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Abstract: The Ecosystem Services (ES) concept has been acknowledged by scientists, policy-makers
and practitioners to have the potential to support sustainable policy- and land-use decision-making.
Therefore, a growing number of research activities are investigating the integration potential of the
ES concept into real-world policy- and decision-making processes. These research activities are
often confronted with conceptual challenges and methodological obstacles when applying different
ES mapping approaches. This study is reporting those challenges encountered during a research
project in Germany. In this research project, two urban regions, Rostock and Munich, were selected
as case-study areas. In both urban regions, dynamic urbanisation processes occur across the urban
administrative boundaries and threaten the supply of multiple ES in the periurban landscapes. The
research project invited local stakeholders from the two urban regions to workshops and online
meetings to discuss ES-related topics. For those events, maps visualising the spatial patterns of
multiple ES were needed for communication and awareness-raising of the ES concept. We chose
commonly used and relatively easy-to-apply mapping methods such as: (1) expert-based ES matrix
approach, (2) simple GIS mapping with proxy indicators and data, and (3) simple ES models such as
InVEST. We encountered several challenges during the mapping processes: The expert-based matrix
approach provided valuable results for ES supply, but had limitations in assessing expert estimates
for ES demand. Alongside other factors, evolving barriers related to the conceptual complexity of
ES demand. Data unavailability/inaccessibility resulted in difficulties mapping all selected ES with
proxy indicators at the targeted regional scale. So far, only a few individual ES can be modelled with
InVEST models. Despite these challenges, the resulting maps were helpful for communication with
local stakeholders. The discussions with stakeholders provided valuable insights into the future
needs for ES research and identified existing barriers and challenges. We want to summarise and
share our experiences and provide recommendations for future research on mapping ES supply and
demand in urban regions.

Keywords: stakeholder involvement; ecosystem services matrix approach; simple GIS mapping;
InVEST; map comparison

1. Introduction

Ecosystem services (ES) describe ecosystems’ direct and indirect contributions to
human well-being [1]. These contributions include services and goods provided by nature
(such as food, local climate regulation, and nature-based recreational activities) that bring
direct or indirect economic, material, and health or psychological benefits to humans [2].
Unfortunately, many ecosystems are heavily degraded through human activities [3]. For
example, ongoing urban sprawl impairs the natural ecosystem functions in rural areas,
leading to declining ES and biodiversity loss in periurban areas [4–6]. However, the
periurban areas are particularly significant for cities as they provide multiple ES [7,8].

In recent years, the ES concept has been acknowledged by scientists, policy-makers
and practitioners to have the potential to support sustainable policy and land-use decision-
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making [9–12]. The concept is useful for communicating society’s dependence on func-
tioning ecological systems and developing sustainable and equitable land management
strategies [4]. Therefore, it has been integrated into several international initiatives and
policies [4,13,14], such as the European Union (EU) Biodiversity Strategies [15,16]. Recently,
the UN System of Environmental–Economic Accounting—Ecosystem Accounting (SEEA
EA) updated the statistical frameworks and provided a basis for quantifying ecosystem
functions and ES into national accounting standards [17].

Despite this integration of the ES concept into important international initiatives
and policies and a growing number of ES research, the ES concept still has limited use
and impact in real-world policy and decision-making processes (9–12). Barriers can be
attributed, alongside others, to the unclearly communicated added value of the ES concept
compared to other approaches in spatial planning, lack of legal obligations, conceptual
uncertainties, and methodological challenges of ES mapping approaches [9,18,19]. For
example, within the decade of the EU Biodiversity Strategy 2010–2020, all EU Member
States were committed to mapping and assessing ecosystems and their services by 2014 (EU
Biodiversity Strategy 2020; Target 2; Action 5 [15]). In retrospect, however, this objective has
only partially been achieved because there have been, for example, ambiguous definitions
and criteria, no clear or binding targets, and a lack of standard guidelines for mapping,
monitoring, or assessing ES when the Action was launched [16,20].

Numerous research activities are working and exploring possible solutions to address
these knowledge and research gaps [9,20]. This study wants to report the challenges and
obstacles that entailed during ES mapping approaches, which were conducted for the
OESKKIP research project (“Ökosystemleistungen von Stadtregionen—Kartieren, Kommu-
nizieren und Integrieren in die Planung zum Schutz der biologischen Vielfalt im Klimawan-
del”, in English “ecosystem services of urban regions—mapping, communicating, and
integrating into planning to conserve biodiversity under a changing climate”). OESKKIP
tested the integration capacity of the ES concept into urban and regional planning and gov-
ernance processes in Germany [18,21]. The research project, among many other activities,
invited local stakeholders from two urban regions (Rostock and Munich) to workshops
and online meetings to discuss ES-related topics. For those events, maps visualising the
spatial pattern of multiple ES were needed for communication and awareness-raising of
the innovative ES concept [22,23].

Several methods and models for measuring, assessing, and mapping ES exist. How-
ever, selecting the most suitable method for an ES study is challenging [20]. The tiered
approach for ES mapping helps researchers and practitioners select adequate ES mapping
approaches for their research purpose, knowledge, and data availability [24,25]. Relatively
easy-to-apply methods (tier 1) can, for instance, be used for communication and awareness-
raising, as they provide quick overviews of spatial ES issues. More specific information
can be conducted with more complex methods (tiers 2 or 3), which provide results with,
for instance, higher spatial resolution and allow a more profound analysis of underlying
interactions among the ES components and/or socioecological processes. A combination of
methods can be applied if a study needs to assess a broad range of ES and/or if resources
(such as data, time, money, knowledge) are limited [24,25]. Following this tiered approach,
we chose well-known and tested tier 1–2 methods, which would also have the assumed
additional advantage of the stakeholders and practitioners being able to reproduce the
results if needed [10]. We used: (1) the expert-based ES matrix approach, (2) simple GIS
mapping with proxy indicators and data, and (3) simple ES models.

The ES matrix approach is based on lookup tables, in which ES values are linked to
appropriate geobiophysical spatial units, such as land-use and land-cover (LULC) types [26,27].
This approach can be applied on all temporal and spatial scales and allows (on the lower tier
levels) ES mapping in cost-efficient assessments, even in data-scarce areas or for individual
ES, for which tested indicators and methods are lacking [27,28]. All ES values assessed and
quantified are classified using a relative scale [27]. This classification and normalisation
reduce the complexity and allow comparisons between individual ES [27,29]. The ES matrix
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approach can be used to analyse different components of ES, for example, ES supply or
demand [30–33]. It is possible to determine the ES values via expert estimates (which can be
collected in participatory scoring processes, also called the expert-based ES matrix approach)
or from proxy data and comprehensive model results [28,34].

A simple method for mapping ES is using GIS software and available proxy indicators
and data (such as literature, statistical, or LULC data) [35]. Thus, quick results and maps can
be generated without using complex methods and when data, time, and money are scarce [36].
For example, estimates of ES values per LULC are often published in the literature. Although
these results come from other studies and often from a different context, such value transfers
can relatively quickly reveal spatial ES patterns in the area of interest [35]. The advantage of
using LULC data is that data are very well accessible, at least in EU member states. Many
provisioning ES can be uniquely linked to LULC types. Therefore, the indicators are well
known and easy to communicate and understand [28,36–38]. For instance, the LULC type
agricultural area indicates that the soil is fertile and suitable for growing edible cultivated
terrestrial plants [39]. Therefore, the total size or the proportion of agricultural area in
a case-study area can give (in this example) an indication of the supply of food. The
results provide distinctive spatial patterns that can be used to identify service providing or
demanding areas [27].

Comprehensive ES models are available, provided in a desktop application and there-
fore relatively easy to assess, such as the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) models [40]. The results are site-explicit, allowing the opportunity to
explore the impacts of ecosystem structures and functions on ES. Depending on the selected
model, only basic to intermediate GIS skills are required [40].

As already highlighted, all chosen methods have the advantage that they can provide
relatively quick results. However, there are also well-known limitations, addressing,
among other things, the over-simplicity of application, geodata used, data accuracy, and
temporal or spatial scale [24,35,41]. For example, it is often assumed that qualitative
expert estimates are too subjective and, therefore, less reliable and credible than results
from quantitative mapping approaches [38]. However, comparative assessments that
could prove this assumption are scarce [28,30,42,43]. Therefore, we compared spatial
similarity with simple map comparison tools to test whether the expert-based ES matrix
approach is already sufficient for mapping ES with the actual purpose of communication
and awareness-raising.

The overall aim of this paper is to answer the following research questions:

1. How useful are commonly used ES mapping approaches in regional urban contexts,
and what major obstacles to their application did we encounter?

2. How can our experiences help inform future research and comparable application
perspectives in ES mapping?

2. Materials and Methods
2.1. Study Areas

Selected ES of the two German urban regions of Rostock and Munich were mapped in
this study. In both urban regions, dynamic urbanisation processes threaten the supply of
multiple ES in periurban areas and increase the demand for ES in the urban areas. Figure 1
shows their location in Germany and the main LULC thematic classes of the freely available
Urban Atlas data [44].
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Figure 1. Location of the two urban regions of (a) Rostock and (b) Munich in Germany. Maps show
the main LULC thematic classes of Urban Atlas data [44].

The urban region of Rostock is located in northeastern Germany in Mecklenburg–
Western Pomerania. This study area encompasses 21 municipalities, including the city of
Rostock. According to the European Nomenclature of Territorial Units for Statistics (NUTS),
those municipalities correspond to Local Administrative Units (LAU) [45]. The study area
covers approximately 670 km2 and has a population of more than 270,000 inhabitants [46].
The dominant land-use type is agriculture (63%). The urban region of Rostock is an
attractive place to live and work. Some smaller towns in its vicinity are experiencing
strong population growth [47]. Owing to its location on the Baltic Sea coast, it is a popular
destination for tourists and day visitors [48]. Another popular tourist attraction and
important nature conservation area is Rostock Heath (a coastal forest and heathland region)
east of Rostock.

The urban region of Munich is located in the southern Germany in Bavaria. The
boundaries are delimited towards the regional NUTS3 level. This study area includes
two districts, Dachau and Munich, and the city of Munich, which is the capital of Bavaria.
This study area covers an area of approximately 1550 km2 and has over 1.9 million in-
habitants [46]. Agriculture (44%) is the dominant land-use type, followed by forest areas
(27%). However, the city of Munich is primarily characterised by artificial surfaces and
is densely built-up. Munich is an economically attractive location and one of the fastest-
growing cities in Germany [47]. Despite being a densely built city, it has several parks,
such as the English Garden along the River Isar, which are popular with the inhabitants
and visitors. The district of Dachau extends from the northwestern suburbs of Munich.
It is a hilly and agricultural-dominated countryside, with many villages and the city of
Dachau. The urban sprawl extending from Munich is advancing into the district’s territory.
The forest-dominated district of Munich is located to the east and south of the city. In the
south is the highest elevation of the case-study area (approximately 700 m), announcing
the Alpine foothills. The city’s growth is also strongly noticeable in this district, especially
close to the city’s boundaries [49].

According to the Köppen–Geiger climate classification, both study areas are in climate
class Cfa, which is characterised by a warm, temperate climate with humid periods, warm
summers, and cold winters [50].
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2.2. Selected Indicators

This study focused on five ES, which were selected based on their relevance for local
stakeholders during workshops in the case-study regions [23]: (1) food (from cultivated
terrestrial plants), (2) raw materials (from cultivated terrestrial plants), (3) pollination,
(4) local climate regulation, and (5) coastal protection (see Table 1).

Table 1. Classification of selected ES after CICES V5.1 [51].

Code CICES V5.1, Class Name Ecosystem Services

1.1.1.1 Cultivated terrestrial plants (including fungi,
algae) grown for nutritional purposes

Food (from cultivated
terrestrial plants)

1.1.1.2 Fibres and other materials from cultivated plants,
fungi, algae and bacteria for direct use or
processing (excluding genetic materials)

Raw materials (from
cultivated terrestrial plants)

2.2.2.1 Pollination (or ”gamete” dispersal in a
marine context)

Pollination

2.2.6.2 Regulation of temperature and humidity,
including ventilation and transpiration

Local climate regulation

2.2.1.3 Hydrological cycle and water flow regulation
(Including flood control, and coastal protection)

Coastal protection 1

1 Only mapped for the urban region of Rostock.

2.3. Definitions of ES Supply and Demand

We followed the understanding of ES supply and demand from the comprehensive
MAES glossary [1]. Here, ES supply is defined as “the provision of a service by a particular
ecosystem, irrespective of its actual use” [1]. ES demand can be described as “the need
for specific ecosystem services by society, particular stakeholder groups, or individuals.
It depends on 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 ecosystem services and relates to risk awareness” [1].

2.4. Methods

We selected ES mapping approaches following Martínez-Harms and Balvanera (2012) [52],
Grêt-Regamey et al. (2015) [24], and the MAES Methods Explorer [53]. We chose (1) the
expert-based ES matrix approach, (2) simple GIS mapping with proxy indicators and data,
and (3) InVEST models as an example of more complex assessments. The results from
simple GIS mapping and InVEST models were classified into the six 0–5 classes to face
comparison with the expert estimates from the expert-based ES matrix approach. The
classification was done manually and followed the recommendations by Burkhard et al.
(2017) [27] and Schumacher et al. (2021) [30] (see Supplementary Materials S1).

If possible, we assessed and mapped ES supply and demand for all selected ES.
We used ArcGIS Pro 2.9 for data preparation, mapping, and analysis. Table 2 shows an
overview of the methods and indicators used. The following subsection briefly describes
the methods used. More detailed descriptions of the data, indicators, methods, and InVEST
models used are provided in Supplementary Materials S1.

2.4.1. Method 1: Expert-Based ES Matrix Approach

The experts’ estimates for ES supply and demand were collected with an empty matrix
during topical workshops in Rostock and Munich [22,23], which followed the methodology
for the ES matrix approach based on expert knowledge [54]. The matrix was structured as
follows: The columns described selected ES, and the rows the thematic LULC classes of
Urban Atlas (see Supplementary Materials S1). Local stakeholders were invited to estimate
ES supply and demand using the scale 0–5 (from no relevant ES supply/demand to very
high). Additionally, the participants were asked to score their confidence in their knowledge
of each ES and LULC class using the scale 0–5 (very uncertain—very certain) [55]. Following
Campagne et al. (2017) [55], we analysed the estimates using simple descriptive statistics
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and weighted the mean values with confidence scores. After that, a joint discussion
among workshop participants took place. During these guided discussions, we took notes,
clustered main arguments, and used them to interpret the results.

Table 2. Overview of the methods and indicators used to map ES supply and demand.

Expert-Based ES Matrix
Approach Simple GIS Mapping InVEST Models

Ecosystem
Services Supply Demand Supply Demand Supply Demand

Food (from
cultivated

terrestrial plants)
Expert

estimates
Expert

estimates Agricultural area (%)
Population density
(Inhabitants ha−1)

- -

Raw materials
(from cultivated
terrestrial plants)

Expert
estimates

Expert
estimates Forest area (%)

Population density
(Inhabitants ha−1)

- -

Pollination Expert
estimates

Expert
estimates -

Dependence of
crops on

pollination by
insects (%)

Pollinator
abundance

(Index 0 to 1,
dimensionless)

-

Local climate
regulation

Expert
estimates

Expert
estimates

Green and blue
areas (%);

f -evapotranspiration
(f -ETP) (Index 0 to 1,

dimensionless)

Surface emissivity
(Index 0 to 1,

dimensionless)

Heat mitigation
(Index 0 to 1,

dimensionless)

Air temperature
(Index 0 to 1,

dimensionless)

Coastal
protection 1

Expert
estimates

Expert
estimates -

Coastal flood risk
for the asset:

human health, the
environment,

infrastructure and
human economic
activities (Index

0 to 5,
dimensionless)

- -

1 Only mapped for the urban region of Rostock.

2.4.2. Method 2: Simple GIS Mapping

We used proxy indicators that relied only on a single data source: LULC, literature,
or statistical data. Unfortunately, no suitable proxy data for assessing the ES supply for
pollination or coastal protection could be found. The demand for coastal protection could
be mapped with four different proxy indicators, representing the flood risk for the assets of
human health, environment, infrastructure, and human economic activities [56].

2.4.3. Method 3: InVEST Models

For the selected ES, the following InVEST models are available:

• Food (from cultivated terrestrial plants): Crop Production [57];
• Pollination: Pollinator Abundance: Crop Pollination [57];
• Locale climate regulation: Urban Cooling [58];
• Coastal protection: Coastal Vulnerability [59].

However, owing to data availability reasons, we could only test the InVEST models
Pollinator Abundance: Crop Pollination and Urban Cooling in more detail. More detailed
descriptions of the InVEST models used are provided in Supplementary Materials S1. For
mapping ES supply of and demand for raw materials, there are no InVEST models yet
available [40].

2.4.4. Map Comparisons

The spatial differences between expert estimates and ES values from simple GIS
mapping and InVEST models were detected through map comparisons. We compared
the maps by calculating a similarity index for each ES. First, we normalised the expert
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estimates to a scale between 0 and 1 and converted each map into a raster (cell size: 10 ha).
The calculation of the similarity index followed three steps [60]:

s(mapa, mapb) = mapa − mapb (1)

where s represents the similarity values of mapa and mapb [60]. The absolute difference
(s2) between mapa and mapb was calculated using:

s2(mapa, mapb) = con(s(mapa, mapb) < 0, s(mapa, mapb)* −1, s(mapa, mapb)) (2)

The absolute difference values were switched to similarity values using:

Similarity index = 1 − s2(mapa, mapb) (3)

3. Results

Several challenges were encountered with all tested methods in both urban regions
during the mapping processes. This resulted in different mapping outcomes of varying
quality depending on the ES and the method used (see Table 3). The following subsections
describe the results in more detail.

Table 3. Overview of the mapping outcomes. Method 1: Expert-based ES matrix approach,
Method 2 = proxy indicators and data, Method 3 = InVEST models; Mapping outcome: yes = ES
component could be mapped, yes * = ES component could be mapped, but not for the whole case-
study region, no = ES component could not be mapped.

Expert-Based ES Matrix
Approach Simple GIS Mapping InVEST Models

Ecosystem Services Supply Demand Supply Demand Supply Demand

Food (from cultivated terrestrial plants) yes no yes yes no no

Raw materials (from cultivated terrestrial plants) yes no yes yes no no

Pollination yes no no yes * yes no

Local climate regulation yes no yes yes yes yes *

Coastal protection 1 yes no no yes * no no
1 Only mapped for the Rostock urban region.

3.1. Method 1: Expert-Based ES Matrix Approach
3.1.1. ES Supply

Fifteen local stakeholders had filled in the ES supply matrix for the urban region of Rostock,
and twelve local stakeholders for the urban region of Munich (Supplementary Materials S2).
The experts’ estimates showed to be similar for the selected provisioning ES. They differed
for some LULC types, such as open vegetation areas. Estimates for regulating and mainte-
nance services tended to be less consistent for some LULC types (e.g., flood protection in
urban green areas). Participants representing the urban region of Rostock gave divergent
estimations for the ES flood and coastal protection, which may indicate a comprehension
issue for this ES.

Figure 2 shows the spatial pattern of ES supply. Overall, the maps show an urban–
rural pattern, for example, low ES supply in built-up areas and high or very high in less
anthropogenically altered areas such as forests or open vegetation areas. Furthermore, the
results show that some ES, such as food, are strongly linked with specific LULC types.
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Figure 2. ES supply of food (from cultivated terrestrial plants), raw materials (from cultivated
terrestrial plants), pollination, local climate regulation, and coastal protection. The expert estimates
ranged from no relevant supply (0) to very high supply (5). The highest ES supply (5) is shown in
dark green, and the lowest ES supply (0) is in pink. Based on data from Urban Atlas [44]. Larger
maps are provided in Supplementary Materials S2.

Local stakeholders showed interest in the ES matrix approach and gave relevant
feedback. For example, the participants suggested using more differentiated LULC data,
especially in urban areas. Furthermore, they stated that estimations on a regional scale were
difficult, as the urban regions contain rather heterogeneous landscapes. The participants
from the urban region of Rostock requested the inclusion of coastal areas and the Baltic Sea
and a more decisive distinction between coastal protection and flood protection.

3.1.2. ES Demand

The local stakeholders had difficulties comprehending the term ES demand and
preferred not to fill in the blank matrix. As the ES demand matrices were missing, we could
not generate maps indicating the spatial distribution of ES demand with this approach.
Instead, joint discussions took place on ES demand. The workshop participants mentioned
the following points during follow-up discussions as the biggest obstacles that made
confident estimates via the expert-based ES matrix approach difficult:

• For non-ES experts, the definition of ES demand was hard to understand.
• The ES demand can be expressed by society, stakeholder groups, or individuals

through wishes, values and norms, use or consumption patterns, or the need for
risk reduction/prevention and increased security against natural hazards [15,56].
The stakeholders were divided on which perspective and types of demand should
be considered.

• Stakeholders found it challenging to estimate ES demand within the selected LULC,
as they felt that demand originated from people and markets and not from the specific
LULC types.

• It was unclear how to estimate ES demand for provisioning ES, such as food, whose
goods and products are transported and used worldwide. In this case, the stakeholders
questioned whether a regional assessment of ES supply and demand would be helpful.
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• Stakeholders 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 functions
that are underlying regulating ES.

• The study regions were considered too large and too heterogeneous. The participants
from the urban region of Munich especially emphasised this point.

3.2. Method 2: Simple GIS Mapping

ES supply and demand were mapped with proxy indicators and data. The maps
visualise distinctive spatial patterns and can potentially reflect service-providing or service-
demanding areas. Figure 3 shows exemplary the ES supply of and demand for food using
the indicators agricultural areas (%) and population density (inhabitants ha−1), respectively.
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Figure 3. Spatial patterns of ES supply of and demand for food (from cultivated terrestrial plants)
in the urban region of Rostock. ES supply and demand have been mapped using the indicators
agricultural areas (%) and population density (inhabitants ha−1), respectively.

Several proxy indicators for coastal protection were used (see Figure 4). Those indica-
tors express coastal flood risks for different protected assets (human health, infrastructure,
environment, and human economic activities). In addition, the maps show detailed results
of the assets at risk of coastal flooding at a local scale. The results highlight that ES demand
can be located differently depending on the chosen indicator.

3.3. Method 3: InVEST

Only the InVEST models Pollinator Abundance: Crop Pollination and Urban Cooling
could be run. Both models provided site-explicit results. Figure 5 shows exemplary
the spatial patterns of potential ES supply for pollination, indicated with the indicator
pollinator abundance (index). In both urban regions, only a few areas have medium to high
ES supply. These areas are located in the most heterogeneous landscapes of urban regions.
The models Crop Production [57] and Coastal Vulnerability [59] could have been suitable
for mapping food and coastal protection, respectively. Furthermore, the model Pollinator
Abundance: Crop Pollination provides an indicator for mapping ES demand. However,
these models or indicators could not be calculated due to data availability reasons.
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a statistical 200-year recurrence interval in the harbour area of the city of Rostock.
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Figure 5. Spatial patterns of pollination supply in the urban regions of Rostock and Munich, modelled
with the InVEST model Pollinator Abundance: Crop Pollination.
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3.4. Map Comparison (Example: Local Climate Regulation)

We tested the spatial similarity between the expert estimates (results from the expert-
based matrix approach), simple GIS mapping using proxy indicators and data, and InVEST
models. In this section, we show exemplary results for local climate regulation in the urban
region of Munich. Overall, the expert estimates differ to varying degrees from the other
results (see Table 4 and Figure 6). The comparison between the expert estimates and the
indicator green and blue area (%) (mean: 0.63), as well as between the expert estimates
and InVEST results, expressed with the indicator heat mitigation index (mean: 0.69), show
low spatial similarities. However, in both map comparisons, the spatial dissimilarities are
distributed differently: The major dissimilarities are located in the case-study regions’ rural
areas, whereas anthropogenically influenced areas show higher spatial similarity (see also
Supplementary Materials S2).
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Figure 6. Map comparisons between the expert estimates (expert-based ES matrix approach) and
the indicators (A) green and blue area (%) (LULC data); (B) f -ETP-Index (literature data); (C) heat
mitigation index (InVEST model Urban Cooling). The highest spatial similarity value (1) is shown in
dark blue, and the lowest (0) is in yellow.
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Table 4. Similarity values of the map comparison between the maps from expert estimates (expert-
based ES matrix approach) and the indicators (A) green and blue area (%) (LULC data); (B) f -ETP-
Index (literature data); (C) heat mitigation index (InVEST model Urban Cooling) in the urban region
of Munich. Values: 0 indicates no similarity, and 1 very high similarity between the compared maps.

A B C

Local Climate Regulation
Indicator Green and Blue Area (%) f -ETP-Index Heat Mitigation Index

Similarity index Mean 0.63 0.91 0.69
Std. Dev. 0.22 0.12 0.17

High spatial similarity can be identified between expert estimates and indicator f -ETP
(mean: 0.91). Both the expert estimates and the values of the indicator f -ETP were provided
for each LULC type. The same data basis can explain the high degree of spatial similarity.
However, the result also shows differences, especially in the LULC types water bodies and
urban green spaces (see also Supplementary Materials S2).

4. Discussion

We aimed to map ES supply and demand with different ES relevant to the urban
regions of Rostock and Munich. The information was needed for communicating and
awareness-raising of the ES concept with local stakeholders during workshops and online
meetings. We chose several easy-to-apply methods and tested their applicability in two
case-study areas. During the ES mapping exercises, we dealt with challenges such as
barriers related to understanding problems of the ES concept itself and the impact of
data availability on selecting indicators and methods. These challenges, also known as
“bottlenecks” [61], are well-known obstacles in ES mapping and have affected the mapping
results to varying degrees.

4.1. How Useful Are Commonly Used ES Mapping Approaches in Regional Urban Contexts and
What Major Obstacles to Their Application Did We Encounter?
4.1.1. Method 1: Expert-Based ES Matrix Approach

In the last 10–15 years, the ES matrix approach has been tested and updated in many
applications [28]. Overall, the expert-based ES matrix approach has been appreciated for its
comparably simple and fast technique that provides spatially explicit results on ES supply
and demand [27,28,35]. We can only partially agree with this statement, as we could only
record expert estimates for ES supply. ES demand can be expressed through different
perspectives and demand types [62,63]. Consequently, there are broad possibilities for
understanding ES demand [64]. This complexity hindered the local stakeholders’ making
confident and comparable estimates [22].

Other uncertainties and limitations of the expert-based ES matrix approach are well
documented, addressing, alongside other factors, the simplicity of application, experts and panel
composition, statistical analyses, geodata used, and size of the case-study area [28,30,65,66]. The
latter point was mentioned as a concern in both urban regions, as it reduced the confidence
of local stakeholders. Furthermore, Campagne et al. (2017) elaborated that an expert
panel size of at least 15 expert estimates is needed to provide reliable expert estimates [55].
Looking at the expert estimates for ES supply, the small number of local stakeholders who
participated in Munich (n = 12) and Rostock (n = 15) can be a factor of uncertainty [66,67].

4.1.2. Method 2: Simple GIS Mapping

The simple GIS mapping with proxy indicators and data provided quick results, which
show important spatial landscape information of ES supply and demand in the case-study
areas. However, we faced obstacles in finding simple, suitable and recommended proxy
indicators, and ES-related data for the regional scale.
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Several indicators and data sets were of interest in the indicator selection process but
could not be used since the needed data were unavailable/inaccessible or unsuitable for
regional mapping. For example, the EU-wide working group Mapping and Assessment
of Ecosystem and their Services (MAES) recommend well-tested indicators such as crop
yield production, wood increment, or timber harvest [20,68], which are also integrated
into the SEEA-EA framework [17]. For those indicators, national statistical data are freely
available. This data are, however, too coarse to show the spatial patterns of ES supply or
demand in the two urban regions [68,69]. Alternatively, we could have used the underlying
high-resolution data from the local authorities. These data are, however, expensive or not
easily accessible due to data protection reasons [63,70,71]. We could also map the MAES-
recommended indicator dependence of crops on pollination by insects [20]. However, the
corresponding literature data [72] can only be linked to cultivated crops on agricultural land.
Hence, gapless mapping on the urban regional scale was not possible with this indicator.

Since we could not rely on the well-tested and recommended indicators for our
selected ES, we used other alternative indicators and data. One of the simplest ways to
map ES supply and demand is by using LULC types [36], despite its limited information
content [66]. For example, the proportion of agricultural areas (%) can be linked to food
supply (see Figure 3). This indicator cannot, however, communicate whether the areas
are actually used for food cultivation, nor can the results show whether the land is being
used sustainably [73]. Furthermore, using only certain LULC types as predictor variables
neglects the capacity of other LULC types to provide ES [29]. Using highly generalised
LULC types may not be appropriate for other ES, such as pollination or coastal protection.
In these examples, more specific data on habitats, biotopes, or coastal ecosystems would be
beneficial for informative ES mapping [30,74].

A transfer of ES values from literature data provides the opportunity to quickly
generate cost-effective maps without using complex models. For this option, however,
literature data need to be available for the respective ES in the first place. Suitable literature
data were—to our knowledge—only available for the proxy indicators f -ETP and surface
emissivity. The values originate from a study in Leipzig, Germany [75], and have been
used in several urban case-study areas in Europe [76]. These two indicators also have the
advantage of being available for the same datasets, similar spatial scales, and comparable
units. This allows further ES mismatch analyses, which could indicate unsustainable use
or inequitable distribution of ES [64,77]. However, for value transfer, the initial detailed
modelling results were strongly generalised, which reduces the information content [75].
Furthermore, literature data only assumes that the ES values can be applied to case-study
areas, even if the study purposes, temporal or spatial scales, data sources, or context-specific
conditions differ [66].

Population density is an often used proxy indicator for visualising potential source–
sink patterns [33,62]. We used this indicator for mapping demand for several ES, e.g., food
or raw materials. However, ES demand is multifaceted and can cover desires/needs for
specific attributes of ES or relates to risk awareness [1,64]. Using the same indicator for
assessing and mapping the demand for several ES strongly reduces its inherent complexity.
In comparison, the manifold patterns of ES demand for coastal protection had been mapped
by considering the specific flood risks for protected assets (see Figure 4). The indicators
(see Table 2) have the additional advantage that they are directly linked to the EU Floods
Directive (Directive 2007/60/EC) [56,78].

4.1.3. Method 3: InVEST Models

The two tested InVEST models performed well in detecting spatial patterns of the
individual ES and provided results with higher spatial resolution. The models can analyse
how various parameters influence the supply of the respective ES [65]. For example, the
model Pollinator Abundance: Crop Pollination calculates potential habitats and distribution
of pollinating insects in a landscape [79]. Our results show that pollinator abundance is
high in heterogeneous landscapes and low in homogenous agricultural areas. The results
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are, therefore, suitable to explain that ES supply can be increased by diversifying landscapes
with insect-friendly structural elements.

The InVEST model Urban Cooling includes, in addition to LULC types, climate condi-
tions and the distance to and size of urban green areas, and considers the possible spatial
patterns of urban heat islands [58]. The modelled heat mitigation index can inform local
stakeholders about the increased cooling capacity of larger urban parks and connected
green infrastructure [12]. However, this model does not, for example, integrate the amount
and/or the structure of green area quantifiably. Therefore, the results show no heat mit-
igation differences for forests or agricultural areas in the surroundings of the case-study
area and might not be suitable for estimating the supply of local climate regulation on a
regional scale.

Both tested models have several methodological uncertainties and limitations, which
address the rule-based methodological design and the limited capability for calibration
and validation [12,43,79]. As for all model computations, the input data resolution and
quality affect the results strongly [65]. As mentioned in the results, we could not run the
models Coastal Vulnerability, Crop Production, and the demand component of Pollinator
Abundance: Crop Pollination due to data availability reasons.

4.1.4. Map Comparisons

Model results are often interpreted as “more correct” than the results of proxies
or expert estimates, even if the accuracy, input data, or reliability of the models used
are questionable [80]. However, the map comparisons show that the expert-based ES
matrix approach can detect similar spatial patterns of ES supply on the regional scale.
Dissimilarities can be explained by the proxy indicator chosen and its informational content,
different spatial resolutions of the data sources, and the calculations within the InVEST
model Urban Cooling [58]. The model results show no heat mitigation differences on
nonurban LULC types, which can explain the greater spatial dissimilarities on those areas.

4.2. How Can Our Experiences Help Inform Future Research and Related Application Perspectives
in ES Mapping?

Overall, mapping ES supply and demand at the spatial scale and resolution of urban
and periurban areas was challenging for all methodological approaches. We could only map
ES supply and demand for some selected ES with simple GIS mapping using proxy indica-
tors and data, or with InVEST model outcomes. Recommended and tested indicators and
accessible data were, unfortunately, still missing [64]. Comparably simple ES models such
as InVEST provide—if available for the selected ES and spatial scale—more site-specific
results. The results show more deeply the interactions between the ES components and/or
socioecological processes in the chosen case-study areas. However, running the models
demands time and is data intensive, and already requires an in-depth understanding of the
respective ES.

The most decisive advantage of the expert-based ES matrix approach is that this
approach provides opportunities for communication and discussions with local stakehold-
ers as early as during the collection of the expert estimates. Dialogue between science
and policy are important to capture local stakeholders’ and decision-makers’ interests
and needs [9,61,67]. For instance, the local stakeholders questioned the point of mapping
ES demand for provisioning ES (such as food), as the demand cannot be reduced easily
through, for example, urban or regional planning instruments. Overall, the multifaceted
nature of ES demand proved to be a hurdle in participatory ES mapping approaches. For
future expert-based ES matrix applications, we recommend alternative methodological
designs that use questionnaires and joint discussions instead of a blank matrix. Overall, the
discussions on ES demand revealed that this component needs a clarified understanding
and further research. Despite the drawbacks on the subject of ES demand, the workshops
and discussions were of high relevance (and perhaps equally important than the final
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maps [67]), as they helped to promote a better understanding of the ES concept amongst
the local stakeholders [28,41,81].

It would be advantageous to utilise better the connections to existing legislations or
consolidated approaches within the ES concept. Using ES indicators and data [78,82], which
are also applied in policies such as the EU Floods Directive (Directive 2007/60/EC), can
increase the impact of the ES concept together with the understanding and acceptance of the
results amongst local stakeholders [56]. Furthermore, other approaches, such as lifecycle
assessments [83–85], ecological footprints [86,87], or the emergy evaluation methodol-
ogy [88,89], have been developed and broadly applied to highlight the contribution of
nature and the origin of the natural resources used or the impacts of human activities on
natural resources. In particular, lifecycle assessments and ecological footprints are excellent
communication and awareness-raising tools [89]. The methodologies could be used as
alternative approaches for assessing the teleconnections between urban and periurban
areas [90], ES flows [91,92], and ES demand for provisioning ES and selected regulating
and cultural ES [84]. Initial ideas for an integration of the lifecycle assessment or ecological
footprints into the ES cascade framework exist, but still need to be developed further [85,93].
For greater impact in spatial planning and governance processes, site-specific results at
different spatial scales and the integration of further ES are needed [89,93].

5. Conclusions

This study summarised conceptual and methodological challenges that entailed ap-
plying different ES supply and demand mapping approaches during a research project
in Germany. The expert-based ES matrix approach provided results on ES supply and
detected comparable distinctive spatial ES supply patterns. However, the conceptual com-
plexity of ES demand hampered the participants in making confident estimates on the
subject of ES demand. Nevertheless, dialogues with practitioners and local stakeholders
were important to capture interests and needs as well as existing barriers that impact the
use of the ES concept in real-world decisions.

Simple GIS mapping with proxy indicator and data and the use of InVEST models
were accompanied by barriers related to indicator selection, method, and data unavail-
ability/inaccessibility. Recommended and well-tested indicators, which can be applied
relatively quickly with simple mapping approaches, are still missing for many ES. These
approaches are needed when overviews about ES-related topics are requested for commu-
nication and awareness-raising, and when time and/or financial constraints prevent a more
in-depth analysis. Future research needs to provide more agreed indicators together with
standardised quantification methods to enable both ES supply and demand assessments
on comparable spatial scales. With this study and by sharing our experience in mapping
selected ES with commonly applied methods, we hope to contribute to fill the gap between
scientific state-of-the-art contributions and actual user needs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land12010052/s1, S1: Table S1. Data used for the ES supply/demand
mapping and assessments. Table S2. Overview of the indicators, methods, and categorisation used. If
possible, indicators were mapped at a regional scale. Table S3. Overview of the indicators used in
the ES modelling. If possible, indicators were mapped at a regional scale. Table S4. Selected LULC
classes from CORINE Land Cover (CLC) and Urban Atlas. Table S5. Biophysical table, adapted
from Zulian et al. (2013). Marked LULC (*) shows adjusted values for the Urban Atlas dataset.
Table S6. Guide table for the InVEST model Pollinator Abundance: Crop Pollination. Table S7.
Pollination dependencies (%) of crops that could grow on selected LULC (adapted from Zulian et al.
(2013)). Table S8. Biophysical table for the InVEST model Urban Cooling, urban region of Munich.
Table S9. Biophysical table for the InVEST model Urban Cooling, urban region of Rostock. Table S10.
Classification of flood hazard. Tables S11–S14. Classification of the potential damage for the asset
human health, environment, infrastructure, and economic activities. Table S15. Classification of the
coastal flood risks into six ES classes. Figure S1. Standardised Kc values for CORINE Land Cover and
Urban Atlas, adapted from Nistor (2018 and 2016). S2: Table S16. Expert-based ES matrix approach,
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ES supply, urban region of Rostock, n = 15. Weighted mean values. Table S17. Expert-based ES
matrix approach, ES supply, urban region of Munich, n = 12. Weighted mean values. Tables S18–S20.
Similarity values of the map comparison between the maps from expert estimates (expert-based
ES matrix approach) and the indicator (A) green and blue area (%) (LULC data), (B) f -ETP-Index
(literature data), (C) heat mitigation index (InVEST model Urban Cooling) in the urban region of
Munich. The value 0 indicates no similarity, and 1 very high similarity between the compared maps.
Figures S2–S6. Expert estimates of ES food (from cultivated terrestrial plants), raw materials (from
cultivated terrestrial plants), pollination, local climate regulation, and, flood and coastal protection.
Urban region of Rostock. Figures S7–S10. Expert estimates of ES food (from cultivated terrestrial
plants), raw materials (from cultivated terrestrial plants), pollination, and, local climate regulation.
Urban region of Munich. Figure S11. Food (from cultivated terrestrial plants). Indicator: Agricultural
area (%). Urban region of Rostock. Figure S12. Food (from cultivated terrestrial plants). Indicator:
Population density (Inhabitants ha−1). Urban region of Rostock. Figure S13. Pollination. Indicator:
Pollinator Abundance (Index 0 to 1). Urban region of Rostock. Figure S14. Pollination. Indicator:
Pollinator Abundance (Index 0 to 1). Urban region of Munich. Figures S15–S18. Coastal protection,
mapped with the indicators: Human health at risk of coastal flooding; Infrastructure at risk of
coastal flooding; Environment (biotopes) at risk of coastal flooding; Human economic activities at
risk of coastal flooding. Urban region of Rostock. Figure S19. Local climate regulation. Indicator:
Green and blue area (%). Urban region of Munich. Figure S20. Local climate regulation. Indicator:
f-evapotranspiration (f-ETP) (Index 0 to 1). Urban region of Munich. Figure S21. Local climate
regulation. Indicator: Heat mitigation (Index 0 to 1). Urban region of Munich. References [94–111]
are cited in the supplementary materials.
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global-surface-uhi-explorer (accessed on 2 April 2022). Restrictions apply to the availability of some
data. ATKIS and the digital elevation model were obtained from Landesamt für innere Verwal-
tung Mecklenburg–Vorpommern and are available at https://www.laiv-mv.de/Geoinformation/
Geobasisdaten/ (accessed on 2 April 2022) with the permission of Landesamt für innere Verwal-
tung Mecklenburg-Vorpommern (2018). Coastal flood risk data were obtained from Landesamt
für Umwelt, Naturschutz und Geologie M-V and are available at https://www.umweltkarten.mv-
regierung.de/atlas/script/index.php (accessed on 2 April 2022) with the permission of Landesamt für
Umwelt, Naturschutz und Geologie M-V. The expert estimates presented in this study are available
in Supplementary Materials S1.

Acknowledgments: We would like to thank the whole OESKKIP project team and the participating
stakeholders for their highly valuable contributions. Many thanks go to Thea Wübbelmann and
Nadja Kabisch for helpful discussions and to Ann Cruickshank and Matthew Cruickshank for
English proofreading.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Potschin-Young, M.; Burkhard, B.; Czúcz, B.; Santos-Martín, F. Glossary of ecosystem services mapping and assessment

terminology. One Ecosyst. 2018, 3, e27110. [CrossRef]
2. The Economics of Ecosystems and Biodiversity. In The Economics of Ecosystems and Biodiversity: Mainstreaming the Economics of Nature:

A Synthesis of the Approach, Conclusions and Recommendations of TEEB; UNEP: Geneva, Switzerland, 2010; ISBN 9783981341034.
3. Millennium Ecosystem Assessment. In Ecosystems and Human Well-Being: Synthesis; Island Press: Washington DC, USA, 2005;

ISBN 1597260398.
4. IPBES. Summary for Policymakers of the Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem Services; Díaz, S., Settele, J., Brondízio, E.S., Ngo, H.T., Guèze, M., Agard, J., Arneth, A.,
Balvanera, P., Brauman, K.A., Butchart, S.H.M., et al., Eds.; IPBES secretariat: Bonn, Germany, 2019; ISBN 978-3-947851-13-3.

5. European Commission. An Advocacy Toolkit for Nature. Biodiversity Loss, Nature Protection, and the EU Strategy for Nature; European
Commission: Brussels, Belgium, 2021.

6. Bolound, P.; Hunhammar, S. Ecosystem services in urban areas. Ecol. Econ. 1999, 29, 293–301. [CrossRef]
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