fläche von mindestens 
0,05 ha in Städten, die häufig von Hitzewellen 
getroffen werden, leben [%] 

People living within 100m from a green or 
blue area of, at least 0.05 ha in cities that 
are frequently struck by heat waves [%] 

RODRÍGUEZ-RODRÍGUEZ et al. 2015 

Claudia Dworczyk

179



 

 www.nul-online.de  23 

 

 Exposition (Stadtteile, die Hitzewellen ausgesetzt 
sind, basierend auf der Einwohnerzahl pro Stadtteil 
und der mittleren Oberflächentemperatur) [0] 

Exposure (city districts that are exposed to 
heat waves, based on number of 
inhabitants per city district and mean 
surface temperatures) [0] 

DEPIETRI et al. 2013 

 Exposition (Stadtteile, die Hitzewellen ausgesetzt 
sind, basierend auf der Fähigkeit verschiedener 
Landbedeckungstypen, das lokale Mikroklima zu 
regulieren) [0] 

Exposure (city districts that are exposed to 
heat waves, based on the capacity of 
different land covers types to regulate the 
urban microclimate) [0] 

DEPIETRI et al. 2013 

 Anfälligkeit/Empfindlichkeit (Bevölkerungsanteil, 
der während Hitzewellen besonders verwundbar 
ist, basierend auf dem prozentualen Anteil der 
Bevölkerung älter als 65 Jahre pro Stadtbezirk und 
dem prozentualen Anteil der Arbeitslosen pro 
Stadtbezirk) [0] 

Susceptibility (population that are 
vulnerable to heat waves, based on the 
percentage of the population per city 
district older than 65 years and the 
percentage of unemployed per city district) 
[0] 

DEPIETRI et al. 2013 

 Mangelnde Widerstandsfähigkeit (Mangelnde 
Widerstandsfähigkeit der Bevölkerung gegenüber 
Hitzewellen pro Stadtbezirk, basierend auf dem 
Anteil der alleinlebenden Senioren pro Stadtbezirk 
und dem Anteil der von Stadtwäldern bedeckten 
Fläche pro Stadtbezirk) [0] 

Lack of resilience (lack of resilience of the 
population to heat waves per city district 
based on percentage of elderly living alone 
per city district and percentage of the 
surface covered by urban forest per city 
district) [0] 

DEPIETRI et al. 2013 
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Suppl. material 1: Reviewed articles. 

Table S1: Reviewed articles.   

Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

Baró et al. 2015 “ES demand, defined here as the 
amount of service required or desired 
by society” (p.3, after Villamagna et al. 
2013). 

Yes Air purification, 
global climate 
regulation, 
urban temperature 
regulation 

Institution  
 

Local Mapping of 
statistical/literature 
data 

Baró et al. 2016 “ES demand as the amount of service 
required or desired by society” (p.3, 
after Villamagna et al. 2013). 

Yes Air purification,  
outdoor recreation 

Institution  
 

Regional Mapping of 
statistical/literature 
data 

Beichler 2015 No explanation. Yes Aesthetics and 
Inspiration, spiritual 
and religious, 
cultural heritage 
and identity, 
recreation, 
knowledge and 
education, natural 
heritage and 
intrinsic value of 
biodiversity 

Individuals represented 

local planning 

institutions, economic 

organizations, 

environmental and a 

social NGO, civil 

protection department, 

science department 

Regional Participatory 
method 
(participatory 
mapping),  
spatial analysis 

Bryan et al. 2018 Description of ES demand 
understanding. 

Yes Food production, 
raw material, air 
quality, climate 
regulation, Water 
supply, waste 
treatment, soil 
retention, 
biodiversity services 
(pollination, seed 
dispersal, pest and 
disease control, 

No explanation. Regional Economic approach 
(demand was 
calculated as a 
function of 
population, wealth, 
and income 
elasticity) 
valuation and 
parameterization 
scenarios 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

habitat 
maintenance and 
other benefits), 
recreation and 
culture 

Chen et al. 2019 Description of ES demand 
understanding. 

Yes Water, recreation, 
air quality, global 
climate regulation 

Citizens, trade/industry, 
institution 

Regional Mapping of 
statistical/literature 
data, spatial 
analysis  

Chen et al. 2018 Description of ES demand 
understanding. 

Yes Food, raw 
materials, medicinal 
resources, 
ornamental 
resources, water 
purification, water 
regulation, 
maintaining healthy 
waterways and 
reservoirs, waste 
assimilation, 
natural hazard 
regulation, 
pollination, 
biological pest 
control, recreation 
and aesthetic 
values, cultural 
heritage values, 
discriminating 
features and sense 
of place 

Farmers, rural 
population 

Regional Participatory 
method (ES matrix 
method), 
spatial analysis, 
statistical analysis 
(principal 
component 
analysis) 

Cimon-Morin und 
Poulin 2018 

Description of ES demand 
understanding. 

Yes Carbon storage, 

Existence value of 

rare and threatened 

No explanation. Regional Mapping of 
statistical/literature 
data,  
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

species, Cooling 

islands, Potential for 

ornithological 

activities, Surface 

runoff management, 

Aesthetics, Recharge 

of groundwater,  

Potential for 

recreational 

activities, Water flow 

mitigation 

Multi-criteria 
decision analysis, 
systematic 
conservation 
planning approach, 
monetary valuation, 
conservation 
scenario analysis, 
conservation 

network analysis 

Cortinovis und 
Geneletti 2018 

No explanation. Yes Urban cooling, 
Recreation 

Vulnerable people 
(young children (<5 
years) and the elderly 
(>65 years)) 

Local Participatory 
method  
(online 
questionnaire), 
multi-criteria 
analysis 

Goldenberg et al. 
2017 

Description of ES demand 
understanding. 

Yes Local climate 
regulation;  
Storm water 
regulation 

No explanation. Regional Mapping (ES matrix 
method), spatial 
analysis 

González-García et 
al. 2020 

“ES demand is understood as “the 
amount of a service required or desired 
by society” (p. 2; after Villamagna et al. 
2013). 

Yes Global climate 
regulation; outdoor 
recreation; water 
for drinking 
purposes 

No explanation. Regional Mapping of 
statistical/literature 
data, spatial 
analysis 

Kokkoris et al. 
2019  

No explanation. No Raw material, 
Hunting,  
Fishing, 
Food, 
Grassland biomass, 
Erosion control,  
Water regulation, 

Local stakeholders. Local Scenario approach 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

Water purification, 
Global climate 
regulation, 
Habitat for 
pollinators, 
Biodiversity 
maintenance,  
Hydrological cycle 
support, 
Recreation, 
Cultural identity 
maintenance,  
Research and 
education, 
Symbolism, 
Archeological and 
historic value,  
Religious value, 
Environmental 
awareness 

Li et al. 2016 Description of ES demand 
understanding. 

Yes Local climate 
regulation, 
Air quality 
regulation, 
Water flow 
regulation, 
Water purification, 
Erosion regulation, 
Natural hazards 
regulation, 
Pollination,  
Crops, 
Biomass for energy, 

Experts Regional Participatory 
method (ES matrix 
method), 
spatial analysis 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

Livestock 
(domestic), 
Timber, 
Fishing, 
Water, 
Shipping, 
Recreation & 
tourism, 
Landscape 
aesthetics and 
inspiration, 
Knowledge 
systems, 
Cultural heritage 
and cultural 
diversity, 
Natural heritage 
and natural 
diversity 

Palacios-Agundez 
et al. 2015 

No explanation. No Carbon storage and 
sequestration, air 
quality, recreational 
activities, 
traditional 
knowledge, 
environmental 
education, 
aesthetics and 
spiritual values 

Key stakeholders from 
the region 

Regional Participatory 
method (qualitative 
participatory 
scenarios) 

Palomo-
Campesino et al. 
2018 

No explanation. Yes Water for humans 
and irrigation, 
agricultural 
products, livestock 

Key stakeholders/local 
stakeholders from 
different sectors 

Regional  Participatory 
method 
(participatory 
mapping), statistical 
analysis  
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

products, habitat 
for species, 
air quality,  
soil fertility, 
tourism,  
aesthetic value,  
traditional 
ecological 
knowledge  

Quintas-Soriano et 
al. 2019 

No explanation. Yes Food from 
traditional 
agriculture, 
food from intensive 
agriculture, 
climate regulation,  
air quality, 
water regulation, 
soil protection, 
tourism, 
local identity 

Random individuals Regional Participatory 
method (Face-to-
face survey; 
preference 
assessment), 
statistical analysis 
(principal 
component analysis, 
cluster analysis) 

Rioux et al. 2019  “The amount of a service required or 
desired by society” (p.4, after 
Villamagna et al. 2013).  

No Carbon storage, 
urban cooling, 
pollination 

No explanation. Local Simple ES mapping,  
spatial analysis 

Sahle et al. 2018a No explanation. Yes Global climate 
regulation 

No explanation. Regional Mapping of 
statistical/literature 
data, 
spatial analysis 

Sahle et al. 2018b No explanation. Yes Food Households Regional Mapping of 
statistical/literature 
data,  
participatory 
method (survey, 
field work), 
spatial analysis 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

Sauter et al. 2019 No explanation. Yes Flood protection, 
nearby recreation  
(habitat 
quality/biodiversity) 

No explanation. Regional Mapping of 
statistical/literature 
data, 
Scenario approach  
of land-use changes, 
spatial analysis 

Schägner et al. 
2016 

No explanation. No Outdoor recreation No explanation. International Recreational 

demand modelling 

(National park 
visitor model), 
monetary valuation, 
statistical analysis 

Schirpke et al. 
2018 

Description of ES demand 
understanding. 

Yes Outdoor recreation Residents and tourists Regional Mapping of 
statistical/literature 
data, 
Recreational 

demand modelling 

(Combination of 
Recreation Model 
of InVEST and 
spatial/statistical 
analysis), 
spatial analysis, 
statistical analysis 
(cluster analysis) 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

Schirpke et al. 
2019a 

“Demand for ES […] represents the 
amount of a service required or desired 
by society, expressed through stated 
preferences and values or direct use” 
(p. 929, after Wolff et al. 2015) 

Yes Drinking water, 
grassland biomass,  
fuel wood, 
filtration of surface 
water, 
protection against 
natural hazards, 
carbon 
sequestration, 
outdoor recreation, 
symbolic plants and 
animals  

No explanation. Regional Mapping of 
statistical/literature 
data, 
spatial analysis, 
statistical analysis 
(correlation 
analysis, principal 
component analysis, 
cluster analysis, 
random forest 
analysis) 

Schirpke et al. 
2019b 

Description of ES demand 
understanding. 

Yes Fresh water 
Grassland biomass 
Fuel wood 
Filtration of surface 
water 
Protection against 
mountain hazards 
Carbon 
sequestration 
Outdoor recreation 

No explanation. Regional Mapping of 
statistical/literature 
data, 
spatial analysis, 
statistical analysis 
(cluster analysis) 

Schulp et al. 2014 Description of ES demand 
understanding. 

Yes Pollination No explanation. International Pollination demand 

modelling, 
spatial analysis 

Shen et al. 2019 Description of ES demand 
understanding. 

Yes Flood regulation No explanation. Local Flood regulation 

demand modelling, 

land use scenarios, 

monetary valuation, 
spatial analysis, 
statistical analysis 

Vallecillo et al. 
2019 

Description of ES demand 
understanding. 

Yes Nature-based 
recreation 

No explanation. International Mapping of 
statistical/literature 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

data, monetary 
valuation, spatial 
analysis.  

Verhagen et al. 
2017 

Description of ES demand 
understanding. 

Yes Air quality, carbon 
sequestration, flood 
regulation, urban 
leisure 

No explanation. International Mapping of 
statistical/literature 
data, 
spatial analysis 
(spatial 
prioritization 
approach) 

Watson et al. 2019 “[…] demand (desired amount of 
human consumption of that supply, 
which depends on peoples’ desire for 
and access to ESs)” (p. 943) 

Yes Flood mitigation, 
crop pollination, 
nature-based 
recreation 

No explanation. Local Mapping of 
statistical/literature 
data,  
monetary valuation, 
spatial analysis 
(spatial 
prioritization 
approach) 

Wolff et al. 2017 Description of ES demand 
understanding. 

Yes Animal pollination, 
wild medicinal 
plants, outdoor 
recreation 

Consumer; people who 
are reliance on wild 
medicinal plants 

International Recreational 

demand modelling, 

pollination demand 

modelling, 

wild medicinal plants 

demand modelling 

 
 
 
 
 

Yuan et al. 2019 Description of ES demand 
understanding. 

Yes Water Households Regional Mapping of 
statistical/literature 
data, monetary 
valuation (water-
pricing model), 
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Paper included  ES Demand Definition 
Mismatches 
identified 

Ecosystem 
Service(s) 

Where does the demand 
for ecosystem services 
come from? 

Spatial scale  
Method (ES 
demand) 

water scarcity 
scenarios  

Zhao und Sander 
2015 

“demand for ecosystem services 
reflects those services actually 
consumed or desired by beneficiaries“ 
(p. 2, after Wolff et al. 2015) 

Yes Global climate 
regulation 

Interest groups from 
different sectors 

Regional Mapping of 
statistical/literature 
data, spatial 
analysis  

Zhao et al. 2019a Description of ES demand 
understanding. 

Yes Pollination No explanation. Local Mapping of 
statistical/literature 
data, field work,  
spatial analysis 

Zhao et al. 2019b 
 

No explanation. Yes Cultural ES Visitors Regional Participatory 
method (survey),  
Recreation demand 
modelling 
(viewer days 
model),  
spatial analysis 
(supply-demand 
and budget 
modelling) 

Spatial Scale: Local, regional, national, international 

 

References 
Baró, Francesc; Haase, Dagmar; Gómez-Baggethun, Erik; Frantzeskaki, Niki (2015): Mismatches between ecosystem services supply and demand in urban areas: A quantitative 

assessment in five European cities. In: Ecological Indicators 55, S. 146–158. DOI: 10.1016/j.ecolind.2015.03.013. 

Baró, Francesc; Palomo, Ignacio; Zulian, Grazia; Vizcaino, Pilar; Haase, Dagmar; Gómez-Baggethun, Erik (2016): Mapping ecosystem service capacity, flow and demand for 

landscape and urban planning: A case study in the Barcelona metropolitan region. In: Land Use Policy 57, S. 405–417. DOI: 10.1016/j.landusepol.2016.06.006. 

Beichler, Simone Annerose (2015): Exploring the link between supply and demand of cultural ecosystem services – towards an integrated vulnerability assessment. In: 

International Journal of Biodiversity Science, Ecosystem Services & Management 11 (3), S. 250–263. DOI: 10.1080/21513732.2015.1059891. 

Bryan, Brett A.; Ye, Yanqiong; Zhang, Jia'en; Connor, Jeffery D. (2018): Land-use change impacts on ecosystem services value: Incorporating the scarcity effects of supply and 

demand dynamics. In: Ecosystem Services 32, S. 144–157. DOI: 10.1016/j.ecoser.2018.07.002. 

Claudia Dworczyk

190



 

 
 

Chen, Junyu; Jiang, Bo; Bai, Yang; Xu, Xibao; Alatalo, Juha M. (2019): Quantifying ecosystem services supply and demand shortfalls and mismatches for management 

optimisation. In: The Science of the total environment 650 (Pt 1), S. 1426–1439. DOI: 10.1016/j.scitotenv.2018.09.126. 

Chen, Yajuan; Yu, Zhenrong; Li, Xuedong; Li, Pengyao (2018): How agricultural multiple ecosystem services respond to socioeconomic factors in Mengyin County, China. In: The 

Science of the total environment 630, S. 1003–1015. DOI: 10.1016/j.scitotenv.2018.02.187. 

Cimon-Morin, Jérôme; Poulin, Monique (2018): Setting conservation priorities in cities: approaches, targets and planning units adapted to wetland biodiversity and ecosystem 

services. In: Landscape Ecol 33 (11), S. 1975–1995. DOI: 10.1007/s10980-018-0707-z. 

Cortinovis, Chiara; Geneletti, Davide (2018): Mapping and assessing ecosystem services to support urban planning: A case study on brownfield regeneration in Trento, Italy. In: 

OE 3, e25477. DOI: 10.3897/oneeco.3.e25477. 

Goldenberg, Romain; Kalantari, Zahra; Cvetkovic, Vladimir; Mörtberg, Ulla; Deal, Brian; Destouni, Georgia (2017): Distinction, quantification and mapping of potential and 

realized supply-demand of flow-dependent ecosystem services. In: The Science of the total environment 593-594, S. 599–609. DOI: 10.1016/j.scitotenv.2017.03.130. 

González-García, Alberto; Palomo, Ignacio; González, José A.; López, César A.; Montes, Carlos (2020): Quantifying spatial supply-demand mismatches in ecosystem services 

provides insights for land-use planning. In: Land Use Policy 94, S. 104493. DOI: 10.1016/j.landusepol.2020.104493. 

Kokkoris, Ioannis P.; Bekri, Eleni S.; Skuras, Dimitrios; Vlami, Vassiliki; Zogaris, Stamatis; Maroulis, Georgios et al. (2019): Integrating MAES implementation into protected area 

management under climate change: A fine-scale application in Greece. In: The Science of the total environment 695, S. 133530. DOI: 10.1016/j.scitotenv.2019.07.336. 

Li, Jinghui; Jiang, Hongwei; Bai, Yang; Alatalo, Juha M.; Li, Xin; Jiang, Huawei et al. (2016): Indicators for spatial–temporal comparisons of ecosystem service status between 

regions: A case study of the Taihu River Basin, China. In: Ecological Indicators 60, S. 1008–1016. DOI: 10.1016/j.ecolind.2015.09.002. 

Palacios-Agundez, Igone; Onaindia, Miren; Potschin, Marion; Tratalos, Jamie A.; Madariaga, Iosu; Haines-Young, Roy (2015): Relevance for decision making of spatially explicit, 

participatory scenarios for ecosystem services in an area of a high current demand. In: Environmental Science & Policy 54, S. 199–209. DOI: 10.1016/j.envsci.2015.07.002. 

Palomo-Campesino, Sara; Palomo, Ignacio; Moreno, Javier; González, José (2018): Characterising the rural-urban gradient through the participatory mapping of ecosystem 

services: insights for landscape planning. In: OE 3, e24487. DOI: 10.3897/oneeco.3.e24487. 

Quintas-Soriano, Cristina; García-Llorente, Marina; Norström, Albert; Meacham, Megan; Peterson, Garry; Castro, Antonio J. (2019): Integrating supply and demand in 

ecosystem service bundles characterization across Mediterranean transformed landscapes. In: Landscape Ecol 34 (7), S. 1619–1633. DOI: 10.1007/s10980-019-00826-7. 

Rioux, Jean-François; Cimon-Morin, Jérôme; Pellerin, Stéphanie; Alard, Didier; Poulin, Monique (2019): How Land Cover Spatial Resolution Affects Mapping of Urban Ecosystem 

Service Flows. In: Front. Environ. Sci. 7, S. 345. DOI: 10.3389/fenvs.2019.00093. 

Sahle, Mesfin; Saito, Osamu; Fürst, Christine; Yeshitela, Kumelachew (2018a): Quantification and mapping of the supply of and demand for carbon storage and sequestration 

service in woody biomass and soil to mitigate climate change in the socio-ecological environment. In: The Science of the total environment 624, S. 342–354. DOI: 

10.1016/j.scitotenv.2017.12.033. 

Sahle, Mesfin; Yeshitela, Kumelachew; Saito, Osamu (2018b): Mapping the supply and demand of Enset crop to improve food security in Southern Ethiopia. In: Agron. Sustain. 

Dev. 38 (1), S. 31. DOI: 10.1007/s13593-017-0484-0. 

Sauter, Isabel; Kienast, Felix; Bolliger, Janine; Winter, Benjamin; Pazúr, Robert (2019): Changes in demand and supply of ecosystem services under scenarios of future land use 

in Vorarlberg, Austria. In: J. Mt. Sci. 16 (12), S. 2793–2809. DOI: 10.1007/s11629-018-5124-x. 

Schägner, Jan Philipp; Brander, Luke; Maes, Joachim; Paracchini, Maria Luisa; Hartje, Volkmar (2016): Mapping recreational visits and values of European National Parks by 

combining statistical modelling and unit value transfer. In: Journal for Nature Conservation 31, S. 71–84. DOI: 10.1016/j.jnc.2016.03.001. 

Claudia Dworczyk

191



 

 
 

Schirpke, Uta; Candiago, Sebastian; Egarter Vigl, Lukas; Jäger, Hieronymus; Labadini, Alice; Marsoner, Thomas et al. (2019a): Integrating supply, flow and demand to enhance 

the understanding of interactions among multiple ecosystem services. In: The Science of the total environment 651 (Pt 1), S. 928–941. DOI: 

10.1016/j.scitotenv.2018.09.235. 

Schirpke, Uta; Egarter Vigl, Lukas; Tasser, Erich; Tappeiner, Ulrike (2019b): Analyzing Spatial Congruencies and Mismatches between Supply, Demand and Flow of Ecosystem 

Services and Sustainable Development. In: Sustainability 11 (8), S. 2227. DOI: 10.3390/su11082227. 

Schirpke, Uta; Meisch, Claude; Marsoner, Thomas; Tappeiner, Ulrike (2018): Revealing spatial and temporal patterns of outdoor recreation in the European Alps and their 

surroundings. In: Ecosystem Services 31, S. 336–350. DOI: 10.1016/j.ecoser.2017.11.017. 

Schulp, C.J.E.; Lautenbach, S.; Verburg, P. H. (2014): Quantifying and mapping ecosystem services: Demand and supply of pollination in the European Union. In: Ecological 

Indicators 36, S. 131–141. DOI: 10.1016/j.ecolind.2013.07.014. 

Shen, Ju; Du, Shiqiang; Huang, Qingxu; Yin, Jie; Zhang, Min; Wen, Jiahong; Gao, Jun (2019): Mapping the city-scale supply and demand of ecosystem flood regulation services—

A case study in Shanghai. In: Ecological Indicators 106, S. 105544. DOI: 10.1016/j.ecolind.2019.105544. 

Vallecillo, Sara; La Notte, Alessandra; Zulian, Grazia; Ferrini, Silvia; Maes, Joachim (2019): Ecosystem services accounts: Valuing the actual flow of nature-based recreation from 

ecosystems to people. In: Ecological modelling 392, S. 196–211. DOI: 10.1016/j.ecolmodel.2018.09.023. 

Verhagen, Willem; Kukkala, Aija S.; Moilanen, Atte; van Teeffelen, Astrid J. A.; Verburg, Peter H. (2017): Use of demand for and spatial flow of ecosystem services to identify 

priority areas. In: Conservation biology : the journal of the Society for Conservation Biology 31 (4), S. 860–871. DOI: 10.1111/cobi.12872. 

Watson, Keri B.; Galford, Gillian L.; Sonter, Laura J.; Koh, Insu; Ricketts, Taylor H. (2019): Effects of human demand on conservation planning for biodiversity and ecosystem 

services. In: Conservation biology : the journal of the Society for Conservation Biology 33 (4), S. 942–952. DOI: 10.1111/cobi.13276. 

Wolff, S.; Schulp, C.J.E.; Kastner, T.; Verburg, P. H. (2017): Quantifying Spatial Variation in Ecosystem Services Demand: A Global Mapping Approach. In: Ecological Economics 

136, S. 14–29. DOI: 10.1016/j.ecolecon.2017.02.005. 

Yuan, Mei-Hua; Lo, Shang-Lien; Chiueh, Pei-Te (2019): Embedding scarcity in urban water tariffs: mapping supply and demand in North Taiwan. In: Environ Earth Sci 78 (10). 

DOI: 10.1007/s12665-019-8318-9. 

Zhao, Chang; Sander, Heather A. (2015): Quantifying and Mapping the Supply of and Demand for Carbon Storage and Sequestration Service from Urban Trees. In: PloS one 10 

(8), e0136392. DOI: 10.1371/journal.pone.0136392. 

Zhao, Chang; Sander, Heather A.; Hendrix, Stephen D. (2019a): Wild bees and urban agriculture: assessing pollinator supply and demand across urban landscapes. In: Urban 

Ecosyst 22 (3), S. 455–470. DOI: 10.1007/s11252-019-0826-6. 

Zhao, Qiqi; Li, Jing; Liu, Jingya; Cuan, Yuda; Zhang, Cheng (2019b): Integrating supply and demand in cultural ecosystem services assessment: a case study of Cuihua Mountain 

(China). In: Environmental science and pollution research international 26 (6), S. 6065–6076. DOI: 10.1007/s11356-018-3910-1. 

 

Claudia Dworczyk

192



Suppl. material 2: Ecosystem Services 

Table S2: Ecosystem Services 

Category Group 
Number of 
occurrences 

Provisioning Services   34 

 Cultivated terrestrial plants for nutrition, materials or energy  20 

 Water 8 

 Reared animals (terrestrial and aquatic) used for nutritional purposes 3 

 Wild animals (terrestrial and aquatic) used for nutritional purposes 3 

Regulating Services   69 

 Regulation of chemical composition of atmosphere and oceans (e.g. 
global climate regulation) 14 

 Hydrological cycle and water flow regulation (Including flood control, 
and coastal protection) 13 

 
Air purification  9 

 
Pollination  7 

 Regulation of temperature and humidity, including ventilation and 
transpiration (e.g. local climate regulation) 6 

 Control of erosion rates 4 

 

Maintaining nursery populations and habitats (Including gene pool 
protection) 4 

 Protection against natural hazards 4 

 Water quality 3 

 Mediation of wastes of anthropogenic origin by living processes 2 

 Pest control (including invasive species)  1 

 Regulation of soil quality 1 

 Other 1 

Cultural Services   56 

 

Physical and experiential interactions with natural environment (e.g. 
outdoor recreation) 23 

 

Other biotic characteristics that have a non-use value (e.g. natural 
heritage and intrinsic value of biodiversity, historical values) 7 

 Characteristics of living systems that enable aesthetic experiences 6 

 Spiritual, symbolic and other interactions with natural environment 6 

 

Characteristics of living systems that are resonant in terms of culture 
or heritage 5 

 Characteristics of living systems that enable education and training 5 

 

Characteristics of living systems that enable scientific investigation or 
the creation of traditional ecological knowledge 2 

  Other 2 
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Challenges entailed in applying ecosystem services supply and demand mapping approaches: a practice report 1

Supplementary Materials S1 2

Table S1. Data used for the ES supply/demand mapping and assessments. 3

Data Temporal resolution Spatial resolution Source 

Administrative boundaries of Europe 2020 1:1 Mio [1] 

Urban Atlas 2012 Minimum Mapping Unit: 

Class 1: 0.25 ha 

Class 2 - 5: 1 ha 

Minimum Mapping Width: 

10 m 

[2] 

Corine Land Cover 2012 Minimum Mapping Unit: 

10 ha / 25 ha 

[3] 

Population density 2011 100 m x 100 m grid [4,5] 

Tree cover density 2015 20 m [6] 

Potential evapotranspiration over grass 2019 1 km x 1 km [7] 

Potential evapotranspiration 2019 Point data [8] 

Temperature 2019 Point data [9] 

Nightly magnitude of the urban heat island 

effect 

2019 1 km x 1 km [10] 

Flood hazard and flood risk 2019 Polygon and point data [11] 

ATKIS 2017 1:25.000 [12] 

Biotops 2015 1:10.000 [11] 

Run-off paths 2013 Polylines [13] 

Digital elevation model (DEM) 2020 10 m x 10 m [12] 

Crop coefficient (Kc) - Literature data [14] 

Crop coefficient (Kc) values for LULC - Literature data [15,16] 

Albedo values for LULC - Literature data [17] 

Building intensity values for LULC - Literature data [17] 

Nesting suitability and floral resources for 

LULC 

- Literature data [18] 

Table S2. Overview of the indicators, methods and categorisation used. If possible, indicators were mapped at a regional scale. 4

Ecosystem services Component Indicator (Unit) Method Tier Data categorisation 

Food (from cultivated 

terrestrial plants) 

Supply Agricultural area (%) Calculation of the percent-

age of agricultural area in a 

10-ha x 10-ha grid.

1 5 – very high: >80 - 100 

4 – high: >60 - ≤80 

3 – medium: >40 - ≤60 

2 – low: >20 - ≤40 

1 – very low: >0 - ≤20 

0 – not relevant: 0 

Demand Population density (In-

habitants ha-1) 

Spatial join of population 

density data with a 100-m x 

100-m grid [4,5]

1 5 – very high: >100 

4 – high: >75 - ≤100 

3 – medium: >50 - ≤75 

2 – low: >25 - ≤50 

1 – very low: >0 - ≤25 

0 – not relevant: 0 

Raw materials (from 

cultivated terrestrial 

plants) 

Supply Forest area (%) Calculation of the percent-

age of forest area in a 10-ha 

x 10-ha grid. 

1 5 – very high: >80 - 100 

4 – high: >60 - ≤80 

3 – medium: >40 - ≤60 

2 – low: >20 - ≤40 

1 – very low: >0 - ≤20 

0 – not relevant: 0 
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2 of 13 

Ecosystem services Component Indicator (Unit) Method Tier Data categorisation 

Demand Population density (In-

habitants ha-1) 

Spatial join of population 

density data with a 100-m x 

100-m grid [4,5]

1 5 – very high: >100 

4 – high: >75 - ≤100 

3 – medium: >50 - ≤75 

2 – low: >25 - ≤50 

1 – very low: >0 - ≤25 

0 – not relevant: 0 

Pollination Supply Pollinator Abundance 

(Index 0 to 1, Dimen-

sionless) 

Wild bee abundance has 

been modelled using In-

VEST "Pollinator Abun-

dance: Crop Pollination" 

[19] 

2-3 5 – very high: >0.8 - 1 

4 – high: >0.6 - ≤08 

3 – medium: >0.4 - ≤0.6 

2 – low: >0.2 - ≤0.4 

1 – very low: >0 - ≤0.2 

0 – extreme low: 0 

Demand Dependence of crops on 

pollination by insects 

(%) 

Dependence of crops on 

pollination by insects 

[18,20] was assigned to rel-

evant LULC. 

1 5 – very high: >80 - 100 

4 – high: >60 - ≤80 

3 – medium: >40 - ≤60 

2 – low: >20 - ≤ 40 

1 – very low: >0 - ≤20 

0 – extreme low: 0 

Local climate regulation Supply Green and blue areas 

(%) 

Calculation of the percent-

age of green and blue area 

in a 10-ha x 10-ha grid. 

1 5 – very high: >80 - 100 

4 – high: >60 - ≤80 

3 – medium: >40 - ≤60 

2 – low: >20 - ≤40 

1 – very low: >0 - ≤20 

0 – extreme low: 0 

Supply f-evapotranspiration (f-

ETP) (Index 0 to 1, di-

mensionless)

Value-transfer of literature 

data [21,22]. 

1 5 – very high: >0.8 - 1 

4 – high: >0.6 - ≤0.8 

3 – medium: >0.4 - ≤0.6 

2 – low: >0.2 - ≤0.4 

1 – very low: >0 - ≤0.2 

0 – extreme low: 0 

Demand 
Surface emissivity 

(Index 0 to 1, 

dimensionless 

Value-transfer of literature 

data [21,22]. 
1 

5 – very high: >0.8 - 1 

4 – high: >0.6 - ≤0.8 

3 – medium: >0.4 - ≤0.6 

2 – low: >0.2 - ≤0.4 

1 – very low: >0 - ≤0.2 

0 – extreme low: 0 

Coastal protection Demand Coastal flood risk (In-

dex 0 to 1, dimension-

less) 

Calculation of the coastal 

flood risk for the assets 

(human health, the envi-

ronment, infrastructure 

and human economic activ-

ities) by multiplying flood 

hazard with the potential 

damage of each asset [13]. 

1-2 See explanations below. 

5

Table S3. Overview of the indicators used in the ES modelling. If possible, indicators were mapped at a regional scale. 6

7

Ecosystem services Component Indicator (Unit) Method Tier Data categorisation 

Pollination Supply Pollinator Abundance 

(Index 0 to 1, Dimen-

sionless) 

Wild bee abundance has 

been modelled using In-

VEST "Pollinator Abun-

dance: Crop Pollination" 

[19] 

2-3 5 – very high: >0.8 - 1 

4 – high: >0.6 - ≤0.8 

3 – medium: >0.4 - ≤0.6 

2 – low: >0.2 - ≤0.4 

1 – very low: >0 - ≤0.2 
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Ecosystem services Component Indicator (Unit) Method Tier Data categorisation 

0 – extreme low: 0 

Local climate regulation Supply Heat mitigation (In-

dex 0 to 1, Dimension-

less) 

Heat mitigation index has 

been modelled using In-

VEST "Urban Cooling 

Model" [23]. 

2-3 5 – very high: >0.8 - 1 

4 – high: >0.6 - ≤0.8 

3 – medium: >0.4 - ≤0.6 

2 – low: >0.2 - ≤0.4 

1 – very low: >0 - ≤0.2 

0 – extreme low: 0 

8

1. Food (from cultivated terrestrial plants) 9

LULC data can be used as proxies for ES supply [24]. We calculated the percentage of LULC types (Urban Atlas 2012), which 10

are highly associated with producing food (arable land, permanent crops (vineyards, fruit trees, olive groves)) in geospatial 11

units. The calculation of the percentage share can also be applied to official administrative units. Since these vary in size in the 12

urban regions, we decided to use a uniform raster with a grid size of 10 ha. The demand for food has been mapped using 13

population density data (inhabitants/ha) [4,5].  14

2. Raw materials (from cultivated terrestrial plants) 15

For ES supply, we calculated the percentage of LULC types, which are highly associated with providing timber (forest). We 16

used a uniform raster with a grid size of 10 ha. The demand for food has been mapped using population density data (inhabit- 17

ants/ha) [4,5]. 18

3. Pollination 19

ES supply has been assessed using the indicator pollinator abundance [19], calculated with the InVEST Model Pollinator Abun- 20

dance: Crop Pollination. This model considers that wild bees need suitable nesting sites and sufficient floral resources to survive. 21

If these resources are available, the insects can fly to nearby plants and pollinate them. We used CLC 2012 and Urban Atlas 2012 22

and intersected them (see Table S4).  23

Table S4. Selected LULC classes from CORINE Land Cover (CLC) and Urban Atlas. 24

CORINE Land Cover (CLC) Urban Atlas 
Selected LULC classes 

for InVEST Models 

Code Label Code Label CLC Urban Atlas 

111 Continuous urban fabric 11100 Continuous urban fabric (S.L.: > 80%) x 

112 Discontinuous urban fabric 11210 
Discontinuous dense urban fabric (S.L.: 50% 

- 80%) 
x 

112 Discontinuous urban fabric 11230 
Discontinuous medium-density urban fabric (S.L: 

30% - 50%) 
x 

112 Discontinuous urban fabric 11220 
Discontinuous low-density urban fabric (S.L.: 10% 

- 30%) 
x 

112 Discontinuous urban fabric 11240 
Discontinuous very low-density urban fabric 

(S.L.: < 10%) 
x 

121 Industrial or commercial units 12100 
Industrial, commercial, public, military and pri-

vate units 
x 

122 
Road and rail networks and associ-

ated land 
12210 Fast transit roads and associated land x 

122 
Road and rail networks and associ-

ated land 
12230 Railways and associated land x 

122 
Road and rail networks and associ-

ated land 
12220 Other roads and associated land x 

123 Port areas 12300 Port areas x 

124 Airports 12400 Airports x 

131 Mineral extraction sites 13100 Mineral extraction and dump sites x 

132 Dump sites 13100 Mineral extraction and dump sites x 

133 Construction sites 13300 Construction sites x 

141 Green urban areas 14100 Green urban areas x 
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142 Sport and leisure facilities 14200 Sports and leisure facilities x 

211 Non-irrigated arable land 21000 Arable land (annual crops) x 

212 Permanently irrigated land 21000 Arable land (annual crops) x 

213 Rice fields 21000 Arable land (annual crops) x 

221 Vineyards 22000 
Permanent crops (vineyards, fruit trees, olive 

groves) 
x 

222 Fruit trees and berry plantations 22000 
Permanent crops (vineyards, fruit trees, olive 

groves) 
x 

223 Olive groves 22000 
Permanent crops (vineyards, fruit trees, olive 

groves) 
x 

231 Pastures 23000 Pastures x 

241 
Annual crops associated with perma-

nent crops 
0 x 

242 Complex cultivation patterns 24000 Complex and mixed cultivation patterns x 

243 

Land principally occupied by agricul-

ture, with significant areas of natural 

vegetation 

25000 Orchards x 

244 Agro-forestry areas 0 x 

311 Broad-leaved forest 31000 Forests x 

312 Coniferous forest 31000 Forests x 

313 Mixed forest 31000 Forests x 

321 Natural grasslands 32000 
Herbaceous vegetation associations (natural 

grassland, moors…) 
x 

322 Moors and heathland 32000 
Herbaceous vegetation associations (natural 

grassland, moors…) 
x 

323 Sclerophyllous vegetation 32000 
Herbaceous vegetation associations (natural 

grassland, moors…) 
x 

324 Transitional woodland-shrub 32000 
Herbaceous vegetation associations (natural 

grassland, moors…) 
x 

331 Beaches, dunes, sands 33000 
Open spaces with little or no vegetation (beaches, 

dunes, bare rocks, glaciers) 
x 

332 Bare rocks 33000 
Open spaces with little or no vegetation (beaches, 

dunes, bare rocks, glaciers) 
x 

333 Sparsely vegetated areas 33000 
Open spaces with little or no vegetation (beaches, 

dunes, bare rocks, glaciers) 
x 

334 Burnt areas 33000 
Open spaces with little or no vegetation (beaches, 

dunes, bare rocks, glaciers) 
x 

335 Glaciers and perpetual snow 33000 
Open spaces with little or no vegetation (beaches, 

dunes, bare rocks, glaciers) 
x 

411 Inland marshes 40000 Wetlands x 

412 Peat bogs 40000 Wetlands x 

421 Salt marshes 40000 Wetlands x 

422 Salines 40000 Wetlands x 

423 Intertidal flats 40000 Wetlands x 

511 Water courses 50000 Water x 

512 Water bodies 50000 Water x 

521 Coastal lagoons 50000 Water x 

522 Estuaries 50000 Water x 

523 Sea and ocean 50000 Water x 

11300 Isolated Structures x 

13400 Land without current use x 

25
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The data has been transferred into a raster (2.5 x 2.5 m resolution). The model needs a) a biophysical table with nesting suitability 26

and floral resources across seasons for each LULC type (Table S5) and b) a guide table with information about wild bee species' 27

active seasons, nesting preferences, mean flight distances, and relative abundances for each species or group of wild pollinators 28

[19]. Information about twenty wild bee species (=average wild bee species) was combined for the guide table. For the biophys- 29

ical table, values from Zulian et al. (2013) [18] were used and adapted for the Urban Atlas LULC (Table S6). 30

31

Table S5. Biophysical table, adapted from Zulian et al. (2013) [18]. Marked LULC (*) shows adjusted values for the Urban Atlas 32

dataset. 33

lucode Label 
nesting_cavity_availabil-

ity_index 

nesting_ground_availabil-

ity_index 

floral_re-

sources_index 

1 Water bodies* 0 0 0 

2 Sea and ocean 0 0 0 

3 Peat bogs 0.3 0.3 0.5 

4 Inland marshes 0.3 0.3 0.75 

5 Beaches, dunes, sands 0.3 0.3 0.1 

6 Transitional woodland-shrub 1 1 0.85 

7 Natural grasslands 0.8 0.8 1 

8 Broad-leaved forest 0.8 0.8 0.9 

9 Coniferous forest 0.8 0.8 0.3 

10 Mixed forest 0.8 0.8 0.6 

11 Fruit trees and berry plantations 0.4 0.4 0.9 

12 Pastures 0.3 0.3 0.2 

13 Complex cultivation patterns* 0.4 0.4 0.4 

14 

Land principally occupied by agricul-

ture, with significant areas of natural 

vegetation * 

0.7 0.7 0.75 

15 Non-irrigated arable land 0.2 0.2 0.2 

16 Green urban areas* 0.3 0.3 0.25 

17 Sports and leisure facilities* 0.3 0.3 0.05 

18 Land without current use* 0 0 0 

19 Mineral extraction sites 0.3 0.3 0.05 

20 Dump sites 0.05 0.05 0 

21 Construction sites 0.1 0.1 0 

22 Fast transit roads and associated land 0.3 0.3 0.25 

23 Other roads and associated land 0.3 0.3 0.25 

24 Railways and associated land 0.3 0.3 0.25 

25 Port areas 0.3 0.3 0 

26 Airports 0.3 0.3 0.1 

27 Continuous urban fabric (S.L.: > 80%) 0.1 0.1 0.05 

28 
Discontinuous dense urban fabric 

(S.L.: 50% - 80%) 
0.2 0.2 0.175 

29 
Discontinuous medium-density urban 

fabric (S.L: 30% - 50%) 
0.3 0.3 0.3 

30 
Discontinuous low-density urban fab-

ric (S.L.: 10% - 30%) 
0.3 0.3 0.2875 

31 
Discontinuous very low-density urban 

fabric (S.L.: < 10%) 
0.3 0.3 0.2625 

32 Isolated structures* 0 0 0 

33 Industrial or commercial units * 0.1 0.1 0.05 

34

35

Table S6. Guide table for the InVEST model Pollinator Abundance: Crop Pollination. 36

SPECIES nesting_suitability_index foraging_activity_spring_index alpha relative
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abundance

average_bee 1 0,5 600 1

37

The ES demand for pollination was assessed using the degree to which a crop is dependent on pollination by insects. This 38

degree was first assessed by Klein et al. (2007) [20], who provided a list of important crops and their dependence on animal 39

pollinators. These values are also used at the EU level to assess ES demand for pollination (Zulian et al. 2013) [18]. In an ideal 40

situation, information on the pollination dependence of crops is linked to agricultural cultivation data to obtain explicit spatial 41

information on ES demand. In Germany, these data are saved in an agricultural database (Integrated Administration and Con- 42

trol System, InVeKoS), which has restricted access for data protection reasons [25]. Therefore, we followed a methodological 43

approach used by Schulp et al. 2014 [26] and Perennes et al. (2021) [27], who linked land use data on which potentially pollina- 44

tor-dependent crops can grow with pollinator dependence values. We have assigned exemplary pollination dependencies to 45

the LULC classes. For example, rapeseed is in Germany an important crop that is dependent on pollination by insects. The 46

location of rapeseed fields usually changes annually due to crop rotations, varying market prices and changing political regu- 47

lations and subsidies. Hence, the demand for pollination of rapeseed can potentially occur on all arable land [27]. Similar con- 48

siderations took place in allocating crops for land-use "permanent crops (vineyards, fruit trees, olive groves)". We used the 49

EUROSTAT dependence levels for these crop types as used in Zulian et al. (2013) [18] (Table S7).   50

Table S7. Pollination dependencies (%) of crops that could grow on selected LULC (adapted from Zulian et al. (2013) [18]). 51

Land use and land cover Crop type Pollination dependence 

Arable land (annual crops) Rape seed 25 % 

Fruit trees and berry plantations Apples, pears & peaches 65 % 

52

4. Local climate regulation 53

Indicator green and blue areas (%): We calculated the percentage of green and blue areas (forests, agricultural areas, wetlands, 54

water bodies, urban green areas, cemeteries and other vegetation areas) in each grid cell (10 ha). 55

Indicator f-evapotranspiration (f-ETP): Evapotranspiration (ETP) covers water evaporation from soil surfaces (evaporation) and 56

vegetation (transpiration) [28]. In this process, heat energy is converted into latent heat of vaporisation, which can result in a 57

noticeable cooling effect [21]. We used the f-ETP index as a proxy to assess the ES supply for local climate regulation. Schwarz 58

et al. (2011) and Larondelle et al. (2014) provided standardised ETP values for CLC and Urban Atlas LULC classes [21,22].  59

Indicator surface emissivity: ES demand for local climate regulation has been assessed using surface emissivity as a proxy. Surface 60

emissivity expresses the land surface thermal emissions, which indicate the total amount of energy that is emitted by a surface 61

[22]. For this indicator, too, Schwarz et al. (2011) and Larondelle et al. (2014) provided standardised surface emissivity values 62

for CLC and Urban Atlas LULC classes [21,22].   63

We used an equation (1) that normalises the f-ETP and surface emissivity values to a scale between 0 and 1, where 0 indicates 64

low and 1 high ES potential/demand:  65

ES' = (ES - ESmin)/(ESmax - ESmin) (1) 

where ES' is the normalised ES, ESmin is the minimum and ESmax is the maximum value of ES [29]. Finally, those values were 66

classified into the six ES matrix classes.  67

68

We used the InVEST Model Urban Cooling [23]. This model calculates a heat mitigation index that estimates the cooling effect 69

of urban green areas based on shade, evapotranspiration, albedo, building intensity, and the distance from green and open 70

spaces. This information must be provided in a biophysical table and linked to LULC types (see Table S5 and S6). We used 71

LULC data, which has also been used for the InVEST pollination model, in raster format (5 x 5 m resolution). 72

Shade has been calculated using Tree Cover Density [6] from 2015 and the ArcGIS tool zonal statistics to table. For the values 73

of albedo and building intensity, literature data from Stewart and Oke (2012) [17] were used. We used the monthly 1 x 1 km 74

raster of the potential evapotranspiration (ETp) over grass [7] to calculate the crop coefficient (Kc), which is needed in the bio- 75

physical table. The Food and Agriculture Organization of the United Unions provides Kc values for crops and for the different 76

crop growth stages [14]. Nistor (2018; 2016) [15,16] provided a list of the different crop growth stages (spring (kc ini), summer 77

(kc mid), autumn (kc end), and winter (kc cold)) for each LULC of the CLC dataset. We adapted those values for the Urban Atlas 78

classes (see Figure S1).  79

80
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81

Figure S1: Standardised Kc values for CORINE Land Cover and Urban Atlas, adapted from Nistor (2018; 2016) [61,62]. 82

We used 120 m as the maximum air temperature blending distance based on the literature values of Huang et al. (2018) and 83

Goldenberg et al. (2017) [30,31]. The Climate Data Center (CDC) provided data for the rural reference temperature (°C) [9]. The 84

Global Surface UHI Explorer [10] provided the nightly magnitude of the urban heat island effect, which expresses the difference 85

between the maximum temperature in the city and the rural areas by night. 86

87

Table S8. Biophysical table for the InVEST model Urban Cooling, urban region of Munich. 88

lucode lulc_desc shade kc albedo green_area building_intensity 

211 Non-irrigated arable land 0.02 1.09 0.2 1 0.05 

222 Fruit trees and berry plantations 0.02 0.69 0.225 1 0.05 

311 Broad-leaved forest 0.75 1.38 0.15 1 0.05 

312 Coniferous forest 0.84 1 0.15 1 0.05 

313 Mixed forest 0.82 1.32 0.15 1 0.05 

321 Natural grasslands 0.17 0.79 0.2 1 0.05 

322 Moors and heathland 0.68 0.8 0.225 1 0.05 

324 Transitional woodland-shrub 0.65 0.8 0.225 1 0.05 

331 Beaches, dunes, sands 0.03 0.23 0.275 0 0.05 

332 Bare rocks 0.07 0.15 0.225 0 0.05 

333 Sparsely vegetated areas 0.20 0.46 0.25 1 0.05 

411 Inland marshes 0.19 0.34 0.225 1 0.05 

412 Peat bogs 0.25 0.29 0.225 1 0.05 

512 Water bodies 0.03 0.5 0.06 1 0.05 

11100 Continuous urban fabric (S.L.: > 80%) 0.05 0.29 0.15 0 0.55 

11210 
Discontinuous dense urban fabric (S.L.: 

50% - 80%) 
0.14 

0.2 
0.15 0 0.55 

11220 
Discontinuous medium-density urban 

fabric (S.L: 30% - 50%) 
0.14 

0.35 
0.185 0 0.3 

11230 
Discontinuous low-density urban fabric 

(S.L.: 10% - 30%) 
0.12 

0.47 
0.185 1 0.3 

11240 
Discontinuous very low-density urban 

fabric (S.L.: < 10%) 
0.05 

0.53 
0.185 1 0.15 

11300 Isolated Structures 0.06 0.53 0.185 1 0.15 
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12100 
Industrial, commercial, public, military 

and private units 
0.07 

0.29 
0.185 0 0,35 

12210 Fast transit roads and associated land 0.09 0.25 0.2 0 0,4 

12220 Other roads and associated land 0.08 0.25 0.2 0 0,4 

12230 Railways and associated land 0.10 0.25 0.2 0 0,4 

12300 Port areas 0.00 0.38 0.16 0 0,25 

12400 Airports 0.02 0.29 0.225 0 0,05 

13100 Mineral extraction and dump sites 0.02 0.26 0.275 0 0,05 

13300 Construction sites 0.03 0.26 0.275 0 0,05 

13400 Land without current use 0.15 0.2 0.25 0 0,05 

14100 Green urban areas 0.41 0.22 0.2 1 0,05 

14200 Sports and leisure facilities 0.13 0.2 0.2 1 0,05 

21000 Arable land (annual crops) 0.05 1.07 0.2 1 0,05 

22000 
Permanent crops (vineyards, fruit trees, 

olive groves) 
0.05 

0.59 
0.2 1 0,05 

23000 Pastures 0.03 0.65 0.2 1 0,05 

31000 Forests 0.53 1.38 0.175 1 0,05 

32000 
Herbaceous vegetation associations (nat-

ural grassland, moors…) 
0.05 

0.75 
0.2 1 0,05 

40000 Wetlands 0.14 0.34 0.06 1 0,05 

50000 Water 0.17 0.53 0.06 1 0,05 

Table S9. Biophysical table for the InVEST model Urban Cooling, urban region of Rostock. 89

lucode lulc_desc shade kc albedo green_area building_intensity 

211 Non-irrigated arable land 0.01 1.11 0.2 1 0.05 

222 Fruit trees and berry plantations 0.01 0.71 0.225 1 0.05 

311 Broad-leaved forest 0.79 1.4 0.15 1 0.05 

312 Coniferous forest 0.79 1 0.15 1 0.05 

313 Mixed forest 0.79 1.33 0.15 1 0.05 

321 Natural grasslands 0.08 0.8 0.2 1 0.05 

322 Moors and heathland 0.1 0.82 0.225 1 0.05 

333 Sparsely vegetated areas 0.04 0.47 0.25 1 0.05 

334 Burnt areas 0.74 0.47 0.275 0 0.05 

411 Inland marshes 0.17 0.34 0.225 1 0.05 

412 Peat bogs 0.24 0.29 0.225 1 0.05 

511 Water courses 0 0.5 0.06 1 0.05 

512 Water bodies 0 0.5 0.06 1 0.05 

521 Coastal lagoons 0 0.5 0.06 1 0.05 

523 Sea and ocean 0 0.5 0.06 1 0.05 

11100 Continuous urban fabric (S.L.: > 80%) 0.02 0.29 0.15 0 0.55 

11210 
Discontinuous dense urban fabric (S.L.: 50% 

- 80%) 

0.1 0.21 
0.15 0 0.55 

11220 
Discontinuous medium-density urban fabric 

(S.L: 30% - 50%) 

0.1 0.35 
0.185 0 0.3 

11230 
Discontinuous low-density urban fabric (S.L.: 

10% - 30%) 

0.08 0.48 
0.185 1 0.3 

11240 
Discontinuous very low-density urban fabric 

(S.L.: < 10%) 

0.09 0.54 
0.185 1 0.15 

11300 Isolated Structures 0.06 0.54 0.185 1 0.15 
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12100 
Industrial, commercial, public, military and 

private units 

0.05 0.3 
0.185 0 0.35 

12210 Fast transit roads and associated land 0.05 0.25 0.2 0 0.4 

12220 Other roads and associated land 0.08 0.25 0.2 0 0.4 

12230 Railways and associated land 0.11 0.25 0.2 0 0.4 

12300 Port areas 0.03 0.38 0.16 0 0.25 

12400 Airports 0.02 0.3 0.225 0 0.05 

13100 Mineral extraction and dump sites 0.02 0.26 0.275 0 0 

13300 Construction sites 0.02 0.26 0.275 0 0.05 

13400 Land without current use 0.18 0.21 0.25 0 0.05 

14100 Green urban areas 0.4 0.23 0.2 1 0.05 

14200 Sports and leisure facilities 0.16 0.21 0.2 1 0.05 

21000 Arable land (annual crops) 0.01 1.1 0.2 1 0.05 

22000 
Permanent crops (vineyards, fruit trees, olive 

groves) 

0.15 0.6 
0.2 1 0.05 

23000 Pastures 0.04 0.66 0.2 1 0.05 

31000 Forests 0.66 1.4 0.175 1 0.05 

32000 
Herbaceous vegetation associations (natural 

grassland, moors…) 

0.29 0.77 
0.2 1 0.05 

33000 
Open spaces with little or no vegetation 

(beaches, dunes, bare rocks, glaciers) 

0.01 0.47 
0.275 0 0.05 

40000 Wetlands 0.16 0.34 0.06 1 0.05 

50000 Water 0.17 0.54 0.06 1 0.05 

90

5. Coastal protection 91

The demand for coastal protection can be expressed in different ways. It can, for example, be expressed by the need or desire 92

of the population to reduce or avoid the risks caused by flooding, increased current velocities, storm surges, sediment erosion 93

or sea-level rise. The assessment of the demand can be assessed following the Floods Directive (Directive 2007/60/EC) of the 94

European Parliament on the assessment and management of flood risks. In Germany, the Floods Directive is used to assess and 95

manage flood risks and to protect assets (in german: Schutzgüter) like human health, the environment, cultural heritage and 96

human economic activities. The directive considers both river and coastal flood events. Flood hazard and risk maps show areas 97

at significant risk, expected flood extents and water depths for three scenarios [11]. We mapped an exemplary coastal flood 98

event with a statistical 200-year recurrence interval and followed the methodology steps from INTEK (2014) [13]:  99

100

1. Classification of expected water depths (=flood hazard) into six classes (see Table S10); 101

Table S10: Classification of flood hazard 102

Classification Flood hazard Expected water depth (m) 

5 Very high >4 

4 High >2 - ≤4 

3 Medium >1 - ≤2 

2 Low >0.5 - ≤1 

1 Very low >0 - ≤0.5 

0 Extreme low 0 

103

2. Classification of the potential damage for each asset into six classes (Table S11 – Table S14). The assets were derived from 104

population density, biotopes, runoff paths, digital elevation model, historical buildings, LULC; 105

Table S11: Classification of the potential damage for the asset cultural heritage. 106

Classification Potential damage Buildings 

5 Very high Historical buildings 
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4 High - 

3 Medium - 

2 Low - 

1 Very low - 

0 Extreme low - 

107

Table S12: Classification of the potential damage for the asset environment. 108

Classification Potential damage Biotops 

5 Very high - 

4 High - 

3 Medium - 

2 Low 

Biotopes downstream of indus-

trial buildings classified as IED 

buildings/areas (Industrial Emis-

sions Directive (2010/75/EU)) 

1 Very low Other biotopes 

0 Extreme low Water and wetland biotopes 

109

Table S13: Classification of the potential damage for the asset infrastructure. 110

Classification Potential damage Infrastructure 

5 Very high - 

4 High - 

3 Medium Main roads, port facilities, railway lines 

2 Low Other streets 

1 Very low Paths 

0 Extreme low - 

111

Table S14: Classification of the potential damage for the asset human economic activities. 112

Classification Potential damage LULC 

5 Very high - 

4 High 
Industrial and commercial area, resi-

dential area 

3 Medium 
Tree nursery, orchard, garden, sport 

and leisure area 

2 Low Cemetery 

1 Very low Agricultural area, pastures, forest 

0 Extreme low - 

113

3. Calculation of the coastal flood risk by multiplying flood hazard values with the potential damage values; 114

4. Classification of the coastal flood risk of each asset into six ES classes (Table S15). 115

Table S15: Classification of the coastal flood risks into six ES classes 116

Asset Classification 

Human health 5 – very high:  >100 

4 – high: >75 - ≤100 

3 – medium: >50 - ≤75 

2 – low: >25 - ≤50 

1 – very low: >0 - ≤25 

0 – extreme low: 0 
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Cultural heritage 5 – very high: ≥4.5 

4 – high: ≥3.5 - <4.5 

3 – medium: ≥2.5 - <3.5 

2 – low: ≥1.5 - <2.5 

1 – very low: >0 - <1.5 

0 – extreme low: 0 

Environment 5 – very high: >7 

4 – high: >5 - ≤7 

3 – medium: >3 - ≤5 

2 – low: >2 - ≤3 

1 – very low: >1 - ≤2 

0 – not relevant: 0 

Infrastructure 5 – very high: >7 

4 – high: >5 - ≤7 

3 – medium: >3 - ≤5 

2 – low: >2 - ≤3 

1 – very low: >1 - ≤2 

0 – not relevant: 0 

Human economic activities 5 – very high: >7 

4 – high: >5 - ≤7 

3 – medium: >3 - ≤5 

2 – low: >2 - ≤3 

1 – very low: >1 - ≤2 

0 – not relevant: 0 

117
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Challenges entailed in applying ecosystem services supply and demand mapping approaches: a practice report 1

Supplementary Materials S2 2

Table S16. Expert-based ES matrix approach, ES supply, urban region of Rostock, n=15. Weighted mean values. 3
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Water bodies 1.07 1.74 4.69 4.00 1.37 3.67 3.91 3.74 4.03 

Agricultural areas 4.41 3.94 2.10 2.42 2.90 1.68 2.55 1.74 2.76 

Forests 1.11 3.40 2.75 4.25 3.48 2.99 4.53 4.17 4.21 

Open vegetation 0.90 1.21 2.30 3.82 3.70 2.45 3.18 2.81 3.48 

Wetlands 0.44 0.83 3.12 4.04 3.30 3.82 4.05 2.33 3.66 

Urban green areas 0.33 0.46 1.51 3.21 3.13 1.59 3.66 3.73 3.29 

Residential area 0.25 0.15 0.54 1.16 0.74 1.02 0.83 0.66 0.98 

Infrastructure 0.00 0.00 0.17 0.58 0.34 0.64 0.29 0.82 0.52 

Industrial and commercial areas 0.30 0.31 0.49 1.24 0.92 0.65 0.77 0.36 0.33 

Table S17. Expert-based ES matrix approach, ES supply, urban region of Munich, n=12. Weighted mean values. 5
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Water bodies 0.00 0.36 1.32 3.10 0.00 2.96 2.95 3.30 3.02 

Agricultural areas 3.96 3.37 1.28 2.10 1.93 1.73 2.59 2.45 1.17 

Forests 0.66 3.33 2.61 3.18 2.67 2.47 3.67 3.75 3.34 

Open vegetation 0.51 1.02 1.93 3.62 3.40 2.06 2.76 3.74 3.33 

Wetlands 0.83 1.01 1.82 3.36 2.58 3.34 3.30 2.91 3.10 

Urban green areas 0.25 0.56 0.78 2.83 3.01 1.80 3.41 4.42 3.67 

Residential area 0.15 0.00 0.06 1.07 0.44 0.22 0.38 0.20 0.46 

Infrastructure 0.00 0.16 0.00 0.86 0.46 0.02 0.26 0.40 0.22 

Industrial and commercial areas 0.16 0.33 0.06 0.59 0.38 0.48 0.71 0.09 0.07 

Table S18. Similarity values of the map comparison between the maps from expert estimates (expert-based ES matrix approach) 6

and the indicator green and blue area (%) (LULC data) in the urban region of Munich. 0 indicates no similarity. and 1 very high 7

similarity between the compared maps. 8

LULC Mean Std. dev. 

Claudia Dworczyk

207



2 of 22 

Residential area 0.92 0.08 

Industrial and commercial areas 0.88 0.07 

Urban green areas 0.52 0.20 

Water bodies  0.52 0.13 

Agricultural areas 0.58 0.13 

Forests 0.49 0.22 

Open vegetation 0.57 0.14 

Wetlands 0.46 0.14 

Infrastructure 0.92 0.12 

Table S19. Similarity values of the map comparison between the maps from expert estimates (expert-based ES matrix approach) 9

and the indicator f-ETP-Index (literature data) in the urban region of Munich. 0 indicates no similarity. and 1 very high similarity 10

between the compared maps. 11

LULC Mean Std. dev. 

Residential area 0.89 0.09 

Industrial and commercial areas 0.82 0.09 

Urban green areas 0.68 0.17 

Water bodies  0.65 0.13 

Agricultural areas 0.96 0.10 

Forests 0.91 0.10 

Open vegetation 0.86 0.17 

Wetlands 0.86 0.09 

Infrastructure 0.90 0.12 

Table S20. Similarity values of the map comparison between the maps from expert estimates (expert-based ES matrix approach) 12

and the indicator heat mitigation index (InVEST model Urban cooling) in the urban region of Munich. 0 indicates no similarity. and 1 13

very high similarity between the compared maps. 14

LULC Mean Std. dev. 

Residential area 0.84 0.22 

Industrial and commercial areas 0.86 0.26 

Urban green areas 0.76 0.15 

Water bodies  0.66 0.10 

Agricultural areas 0.58 0.10 

Forests 0.75 0.06 

Open vegetation 0.64 0.11 

Wetlands 0.66 0.02 

Infrastructure 0.70 0.30 

15

16
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Figure S2. Expert estimates of ES supply of food (from cultivated terrestrial plants). Urban region of Rostock. 17 

18

19

20
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Figure S3. Expert estimates of ES supply of raw materials (from cultivated terrestrial plants). Urban region 21 

of Rostock. 22

23

24
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Figure S4. Expert estimates of ES supply of pollination. Urban region of Rostock. 25

26

27
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Figure S5. Expert estimates of ES supply of local climate regulation. Urban region of Rostock. 28

29
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Figure S6. Expert estimates of ES supply of flood and coastal protection. Urban region of Rostock. 31

32

33
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Figure S7. Expert estimates of ES supply of food (from cultivated terrestrial plants). Urban region of Munich 34 

35

36
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Figure S8. Expert estimates of ES supply of raw materials (from cultivated terrestrial plants). Urban region 38 

of Munich. 39 

40

41
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Figure S9. Expert estimates of ES supply of pollination. Urban region of Munich. 42

43

44
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Figure S10. Expert estimates of local climate regulation. Urban region of Munich. 45

46

47
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Figure S11. Food (from cultivated terrestrial plants). Indicator: Agricultural area (%). Urban region of Rostock. 48 

49

Data: Urban Atlas © EEA 2016: © EuroGeographics for the administrative boundaries (2020). 50

Basemap: ESRI. HERE. Garmin. FAO. METI/NASA. USGS 51

52

53
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Figure S12. Food (from cultivated terrestrial plants). Indicator: Population density (Inhabitants ha-1). Urban 54 

region of Rostock. 55 

56
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Figure S13. Pollination. Indicator: Pollinator Abundance (Index 0 to 1). Urban region of Rostock. 57

58

59
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Figure S14. Pollination. Indicator: Pollinator Abundance (Index 0 to 1). Urban region of Munich. 60

61
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Figure S15. Coastal protection. Indicator: Human health at risk of coastal flooding. Urban region of Rostock. 63 

64

65

66
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Figure S16. Coastal protection. Indicator: Infrastructure at risk of coastal flooding. Urban region of Rostock. 67

68

69

70
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Figure S17. Coastal protection. Indicator: Environment (biotopes) at risk of coastal flooding. Urban region of 71 

Rostock. 72

73

74

75
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Figure S18. Coastal protection. Indicator: Human economic activities at risk of coastal flooding. Urban region 76 

of Rostock. 77

78

79

80
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Figure S19: Local climate regulation. Indicator: Green and blue area (%). Urban region of Munich. 81

82

83

Data: Urban Atlas © EEA 2016: © EuroGeographics for the administrative boundaries (2020). 84

Basemap: ESRI. HERE. Garmin. FAO. METI/NASA. USGS 85

86

87
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Figure S20. Local climate regulation. Indicator: f-evapotranspiration (f-ETP) (Index 0 to 1). Urban region of 88 

Munich. 89 

90

91
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Figure S21. Local climate regulation. Indicator: Heat mitigation (Index 0 to 1). Urban region of Munich. 92

93

94
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Supplementary information for Chapter 5 

Appendix A. Grunewald et al. (2020) 

Thematic analysis of stakeholder interviews 

Question 1. “What do you think about the ES concept in general? Is it necessary for political/administrative actors of the city administration?” 

The four components revealed by PCA (eigenvalue > 1) accounted for 80% of the total variance in practitioner’s perception/attitude of the ES concept. The first 
component PC1 (explaining 36% of the total variance) was characterised by a high positive loading with three main categories: awareness of ES concepts, planning 
and cooperation (Table 1). These categories were positively correlated to the axis PC1.  Other categories including decision-making/legislation, communication 
tool and willingness to use ES concept also contributed to a lesser extent to the first component with communication tool (negative loading) located at the 
opposite end of the axis. The second component PC2 (explaining 19% of the total variance) was characterised by monetarisation (positively correlated to PC2) 
and implementation (negative loading) followed by public pressure and willingness (negative loading) located in the opposite direction (Table 1). 
 

Table 1. Results from the principal component analysis (PCA) showing the four principal components. Associations between categories were analysed across the 
14 interviews. Categories with factor loadings below a cut-off value of −0.50 and above a value of 0.50 are shown in bold and further referred to as components 
of the PCs. 

 
PC1 PC2 PC3 PC4 

Monetarisation -0.06171 0.838625 -0.27277 0.260492 

Communication tool -0.62232 0.214788 -0.29251 0.465713 

Planning 0.886667 0.023514 -0.22929 -0.12049 

Decision-making 0.669362 -0.02298 0.461759 -0.07388 

Cooperation 0.78656 0.327528 -0.12468 -0.11552 

Implementation -0.39078 -0.74786 -0.26287 0.182931 

Public pressure -0.36635 0.594476 0.564397 0.135854 

Evidence -0.46295 -0.08784 0.481614 -0.59788 

Willingness 0.537284 -0.53045 0.138899 0.417626 

Innovative 0.074389 -0.1075 0.628871 0.637419 

Awareness 0.946393 0.105881 -0.00104 0.132834 
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Question 2. What requirements/requests do you have with regard to ES/biodiversity (nature in the city)? In which concrete instruments do you see possible 

applications?)  

The four components revealed by PCA (eigenvalue > 1) accounted for 79% of the total variance in the data that characterised the identification of starting 

points/structures of daily work, which can be enriched/supported by the ES concept. The first component PCA (explaining 31% of the total variance) was 

characterised by two main categories monetarisation and implementation which are located opposite from each other (Table 2). Cooperation, communication 

tool and evidence were also contributing to a lesser extent to the horizontal axis PC1.The second component PC2 (explaining 19% of the total variance) was 

characterised by willingness to use ES concept and to a lesser extent by the categories planning and evidence (positive loadings) (Table 2). 

Table 2. Results from the principal component analysis (PCA) showing the four principal components. Associations between categories were analysed across the 
14 interviews. Categories with factor loadings below a cut-off value of −0.50 and above a value of 0.50 are shown in bold and further referred to as components 
of the PCs. 
 

PC1 PC2 PC3 PC4 

Monetarisation 0.810643 0.372198 0.024273 -0.3787 

Communication tool 0.63844 -0.19915 -0.14677 -0.09509 

Planning -0.25952 0.691929 -0.03074 -0.58402 

Decision-making -0.41237 -0.36775 0.38541 -0.29631 

Cooperation 0.692178 0.180992 0.538981 0.36922 

Implementation -0.85989 -0.24475 -0.0031 0.273158 

Public involvement -0.03025 0.081257 0.870659 -0.19145 

Evidence -0.5218 0.517244 0.458914 0.288577 

Knowledge and training 0.425081 0.191051 -0.0123 0.670372 

Willingness -0.35413 0.822451 -0.33963 0.18894 
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Question 3 To what extent are the outcomes/results of ES-assessments relevant (added value) for environmental agencies/authorities and other sectors? 

The four components revealed by PCA (eigenvalue > 1) accounted for 89% of the total variance in the data that characterised the relevance of the outcome of 

scientific case studies/projects. The first component PC1 (explaining 26% of the total variance) was characterised by communication tool, implementation and 

monetarisation (positive loadings). The second component PC2 (explaining 22% of the total variance) was predominantly characterised by the category knowledge 

and training (positive loading). Evidence (positive loading) to a lesser extent also contributed to PC2 (Table 3). 

Table 3. Results from the principal component analysis (PCA) showing the four principal components. Associations between categories were analysed across the 
14 interviews. Categories with factor loadings below a cut-off value of −0.50 and above a value of 0.50 are shown in bold and further referred to as components 
of the PCs. 
 

PC1 PC2 PC3 PC4 

Monetarisation 0.865023 -0.3734 0.034216 -0.07925 
Communication 
tool 0.629563 0.095846 0.208482 0.637653 
Cooperation 0.003967 0.566542 -0.56169 0.019998 
Implementation 0.581507 0.60032 0.295521 0.075371 
Evidence -0.1374 0.010048 0.842501 0.143188 
Knowledge and 
training -0.689 0.589067 0.071215 0.368875 
Willingness 0.061164 0.446087 0.407317 -0.75466 
Decision making 0.750659 0.388033 -0.25386 -0.07569 

 

Question 4:  

A) Which inhibitory factors do you see? What suggestions do you have regarding fields of application? 

The three components revealed by PCA (eigenvalue > 1) accounted for 77% of the total variance in the data that characterised the inhibitory factors of ES. The 

first component PC1 (explaining 34% of the total variance) was characterised by the difficulties to implement, limited capacity and unwillingness to apply ES 

concept (all positive loadings). Abstract concept also contributed slightly to the PC1.The second component PC2 (explaining 27% of the total variance) was 

characterised by limited evidence/standardised methods, the lack of legislation and to a lesser extent limited public involvement, unwillingness to apply ES 

concept and limited knowledge (all positive loadings) (Table 4). 
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Table 4. Results from the principal component analysis (PCA) showing the three principal components. Associations between categories were analysed across 
the 14 interviews. Categories with factor loadings below a cut-off value of −0.50 and above a value of 0.50 are shown in bold and further referred to as components 
of the PCs. 
 

PC1 PC2 PC3 

No legislation -0.12049 0.702782 -0.48808 

Hard to implement 0.912594 0.356454 -3.18E-05 

Limited public -0.37247 0.587552 0.51434 

Limited evidence -0.35402 0.759679 -0.25373 

Limited knowledge -0.1863 0.553947 0.483028 

Unwillingness 0.800064 0.565874 -0.05791 

Limited capacity 0.79936 -0.07085 0.516579 

Abstract 0.549555 -0.08321 -0.42515 

 

B) Which promoting factors do you see? What suggestions do you have regarding fields of application? 

The three components revealed by PCA (eigenvalue > 1) accounted for 71% of the total variance in the data that characterised the inhibitory factors of ES. The 

first component PC1 (explaining 31% of the total variance) was characterised by public pressure, monetarisation and willingness to implement ES. Public 

involvement, case studies (and standardised methods) and legislation also contributed to a lesser extend to the axis PC1. The second component PCA2 (explaining 

23% of the total variance) was characterised by communication and to a lesser extent legislation, public involvement, knowledge and training, and case studies 

(Table 5). 

 

Table 5. Results from the principal component analysis (PCA) showing the three principal components. Associations between categories were analysed across 
the 14 interviews. Categories with factor loadings below a cut-off value of −0.50 and above a value of 0.50 are shown in bold and further referred to as components 
of the PCs. 
 

PC1 PC2 PC3 

Knowledge and training 0.359424 -0.59372 -0.53898 

Case studies and standardised methods 0.583818 0.510741 -0.01342 
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Legislation, regulation, reform -0.58046 0.630142 -0.18856 

Monetarisation 0.692646 -0.24899 0.291875 

Communication 0.463912 0.725922 0.372823 

Cooperation 0.341464 0.115836 -0.74943 

Public involvement 0.620506 0.612945 0.039491 

Public pressure 0.695217 -0.16808 -0.04415 

Willingness -0.66383 -0.0309 0.451636 

Awareness 0.422511 -0.48958 0.66007 

 

Table 6. Higher-level themes for each question. The 115 phrases across the four questions were grouped under higher-level themes. 

Question Higher-level themes Phrases 

1  
Communication tool (help in valuation and inter-
connectedness of nature) 
 
 
 

Complex and abstract 
Too theoretical, need examples/ evidence of physical benefits 
ES concept not widely used / known 
ES useful as communication tool 
High potential if emphasise in physical benefits  
Nature is valuable for people/ enriching (benefits for public) 
Valuation of ES useful and important e.g. wellbeing 
ES = useful in valuation of nature 

Cooperation 

ES facilitates cooperation across different actors 
ES concept links nature to other sectors 
ES concept is applicable/ can be used at multi levels (municipal, regional and national) 
ES has international support 
ES = useful for political/administrative actors of the city administration 
ES = important / essential / crucial 
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Decision-making and legislation 
 

Lack/outdated of ES concept in official planning document 
ES not incorporated into legislation 
Es concept not central to decision making 
ES helps in justification for decision making  
ES approach leads to even/equalise the demand-supply region (e.g. rural v. city) 

Planning  
ES concept supports planning 
High potential of using ES for urban planning authorities 
Applicable/ ES concept has a role in planning 

Awareness  ES concept has been previously applied/ implemented  
ES concept, some people are aware of it 

ES implementation 
 

Limitation/ valuation and practices not transferable 
Awareness of how to implement ES is low/ uncertain on how to implement ES 
ES concept not working 
Enlightened politician/community leader is important for implementation of ES into 
planning 

Evidence and methods Standardised methods and criteria to value nature needed 

Innovative concept 

Not a new concept  
ES concept used but not named (vague) 
ES = Innovative, novel concept 
ES= New better approach to assess natural environment 

Monetarisation 

Sceptical about monetarisation of nature 
Monetarisation of nature has some accessory benefit but not the driving force for policy or 
administration 
Nature cannot be exchanged 
Valuation of ES useful and/or important e.g. monetarisation 

Public pressure Strength of public pressure to consider ES (existence of public awareness of nature value)  
Weight of public opinion in politics matters 

Willingness to adopt ES Using ES when it suits the individual/ opportunistic 
Unwillingness to adopt ES 
Willingness to implement ES concept 
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2 

Communication tool (help in valuation and inter-
connectedness of nature) 
 

Terminology issues e.g. language barrier 
Terminology issues e.g. need standardise clarification as too abstract/ complex, vague, no 
legal terms) 
ES useful as communication tool 
ES concept improves communication 
Promote various usage of nature/ multi-functionality 
High potential if emphasise in physical benefits exists 

Decision-making and legislation 
 

Valuable for negotiating/ discussion 
Change the way actors think 
ES helps in Justification for decision making 
ES central to policies 
Integration of ES  into legislation needed 
Reform planning needed 
ES Implementation across all levels needed 
Inforce legislation  
Government needs to "buy-in" into the ES concept/ inforce 
Targets for resources conservation needed 

Planning 
  

Need to Prioritise eco-sensitive land use policies (Green infrastructure / nature based 
solution) 
ES helps understand urban planning 
Inclusion of ES into spatial planning 
High potential of using ES for urban planning authorities 

ES implementation 
 

Co-funding by key economic players can help to implement ES  
Challenge to fund new ES project 
Limited capacity (lack of resources, time and high cost) 
New ES approach can be challenging to use  (hard to change plans) 
Progress v. preservation (competing interests) 

Knowledge/training of ES Need to increase understanding/ knowledge/ training of ES  
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Evidence and methods  

Stronger scientific arguments / evidenced needed 
Standardised methods and criteria to value nature needed 
Case study - example (proof of concept) needed 
Baseline data, information needed 

Cooperation 
 

Need for Cooperation across different actors 
Collaboration between scientists and non-scientists needed 
Need to link nature to other sectors 

Public involvement 

More citizen involvement needed 
Reaching new audiences needed (public outreach) 
Strong opportunities for citizen involvement 
Citizen involvement is a strength 

Monetarisation 
 

Need to value ES e.g. monetary 
Valuation of ES useful and/or important e.g. monetarisation 

Willingness to adopt ES Using ES when it suits the individual/ opportunistic 

 

3 
Communication tool 

Output of scientific case studies useful for communication 
Hard to understand scientific output 

Cooperation 
 

Strength of collaborative projects (share workload, expand knowledge) 
ES project links nature to other sectors 

Decision-making Output of scientific case studies useful for decision-making 

ES implementation  
 

Gap between science research and real world implementation (e.g. administration, 
consultancy) 
Limited capacity (lack of resources, time and high cost) 
Difficult to implement scientific study 
New ES approach can be challenging to use  (hard to change plans) 

Knowledge/training of ES 
  

More ES education needed 
Importance of prior knowledge to understand scientific case study 
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Evidence and methods 
 

Case study - example (proof of concept) are important/needed 
More capability in tools to transfer ES concept across sectors  
Reputation of the source (e.g. scientific) can affect the influence of the study 
Outcomes of scientific project useful/ applicable 
Output of scientific case studies generate evidence and knowledge 

Monetarisation Valuation of ES useful and/or important e.g. monetarisation 

Willingness to adopt ES 
 

Sceptical about the outputs of public opinion survey 
Mixed feelings on the added value of scientific project 

 

4a 

Abstract 
 
 

Terminology issues e.g. language barrier 
Terminology issues e.g. need standardise clarification as too abstract/ complex, vague, no 
legal terms) 
Gap between science research and real world implementation (e.g. administration, 
consultancy) 
Challenging to relate benefits/services of nature to individual level 
Lack of direct measure of nature 
Hard to understand scientific output 
ES concept is complex and abstract 
Research output not enough to reach public, need for attractive and effective ways to 
disseminate ES message 

No legislation 
 

ES not incorporated into legislation 
Lack/outdated of ES concept in official planning document 

Limited capacity 

Profit-driven decision, not long term 
Limited capacity (lack of resources, time and high cost) 
Challenge to fund new ES project 
Mismatch between timing of plan development and funding opportunities 
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Hard to implement ES  

Difficult to decided when contrasting aspects in planning 
Challenge to focus on more than one system (required multi) 
Lack of evaluation of impacts of decision-making (lack of case studies) 
New ES approach can be challenging to use (hard to change plans) 
Timing mismatch with ES assessment (research output) given after planning stage 
Difficult to implement ES concept 
Change in financial-economic mechanism of planning, how can ES be translated into city 
revenue opportunity 

Limited knowledge/training of ES Lack of knowledge/training/ experience 

Limited evidence Lack of standardised methods and criteria to value nature  

Limited public involvement 

Reaching new audiences can be challenging (public outreach) 
More citizen involvement needed 
Research output not enough to reach public, need for attractive and effective ways to 
disseminate ES message 
Require public pressure/interest 

Unwillingness 
 

Unwillingness to adopt ES 
Sceptical about the outputs of public opinion survey 
Buy-in of ES concept/effectiveness of ES depends on individual perceptions 
Resistance to change 
Using ES when it suits the individual/ opportunistic  

 

4b Communication tool (help in valuation and inter-
connectedness of nature) 
 

Improve communication 
Nature/greenness = Popular topic -> help ES implementation 
Promote various usage of nature/ multi-functionality 

Legislation 

Reform planning 
Integrate ES into legislation 
Inforce legislation from top-down 
If ES based-argument are well-evidenced, increase opportunity to influence decision-
making/court ruling/planning 
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Cooperation 
 

Cooperation across different actors/ sectors help for ES implementation 
International support (Multi-actors meeting/ agreement) for ES concept 
Inspiration from other countries that use ES 

Awareness  Incorporation of ES informally into planning (ES concept already in use) 

Knowledge/training of ES needed more understanding/ knowledge/ training about ES concept needed 

Evidence and methods 
 

Case study - example (proof of concept) are important/needed 
Standardised method and criteria to value nature is important/needed (e.g. model) 

Monetarisation Valuation of ES is useful and/or important e.g. monetarisation 

Public involvement 
 

Citizen are more positive toward conservation => use this for pushing ES concept forward 
Strong opportunities for citizen involvement 
Citizen involvement is a strength 

Public pressure 
 

Public pressure to consider ES (existence of public awareness of nature value) 
Weight of public opinion in politics matters (move toward conservation and nature) 

Willingness to adopt ES Willingness to implement ES concept 
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Supplementary information for Chapter 6 

Table 1 Used datasets 

Data Type Application Description Source 

  Model ES    

Precipitation Timeseries x  1 min resolution (DWD Climate Data Center 
(CDC) 2021b) 

Temperature Timeseries x  10 min resolution 
Minimum and Maximum 

(DWD Climate Data Center 
(CDC) 2019a) 

Wind speed Timeseries x  10 min resolution (DWD Climate Data Center 
(CDC) 2019b) 

Solar radiation Timeseries x  10 min resolution (DWD Climate Data Center 
(CDC) 2021a) 

Relative 
humidity 

Timeseries x  10 min resolution (DWD Climate Data Center 
(CDC) 2019c) 

DEM Geodata x  1 m resolution (Landesamt Mecklenburg-
Vorpommern -) 

Tree Geodata x  Used Attributes: Type, 
Diameter 

(Hanse- und 
Universitätsstadt Rostock - 
Amt für Stadtgrün, 
Naturschutz und 
Friedhofswesen 2017) 

Soil type Geodata x   (Hanse- und 
Universitätsstadt Rostock – 
Amt für Umwelt- und 
Klimaschutz 2019a) 

Land use Geodata x x Used Attributes: Land 
use types, Sealing 

(Steinbeis-
Transferzentrum 
Geoinformatik 2017) 

Population 
density 

Geodata  x Unit: People/ha (Hanse- und 
Universitätsstadt Rostock – 
Kataster-, Vermessungs- 
und Liegenschaftsamt) 

Land reference 
value 

Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Kataster-, Vermessungs- 
und Liegenschaftsamt 
2021) 

Monuments Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Amt für Kultur, 
Denkmalpflege und 
Museen 2017) 

Hospitals Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Kataster-, Vermessungs- 
und Liegenschaftsamt 
2017) 

Fire stations Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Brandschutz- und 
Rettungsamt 2017) 

Schools Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Schulverwaltungsamt 
2017) 
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Care facilities Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Amt für Jugend, Soziales 
und Asyl 2017b) 

Institutions for 
disabled 

Geodata  x  (Hanse- und 
Universitätsstadt Rostock – 
Amt für Jugend, Soziales 
und Asyl 2017a) 

 

Table 2 Indicators and explanation of used FRES terms. Further details and descriptions of supply, 
actual demand, and budget definitions can be found in Wübbelmann et al. (2022). 

Term Explanation Indicator 

Supply Change The FRES supply is the provision of a service 
by an ecosystem (Burkhard und Maes 
2017). In our study, FRES supply is provided 
by canopy interception and soil water 
storage. 
 

Change of intercepted water depth [mm]  
Change of soil water depth [mm] 

 

Hazard Change Here, the FRES supply change in a particular 
ecosystem captures the supply increase or 
decrease through climatic (rainfall) or site-
specific composition (NBS) changes.  
 

Change of surface water depth [mm] 
Reduction of peak runoff [m³/min] 

 

Potential 
Demand 

The flood hazard is defined by the model 
output surface flooding. The flood hazard 
change indicates the increasing or 
decreasing of surface water due to 
adaptation measures (NBS) or higher 
rainfall amounts by the difference between 
the scenario and the reference scenario.  
The potential demand describes the 
potential need for an ES by society or other 
stakeholders. The demand for FRES can be 
captured by the need for risk reduction, 
prevention and security increase. The 
potential demand is always existing 
irrespective of currently existing flooding 
and does not change in this study.  
 

Population density [inhabitants/ha] 

Occurrence of monuments [-] 

Ground reference value [€] 

Occurrence of critical Infrastructure [-] 
(hospitals, fire brigade, schools, care 
facilities, disabled institutions) 

Occurrence of traffic infrastructure [-] 
(streets, railways, stations) 

Actual Demand 
Change 

 Change of potential demanding area that is 
flooded [-] 

Budget Change  Supply – Demand Budget Index [-] 
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