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Foreword

Mapping Ecosystem Services

The world’s economic prosperity and
well-being are underpinned by its natural
capital, i.e. its biodiversity, including eco-
systems that provide essential goods and
services for mankind, from fertile soils and
muld-functional forests to productive land
and seas, from good quality fresh water and
clean air to pollination and climate regula-
tion and protection against natural disasters.
This is the reason why, for example, the first
priority objective of the 7th Environment
Action Programme (7th EAP) of the Euro-
pean Union (EU) is to protect, conserve and
enhance the EU natural capital. In order to
mainstream biodiversity in our socio-eco-
nomic system, the 7th EAP highlights the
need to integrate economic indicators with
environmental and social indicators, includ-
ing by means of natural capital accounting,
to measure the changes in the stock of nat-
ural capital at a variety of levels, including
both continental and national levels.

The EU Biodiversity Strategy to 2020 called
on Member States to map and assess the
state of ecosystems and their services in
their national territory by 2014, with the as-
sistance of the European Commission. The
economic value of such services should also
be assessed, and the integration of these val-
ues into accounting and reporting systems
at EU and national level should be promot-
ed by 2020 (see Target 2!, Action 5).

This specific action aims to provide a knowl-
edge base on ecosystems and their services in
Europe to underpin the achievement of the
six specific biodiversity targets of the strat-
egy as well as including a number of other

' http://ec.curopa.eu/environment/nature/biodi

versity/strategy/target2/index_en.htm
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sectoral policies such as agriculture, mari-
time affairs and fisheries and cohesion.

Mapping ecosystem services is essential to
understand how ecosystems contribute to
human wellbeing and to support policies
which have an impact on natural resourc-
es. In 2013, an EU initiative on Mapping
and Assessment of Ecosystems and their
Services (MAES) was launched and a ded-
icated working group was established with
Member States, scientific experts and rel-
evant stakeholders. The first delivery was
the development of a coherent analytical
framework? to be applied by the EU and its
Member States in order to ensure consistent
approaches. In 2014, a second technical re-
port® was issued which proposes indicators
that can be used at European and Member
State’s level to map and assess ecosystem ser-
vices. The indicators are proposed for the
main ecosystems (agro-, forest, freshwater
and marine) and the important issue of how
the overarching data flow from the reporting
of nature directives can be used to assess the
condition of ecosystems is also addressed.

From the start of MAES, some exploratory
work was undertaken in parallel to assess
how some of the biophysical indicators
could be used for natural capital account-
ing. It was also important to ensure that
the data flows available at European level
and, in particular, those from reporting
obligations from Member States would

http://ec.europa.eu/environment/nature/knowl
edge/ecosystem_assessment/ pdf/ MAESWork
ingPaper2013.pdf
http://ec.europa.cu/environment/nature/knowl
edge/ecosystem_assessment/pdf/2ndMAESWork
ingPaper.pdf
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be used for the mapping and assessment
of ecosystems and their condition®. More
recently, dedicated work on urban ecosys-
tems was initiated with the active contri-
bution of many cities and a fourth tech-
nical report® on mapping and assessment
of urban ecosystems and their services was
published. An overlapping activity on the
strengthening of the mapping and assess-
ment of soil condition and function in the
long-term delivery of ecosystem services is
also being developed.

In the context of The Economics of Ecosys-
tems and Biodiversity (TEEB®), a study of
available approaches to assess and value eco-
system services in the EU” was supported by
the European Commission to support EU
countries in taking forward Action 5 of the
EU Biodiversity Strategy.

In 2015, a Knowledge Innovation Project
on an Integrated System for Natural Capital
and Ecosystem Services Accounting (KIP
INCA)® was launched jointly by four Com-
mission services (Eurostat, Environment,
the Joint Research Centre and Research and
Innovation) and the European Environment
Agency. This project aims to design and im-
plement an integrated accounting system
for ecosystems and their services in the EU,
to serve a range of information needs and
inform decision making of different policy
sectors, building on existing work in EU
countries. Important ecosystems services
provided by nature will therefore be explic-

http://ec.europa.eu/environment/nature/knowl
edge/ecosystem_assessment/pdf/3rdMAESRe
port_Condition.pdf
http://ec.europa.eu/environment/nature/knowl
edge/ecosystem_assessment/pdf/102.pdf
htep://teebweb.org/
http://ec.curopa.cu/environment/nature/biodi
versity/economics/index_en.htm
http://ec.europa.eu/environment/nature/capi
tal_accounting/index_en.htm
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itly taken into account and demonstrate, in
physical and to the greatest extent possible
in monetary terms, the benefits of investing
in the sustainable management of ecosys-
tems and natural resources.

Finally, the European work undertaken un-
der Target 2, Action 5, is actively contribut-
ing to major ongoing initiatives, such as the
global, regional and thematic assessments
under the Intergovernmental Platform on
Biodiversity and Ecosystem Services (IP-
BES’) and the UN guidelines on experi-
mental ecosystem accounting from the Sys-
tem of Environmental-Economic Accounts

(UN SEEA EEA™).

At present, with the constructive support
of research and innovation projects and ac-
tions, such as ESMERALDA'" and with the
amount of work already accomplished in the
Member States and at EU level, the momen-
tum for the next steps is impressive'.

The policy developments in Europe, but
also in many other countries and at global
scale, have spurred the scientific commu-
nity to map ecosystem services, to devel-
op new methods, to assess uncertainty of
maps and to provide practical applications
of using maps in various decision-making
processes. This book is an excellent sum-
mary of the achievements of ecosystem
service mapping and provides guidance for
scientists, students, practitioners and deci-
sion makers who need to map ecosystem
services.

There are still big challenges ahead of us
such as the improvement of the mapping
and assessment of the ecosystem condition

? http://www.ipbes.net/

10 http://unstats.un.org/unsd/envaccounting/eea_
project/default.asp

! http://esmeralda-project.cu/

12 http://biodiversity.europa.eu/maes/maes_countries
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and the integration of the assessment of the  accounts. As highlighted in this book, we
ecosystem condition with ecosystem services  are however on a very positive track!
and the construction of the first ecosystem
Anne Teller
European Commission,
Directorate-General Environment
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Chapter 1. Introduction

BENJAMIN BURKHARD & JOACHIM MAES

Ecosystem services (ES) are the contribu-
tions of ecosystem structure and function
(in combination with other inputs) to hu-
man well-being. This implies that mankind
is strongly dependent on well-functioning
ecosystems and natural capital that are the
basis for a constant flow of ES from nature
to society. Therefore, ES have the potential
to become a major tool for policy and de-
cision making on global, national, regional
and local scales. Possible applications are
numerous: from sustainable management
of natural resources, land use optimisation,
environmental protection, nature conserva-
tion and restoration, landscape planning,
nature-based solutions, climate protection,
disaster risk reduction to environmental ed-
ucation and research.

ES maps constitute a very important tool to
bring ES into practical application. Maps
can efficiently communicate complex spa-
tial information and people generally prefer
to look at maps and to explore their content
and practical applicability. Thus, ES maps are
very useful for raising awareness about areas
of ecosystem goods and services supply and
demand, environmental education about hu-
man dependence on functioning nature and
to provide information about interregional
ecosystem goods and services flows. Further-
more, maps are mandatory instruments for
landscape planning, environmental resource
management and (spatial) land use opt-
misation. To fulfil the requirements of the
above-mentioned applications, high quality,
robust and consistent data and information
on ES supply, flow and demand are needed at
different spatial and temporal levels.

Introduction

The interest of policy and decision makers,
the business sector and civil society in ES-
maps has been steadily increasing in the last
years. To bring ES maps into practical ap-
plication and to make them useful tools for
sustainable decision making is an import-
ant step and a responsibility of all parties
involved. Maps can be applied to portray
trade-offs and synergies for ES as well as
spatial congruence or mismatches between
supply, flow and demand of different ES.
Additionally, flows of services from one eco-
system to another and source-sink dynamics
can be illustrated. Based on such informa-
tion, budgets for ES supply and demand
can be calculated on different spatio-tempo-
ral scales. Such budgets can help to assess
the dependence of a region (or even a whole
country) on ES imports or its potential to
export certain goods and services. However,
in addition to the high application potential
of ES maps in sustainable decision-making
that would benefit human society, there is
also a risk of abusing the maps for further
exploitation of natural resources, fostering
land conversions or supporting land-grab-
bing activities. That is the reason why it is so
important to communicate the ES concept
properly and to prepare and document all
related information carefully and with the
best knowledge available.

Well-documented maps of ES which are de-
veloped following rigorous guidelines and
definitions will be of crucial importance for
natural capital accounting. Across Europe, as
well as elsewhere and at local to global scales,
natural capital accounts are being developed
with the aim of supporting policies on ag-
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riculture, natural resources use or regional
development programmes or to support de-
cision-making. These accounts are intended
to measure and monitor the extent, the con-
dition, the services and the benefits of ecosys-
tems to support different policies. Regularly
updated and high quality geo-referenced data
on capacity, use and demand of ES are essen-
tial inputs for natural capital accounts.

The development of respective ES mapping
approaches, models and tools has profited
from the increasing popularity of the ES
concept in science, especially within the last
decade. However, this popularity of ES map-
ping studies has, together with the rapid de-
velopment of computer-based mapping pro-
grammes, also led to an almost inflationary
generation of various ES maps. Besides the
many very promising and well-derived map-
ping products, maps of inferior quality have
also, unfortunately, been published. It takes
more than just some data and a software
package to make a good map that fulfils the
criteria of being a geometrically accurate,
correctly-scaled and appropriately-explained
graphic representation of three-dimensional
real space. Cartography, the art and science
of graphically representing a geographical
area usually on a map, has served humanity
since its emergence by providing informa-
tion on the environment, resources, risks,
paths, connections and barriers.

The theory, methods and practical appli-
cations of ES mapping are presented in
this book, thus bringing together valuable
knowledge and techniques from leading
experts in the field. The different chapters
can be explored to learn what is necessary to

make proper and applicable ES maps.

This book addresses an audience which is
broader than the research community alone.
ES are becoming mainstream outside the
academic world: national and regional au-
thorities are calling for or are involved in
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large-scale studies to map ES for mapping
their natural capital. Cities need ES maps to
design, implement or maintain urban green
infrastructure. Large businesses start assessing
ecosystems and their services on their sites so
that they can better understand possible im-
pacts of their operations on the environment.
Nature managers need to know how parks
and reserves contribute to human wellbeing.
Whereas, although not all of these stakehold-
ers will suddenly start mapping ES, they may
rely on consultants, students, ecologists and
other researchers to help them with spatial
data analysis, to understand problems relat-
ed to mapping or to give practical guidance.
Full Open Access to this book is provided to

better reach this audience.

After this introductory chapter, Chapter 2
provides the conceptual ES background,
including a short history of the concept,
introduces the nature-ecosystem service-hu-
man society connections and explains ES
categorisation systems. The necessary back-
ground of mapping is given in Chapter 3,
starting from basic cartography knowledge,
methods and tools and ending with the
specific challenges of mapping ES. There is
no mapping without adequate information
or data behind it. Therefore, Chapter 4 is
solely dedicated to various ES quantifica-
tion approaches. These approaches include
biophysical, socio-economic, model-, ex-
pert- and citizen-science-based quantifica-
tion methods. Chapter 5 on ES mapping is
the most extensive of this book. After elab-
orating what, where, when and why to map
ES, the individual subchapters explain what
has to be taken into account when mapping
specific or bundles of ES using various (in-
cluding integrative) approaches. The chap-
ter ends by presenting mapping approach-
es on different and interacting scales. Each
map represents a more or less complex but
generalised model of reality and each model
comes with specific uncertainties. Uncer-
tainties can be related to data, specific ES
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properties or concerning the eventual map
interpretation and use. Thus, uncertainties
are a highly relevant topic in ES mapping
that need to be dealt with properly. The
whole of Chapter 6 is therefore solely ded-
icated to uncertainties of ES mapping. As
mentioned above, there is a broad range
of applications for ES maps, which are ex-
plained in Chapter 7. Applications include
policy making and planning, different land
use sectors, human health, risk and impact
assessments as well as visualisation. The final
Chapter 8 provides some conclusions and
synthesises the contents presented in the pre-
ceding chapters.

Several chapters include practical examples
which are meant to facilitate the understand-
ing of the sometimes complex and often
technical topics. The editors’ and authors’
aim was to present chapters in a profession-
al but understandable language in order to
facilitate their readability and comprehen-
sion. Therefore citations and references were
avoided in the text. Instead, footnotes with
direct links and suggestions for further read-
ing are provided at the end of each chapter.
We hope this book is helpful and supports
the appropriate mapping of ES!

Further reading

Burkhard B, Kroll E Nedkov S, Miiller F
(2012) Mapping supply, demand and bud-
gets of Ecosystem Services. Ecological Indi-
cators 21: 17-29.

Crossman ND, Burkhard B, Nedkov S, Wil-
lemen L, Petz K, Palomo I, Drakou EG,
Martin-Lopez B, McPhearson T, Boyano-
va K, Alkemade R, Egoh B, Dunbar M,
Maes J (2013) A blueprint for mapping and
modelling Ecosystem Services, Ecosystem

Services 4: 4-14.

Introduction

Egoh B, Drakou EG, Dunbar MB, Maes ],
Willemen L (2012) Indicators for map-
ping ecosystem services: a review. Report
EUR25456EN. Publications Office of the

European Union, Luxembourg.

Maes ], Crossman ND, Burkhard B (2016)
Mapping eocsystem services. In: Potschin
M, Haines-Young R, Fish R, Turner RK
(Eds) Routledge Handbook of Ecosystem
Services. Routledge, London, 188-204.

Maes ], Egoh B, Willemen L, Liquete C, Vi-
hervaara B, Schigner JP, Grizzetti B, Drakou
EG, Notte AL, Zulian G, Bouraoui E, Luisa
Paracchini M, Braat L, Bidoglio G (2012)
Mapping Ecosystem Services for policy
support and decision making in the Euro-
pean Union. Ecosystem Services 1: 31-39.

Martinez-Harms M], Balvanera P (2012) Meth-
ods for mapping ecosystem service supply: a
review. International Journal of Biodiversity
Science, Ecosystem Services & Management

8: 17-25.

Pagella TE, Sinclair FL (2014) Development
and use of a typology of mapping tools
to assess their fitness for supporting man-
agement of ecosystem service provision.

Landscape Ecology 29: 383-399.

Troy A, Wilson MA (2006) Mapping Ecosys-
tem Services: Practical challenges and op-
portunities in linking GIS and value trans-

fer. Ecological Economics 60: 435-449.

27






CHAPTER 2

Background Ecosystem
Services



Nature has a lot to offer to humans
(view from Mount Saana, Finland. Photo: Benjamin Burkhard 2014).



2.1. A short history of the
ecosystem services concept

RUDOLF DE GROOT, LEON BRAAT & ROBERT COSTANZA

Introduction

A historic overview of the development of
the Ecosystem Services (ES) conceptin a few
pages is almost impossible and unavoidably
biased and, for this chapter, we focused on
the main events and publications’.

Most authors agree that the term “ecosystem
services” was coined in 1981. It was pushed
to the background in the 1980s by the sus-
tainable development debate but came back
strongly in the 1990s with the mainstreaming
of ES in professional literature and with an
increased attention to their economic value.

Over time, the definitions of the concept
have evolved with a focus on either the eco-
logical basis as ES being the conditions and
processes through which natural ecosystems
and their species sustain and fulfil human
life or at the level of economic importance,
where ES are the benefits humans derive,
directly or indirectly, from ecosystem func-
tions. As a compromise, the TEEB (The
Economics of Ecosystems and Biodiversity)
study (2008-2010) defined ES as the direct
and indirect contributions of ecosystems to
human well-being. Despite these differences,
all definitions stress the link between (nat-
ural) ecosystems and human wellbeing (see
Figure 1) and the services are the ‘bridge’
between the human world and the natural
world, with only humans being virtually sep-
arated from that natural world.

! Some key publications are listed at the end of this
chapter as suggestions for further reading.
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Figure 1. Dependence of Human Wellbeing on
Natural, Social, Built and Human capital.
Source: Costanza et al. 2014,

The ecological roots

The term ecosystem function was originally
used by ecologists to refer to the set of ecosys-
tem processes operating within an ecological
system. In the late 1960s and early 1970s,
some authors started using the term “func-
tions of nature” to describe the ‘work’ done
by ecological processes, the space provided
and goods delivered to human societies.

When describing the flow of ES from nature
to society, the need to distinguish ‘functions’
from the fundamental ecological structures
and processes was emphasised to highlight
that ecosystem functions are the basis for
the delivery of a service. Services are actual-
ly conceptualisations (‘labels’) of the “useful
things” ecosystems “do” for people that pro-
vide direct or indirect benefits.
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The socio-cultural roots

In the late 1960s and early 1970s, a wave of
publications was produced which addressed
the notion of the usefulness of nature for
society, other than being an object to con-
serve based on ethical concerns. Terms such
as functions of nature, amenity and spiritual
value were used in addition to, but not re-
placing, intrinsic values of nature, empha-
sising the importance to cultural identity,
livelihood and other non-material benefits.

This expanding field, recognising the depen-
dence of people on nature, finally led to the
coining of the term “ecosystem services” in

the early 1980s.

The economic roots

The ways nature provides benefits to humans
are discussed throughout economic history
from the classical economics period to the
consolidation of neo-classical economics
and economic sub-disciplines specialised in
environmental issues. Some of the classical
economists explicitly recognised the contri-
bution of nature rendered by ‘natural agents’
or ‘natural forces. However, although they
recognised their value in use, they general-
ly denied nature’s services role in exchange
value, because they were considered as free,
non-appropriable gifts of nature. The phys-
iocrat’s belief that land was the primary
source of value was followed by the classi-
cal economist’s view of labour as the major
force behind the production of wealth.

Marx considered value to emerge from the
combination of labour and nature: “Labour
is not the source of all wealth. Nature is just
as much the source of use values (and it is
surely of such that material wealth consists!)
as labour, which itself is only the manifesta-
tion of a force of nature”.
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In the 19th century, industrial growth, tech-
nological development and capital accumu-
lation led to changes in economic thinking
that caused nature to lose importance in eco-
nomic analysis. By the second half of the 20"
century, land or more generally environmen-
tal resources, completely disappeared from
the production function and the shift from
land and other natural inputs to capital and
labour alone and from physical to monetary
and more aggregated measures of capital,
was completed. In the second half of the 20™
century, environmental problems became
a topic of interest to some economists who
founded the Association for Environmen-
tal and Resource Economists in 1979. The
undervaluation in public and business deci-
sion-making of the contributions by ecosys-
tems to welfare was partly explained by the
fact that they were not adequately quantified
in terms comparable with economic services
and manufactured capiral.

From the perspective of environmental eco-
nomics, non-marketed ecosystem services are
viewed as positive externalities that, if valued
in monetary terms, can be more explicitly in-
corporated in economic decision-making. In
1989, the Society for Ecological Economics
was founded which conceptualises the eco-
nomic system as an open sub-system of the
ecosphere exchanging energy, materials and
waste flows with the social and ecological
systems with which it co-evolves. The focus
of neo-classical economists on market-driven
efliciency is expanded with issues of equity
and scale in relation to biophysical limits
and to the physical and social costs involved
in economic performance using monetary
along with biophysical accounts and other
non-monetary valuation languages.

Neo-classical and ecological economists dif-
fer markedly regarding their approach to the
sustainability concept. The so-called “weak
sustainability” approach, which assumes the
ability to substitute between natural and man-
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ufactured capital, is typical for neo-classical
environmental economists. Ecological econo-
mists generally embrace the so-called “strong
sustainability” approach, which maintains
that natural capital and manufactured capital
are in a relation of complementarity rather
than of one of substitutability. They also differ
with respect to approaches to ES valuation.
Monetary valuation, costs versus benefits, of
marketed goods and services have been pri-
mary in neo-classical approaches, while eco-
logical economists tend to show more interest
in inclusion of non-monetary and non-mar-
ket goods and services approaches.

Ecosystem services in policy
and practice

In the 1970s and 1980s, ecological concerns
were framed in economic terms to stress so-
cietal dependence on natural ecosystems and
raise public interest for biodiversity conser-
vation. Already in the 1970s, the concept of
‘natural capital’ was used and shortly there-
after several authors started referring to “eco-
system (or ecological, or environmental, or
natural) services”. The rationale behind the
ecosystem service concept was to demon-
strate how the disappearance of biodiversity
directly affects ecosystem functions that un-
derpin critical services for human well-be-
ing. The 1997 calculation of the total value
of the global natural capital and ES was a
milestone in the mainstreaming of ES. The
Millennium Ecosystem Assessment (2005)*
constitutes another milestone that firmly
placed the ES concept on the policy agenda.

The TEEB® study (2010), building on this
initiative, has added a clear economic con-
notation. The interest of policy makers has
turned to the design of market-based instru-

% hetp://www.maweb.org
3 htep://www.teebweb.org
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ments to create economic incentives for con-
servation (see Chapter 4.3), e.g.

Although one has to be careful that the con-
cept is not misused, the benefits of greater
awareness of the full spectrum of values of
nature outweigh the risk and with the adop-
tion of the Aichi-targets (see below) at the
CBD convention and the creation of the
Intergovernmental Platform on Biodiversity
and Ecosystem Services (IPBES* in 2012)
as described below the ES-concept has been
firmly placed on the political agenda. Espe-
cially CBD-Aichi Biodiversity Targets 1 and
2 are relevant: Target 1, “by 2020, at the
latest, people are aware of the values of bio-
diversity and the steps they can take to con-
serve and use it sustainably” and Target 2, “by
2020, at the latest, biodiversity values have
been integrated into national and local devel-
opment and poverty reduction strategies and
planning processes and are being incorporat-
ed into national accounting, as appropriate,
and reporting systems”. The efforts to achieve
these targets, in Europe coordinated by the
Mapping and Assessment of Ecosystems and
their Services (MAES®) contribute much to
greater awareness of the many benefits of na-
ture and help to give them more weight in
everyday decision-making (see Chapter 7.1).
Recently, the business-world is also waking
up to the ‘ecosystem services-movement and
created the Natural Capital Coalition® to bet-
ter account for ES and biodiversity conserva-
tion in their business models.

Although much has been achieved, even
more remains to be done to further develop
the ES ‘science’ and embed the concept in ev-
eryday policy and practice to enhance nature
conservation and sustainable use of ES which
is the main objective of the Ecosystem Set-
vices Partnership (ESP), founded in 2008’.

http://www.ipbes.net
http://biodiversity.europa.eu/maes
¢ http://www.naturalcapitalcoalition.org

hetp://www.es-partnership.org
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Further reading

Braat LC, de Groot RS (2012) The ecosystem

services agenda: bridging the worlds of
natural science and economics, conserva-
tion and development and public and pri-
vate policy’. Ecosystem Services 1: 4-15.

Costanza R, d’Arge R, de Groot RS, Farber S,

Grasso M, Hannon B, Limburg K, Naeem
S, O’Neill R, Paruelo J, Raskin RG, Sutton
P, van den Belt M (1997) The Value of the
World’s Ecosystem Services and Natural
Capital. Nature 387: 253-260.

Costanza R, de Groot RS, Sutton P, van der
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2.2. A natural base for
ecosystem services

ANIK SCHNEIDERS & FELIX MULLER

Introduction

Formally, the natural base for ecosystem ser-
vices (ES) arises from the performance of the
living and non-living components of an eco-
system and the interrelations between them.
The respective ecosystems can be character-
ised as a result of their structural features,
their functional attributes and their organ-
isational properties. While the latter items
demonstrate the overall schemes of ecological
interactions, the self-organising processes and
the whole system’s dynamics, the functional
viewpoint highlights the flows and pools of

energy, water, matter and information.

The structural aspect of ecosystems is related
to the spatio-temporal characteristics of the
biotic and abiotic elements. The focal fea-
tures of this viewpoint are the components
of biodiversity, which play a significant role
for the support of ES. The 2020 targets of
the Biodiversity Strategy are focussing on
two perspectives: the ‘intrinsic value’ of bio-
diversity and the ‘life insurance value’ essen-
tial for ES supply (see Chapter 5.1). In the
following pages, the second perspective will
be discussed by examining the cross-correla-
tions between biodiversity, ecological integ-
rity, ecosystem functions and ES.

Biodiversity within the social-

ecological system

Ecosystems and society are closely connect-
ed within a Social-Ecological-System (SES)

Chapter 2

(Chapter 2.3). The flow from the ecosystem
towards society is generated through the
supply of ES. The flow back into the sys-
tem is society’s influence on the ecosystem
generated by drivers and governance. Each
step within the system is related to biodi-
versity, which is the total stock or the living
part of our natural capital. It determines the
self-regulating capacity of the system and
the attitudes of biodiversity dynamics, such
as resilience or adaprability.

Within the system, specific ecological func-
tions are essential to support and supply a
specific ES: for example, primary produc-
tion and pollination for food production,
water infiltration capacity for water provi-
sion and organic decomposition for soil fer-
tility. These specific functions depend upon
a specific part of biodiversity and often,
increasing biodiversity will optimise these
functions.

Based on supply and demand, the final ES
is generated, e.g. as a yield of food or wood,
or a direct use of green infrastructure. Based
on the benefits of a service, people will even-
tually value the components of biodiversity.
This can be an ethical or ‘intrinsic value’,
but also a cultural or instrumental value.

To complete the circle, the societal impact
and the governance flow can be adjusted,
which is based upon a biodiversity strategy.
Here targets are formulated and adjusted on
different scales. In line with these objectives,
management plans will be developed and
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implemented and indicators will be chosen
to measure the trend and to control the dis-
tance to the target.

Biodiversity and natural capital

Biodiversity as a whole is the ‘living’ part of
the natural capital. It is our main capacity
to generate ES and to ensure adapration to
environmental changes. Figure 1 shows the
essential components of the natural capi-
tal and the connection with ES and nature
conservation. To characterise biodiversity
aspects, each of the four organisation lev-

genes
species
ecosystems

. landsapes

Link ES

Figure 1. Four complementary perspectives of
biodiversity, applicable to four organisation levels
(gene, species, ecosystem & landscape).

els (gene, species, ecosystem, landscape)
should be represented. All levels can be
studied from different perspectives: the first
perspective is ‘composition’ or the presence
or absence of a specific property, such as a
specific genetic allele, a rare species or a his-
torical landscape. Also for cultural ES, such
as ecotourism, the presence or absence of
specific or charismatic species or landscapes
is crucial. The second perspective is ‘diversi-
ty of functions’. This part focuses on indi-
cators for specific ecosystem functions such
as predation, photosynthesis, carbon flows,
or nutrient cycling. This part of biodiversity
is important for the supply of many regu-
lating ES and for the adaptive capacity to

environmental changes and perturbations.
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The third perspective is ‘structural diversity’:
how fragmented is the landscape, how many
vegetation layers has a lake or a forest? The
landscape patterns or vegetation structures
are part of the way people perceive nature
and this is closely related to cultural ES such
as the maintenance of historical landscapes
or unobstructed views. The degree of frag-
mentation and connectivity in a landscape
are also crucial for the migration capacity
of species and their adaptive capacity to
climate change. The fourth and last per-
spective is ‘stock’, a prerequisite to harvest a
provisioning ES, but also to most other ES.

To observe the dynamics of these biodiversi-
ty components, several indicator approaches
are utilised. In most regions there is a dom-
inance of ‘composition” indicators linked
with the nature conservation strategy while
indicators for diversity of functions, con-
nectivity or vegetation structure are rarely

developed.

Biodiversity, ecosystem
functions and services

Understanding how key ecosystem func-
tions determine ES supply, how it depends
on biodiversity and understanding the ef-
fects of shortcutting these functions by
technological variants is crucial in the search
for nature-based solutions. The basic in-
terrelations between these components are
sketched in Figure 2. In the lower box, basic
ecosystem elements and relations are depict-
ed. In this work, biodiversity structures are
perceived as biotic processors which perform
active life processes and which can be distin-
guished, e.g. due to their roles in food webs.
On the other hand, the abiotic processors,
such as features of soil, gecomorphology or
climate, are creating and degrading concen-
tration gradients and determining the living
conditions of the biota. Both are linked by
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ecosystemic process bundles that are the dy-
namics or pools and flows of energy, carbon,
water and nutrients. All of these elements
are operating in complex, self-organised in-
teraction schemes.

Their characteristics can be aggregated into
different groups of functional outcomes.
To assess the overall state of these complex
schemes, aggregated indicators such as eco-
system integrity or ecosystem health are
developed. For instance, the indication of
ecosystem integrity is based on an accessi-
ble number of structural items of biodiver-
sity and ecosystem heterogeneity, combined
with the functional items representative for
the energy balance, the water balance and
the matter balance of ecosystems.

The aggregation of functional units can also
be made to represent specific ES. For exam-
ple, photosynthesis leads to the fixation of
CO, which is influenced by the static abiotic
site conditions, the dynamics of solar radia-
tion, rainfall, evapo-transpiration or air tem-
perature, but also by the nutrient and water
provision and the state of competition with
other plants. The result is an increase in phy-
tomass and, on a longer time scale, an input
of litter into the soil subsystem, where the
catbon can be transferred and sequestered
into long-term stable humic compounds.

These process sequences are interpreted as a
functional subsystem, e.g. as carbon seques-
tration. These subsystems are illustrated by
the middle box in Figure 2. They connect
the system with a potential ES supply (see
Chapter 5.1). Normatively it is only rec-
ognised as a service delivery if there is a hu-
man benefit related to its performance (see
Chapter 2.3). In our example, the ability
of ecosystems to fix carbon from the atmo-
sphere becomes a service because this process
can be helpful in mitigating elevated CO,
concentrations in the atmosphere which
are responsible for global temperature rises.

Chapter 2

Therefore the described process sequence
is a basic component of the regulating ES
global climate regulation. The production
of this service emerges from a complex se-
quence of interrelated processes, which in
turn is influenced by all self-organised eco-
system interactions illustrated in Figure 2.

Such connections are also responsible for
most provisioning ES, because the prima-
ry and secondary production functions
are strongly linked to the sequestration
sequence. Also the regulation of nutrient
budgets depends on the cycling and accu-
mulating activities of the biotic system com-
ponents, as well as the potential of the abi-
otic sphere to physically or chemically retain
nutrients within the soil matrix. As a result
of these process sequences, the seepage wa-
ter is filtered and can be used for human
purposes, e.g. as drinking water. Finally, cul-
tural ES also depend on ecological interac-
tions, because resulting ecosystem functions
provide the basic preconditions to create
and maintain certain structural conditions
which human beings perceive as attractive
phenomena.

As a result, we can observe very complex
interrelations between ecosystem functions
and ES. Some key functions and structures
for 16 ES are listed in Table 1. A steering
variable is the direct driver of a service, e.g.
primary production for wood production.
A supporting variable creates important
boundary conditions, e.g. pollination and
pest control for crop production. Most eco-
system functions serve various ES.

But what is the role of biodiversity for each
of those functions? Many experimental
studies demonstrate that an increase in the
variety of genes or species contributes to the
optimisation of one of the functions. Sow-
ing a grassland ecosystem with more species
will, for example, generate a higher biomass.
For wood biomass usually a positive diver-
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Table 1. Representation of ecosystem functions and structures steering (m) or supporting () an ecosystem
service or a biodiversity target linked with intrinsic valuation. White fields demonstrate indirect effects.
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Regulating ecosystem dynamics, succession

Stability ecosystem processes
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Development of complex ecological networks
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sity-production relationship is found, as a
result of synergies between species and a bet-
ter utilisation of resources, although some
combinations create a negative effect due to
competition. The fact that many functions
are optimised by a higher biodiversity also
means that a loss of diversity will generate
a suboptimal function, often compensated
by human inputs of energy, materials or
technology (Chapter 5.1). It is a reality that
technical compensation can lead to a disin-
tegration of ES potentials and biodiversity
in land use. For example, the correlation be-
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tween species numbers and productivities is
broken by the additional inputs of energy,
manpower, fertlisers or pesticides. Thus, to-
day, modern agriculture produces the high-
est biomass under conditions of (optimally)
single-species monocultures.

Towards nature-based solutions

Each ES can be delivered in a gradient from
naturally to technologically based solutions.
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Nature-based solutions depend more on
biodiversity, generate a lower impact on sur-
rounding ecosystems and guarantee a lower
impact on other ES and a more sustainable
use of the service itself. The use of a service
is always a balance between supply and de-
mand. In highly populated areas, for most ES
the current demand is much higher than the
supply. The excessive demand, together with
a high drive for more human control, has
affected and transformed most natural eco-
systems towards the technological side of the
gradient, in order to maximise a single service.
The supporting and regulating role of biodi-
versity is systematically replaced by techno-
logical inputs, energy inputs, chemical inputs
and management. This is true for nearly all
provisioning ES, but also for most regulating
and cultural ES. The challenge is to optimise
the total supply of a bundle of ES, ensuring
ES delivery and maintaining ecosystem func-
tioning in the long term. Relying on more
nature-based solutions will increase positive
and decrease negative interactions.

Conclusions

e All relationships in social-ecologi-
cal-systems are driven by different as-
pects of biodiversity. All these interac-
tions should be analysed in order to set
up biodiversity strategies.

e The creation of ES is founded on very
complex schemes of ecological interac-
tions with very high mutual interde-
pendencies.

e Understanding how key functions deter-
mine ES supply and how they depend
on biodiversity and understanding the
effect of short-cutting these functions by
technological variants, is crucial in the
search for nature-based solutions.
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*  Moving towards more nature-based
solutions of ES supply, generates posi-
tive effects for both biodiversity and the
sustainable supply of ES bundles.
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2.3. From nature to society

MARION POTSCHIN & ROY HAINES-YOUNG

Linking people and nature: Socio-ecological systems

Although people have always depended on
nature, in modern societies it is easy to lose
sight of the fact that we still do. Indeed,
many have argued that our failure to recog-
nise the value of nature and especially the
contribution that biodiversity makes to our
well-being, explains much of our damaging
behaviour towards the environment. It is
against this background that the concept of
ecosystem services (ES) is so important as
it highlights the ways in which people and
nature are connected.

The links between people and nature are,

however, complex and so it is hardly surpris-
ing that people have defined ES in different

Environment

Biophysical
structure

biomass)

Limit pressures
via policy action?

3 Pressures

or process
(e.g. woodland Function
habitat or
net primary (e.g. slow
productivity) passage )
of water, or Service

(e.g. flood
protection or
harvestable

products)

ways. Some think of ES as the benefits that
nature provides to people, like security and
the basic material we need for a good life.
Others view ES as the contributions that the
ecosystem makes to such things. These dif-
ferences in definition are explored in more
detail in Chapter 2.4. For the moment it is
sufficient to note that despite differences in
the way ES are defined, most commentators
agree that there is some kind of ‘pathway’
that goes from ecological structures and pro-
cesses at one end through to the well-being
of people at the other (Figure 1). This idea
can be represented in terms of what we call
the ‘cascade model’. It is a way of expand-
ing thinking about ecosystems to include

The Social and Economic System
The ‘production boundary’

Benefit

(e.g. contribution

Value

to ascpects of
well-being such as (e.g. willingness to pay
health and safety) for woodland protection
or for more woodland,

or harvestable products)

Figure 1. The cascade model. Credit: Haines-Young and Potschin.
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people and, as such, it might be described
as a ‘socio-ecological system’. Finding out
how these socio-ecological systems work
and how we can act to sustain them are core
issues in the field of ecosystem services. The
task not only involves the study of ecology,
but also such things as social practices, gov-
ernance and institutional structures, tech-
nology and, most importantly, the things
people value.

Note: ‘CICES’ in Figure 1 is the Common
International Classification of Ecosystem Ser-
vices, it is described in more detail in Chapter
2.4; it is a way of categorising and describing
the final services that sit at the interface of na-
ture and society.

Unpacking the cascade model

To understand how socio-ecological systems
work, it is useful to ‘unpack’ the cascade
model to see the inter-relationships between
the elements. Ecosystem services are at the
centre of the cascade model which secks to
show how the biophysical elements of the
socio-ecological system are connected to the
socio-economic ones; ES are at the interface
between people and nature.

The ‘ecosysten’ is represented by the ecolog-
ical structures and processes to the far left
of the diagram. Often we simply use some
label for a habitat type, such as woodland
or grassland (Chapter 3.5), as a catch-all to
denote this box, but there is no reason why
we cannot also refer to ecological processes,
such as ‘primary productivity’ as something
that can also occupy this part of the diagram
(Chapter 2.2). In either case, given the com-
plexity of most ecosystems, when we want to
start to understand how they benefit people,
then it is helpful to start by identifying those
properties and characteristics of the system
that are potendally useful to people. This is
where the idea of a ‘function’ enters into the
discussion. In terms of the cascade model,
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these are taken to be the ‘subset’ characteris-
tics or behaviours that an ecosystem has that
determines or ‘underpins’ its capacity to de-
liver an ecosystem service. Some people call
these underpinning elements ‘supporting’
and ‘intermediate’ services, depending on
how closely connected they are to the final
service outputs; we believe, however, this
terminology deflects attention away from
the important characteristics and behaviours
of an ecosystem that generate different ser-
vices. Thus using our terminology for one of
the examples in Figure 1, the primary pro-
ductivity of a woodland (i.e. an ecological
structure) generates a standing crop of bio-
mass (i.e. a functional characteristic of the
woodland), parts of which can be harvested
(as a ‘provisioning’ service).

In the cascade, it is envisaged that services
contribute to human well-being through the
benefits that they support; for example by
improving the health and safety of people
or by securing their livelihoods. Services are
therefore the various ecosystem stocks and
flows (Chapter 5.1) that directly contrib-
ute to some kind of benefit through human
agency. The difference between a service and
a benefit in the cascade model is that bene-
fits are the things that people assign value to;
they are therefore synonymous with ‘goods’
and ‘products’. The cascade model suggests
that it is on the basis of changes in the values
of the benefits that people make judgements
about the kinds of intervention they might
make to protect or enhance the supply of
ES; this is indicated by the feedback arrow at
the base of the diagram. The importance of
‘values’ is that they can be expressed in many
ways; for example, alongside monetary val-
ues, people can express the importance they
attach to the benefits using moral, aesthetic
and spiritual criteria (Chapter 4).

Despite the simplicity of the cascade model,

it is useful in highlighting a defining char-

acteristic of an ecosystem service, namely

Mapping Ecosystem Services



that they are, in some sense, final outputs
from an ecosystem. They are ‘final’, in that
they are still connected to the ecological
structures and processes that gave rise to
them and final in the sense that these links
are broken or transformed through some
human interaction necessary to realise a
benefit. Often this intervention can take
the form of some physical action such as
harvesting the useful parts of a crop. The
interaction might also be non-material
and more passive involving, for example,
the benefit obtained from the reduction or
regulation of some kind of risk (flood risk
is the example shown in Figure 1), or the
intellectual or spiritual significance of na-
ture in a particular cultural context. Thus
services are at the point where the ‘pro-
duction boundary’ is crossed between the
biophysical and the socio-economic parts
of the socio-ecological system.

Balancing supply and demand

Socio-ecological systems are, of course, more
complex than Figure 1 suggests. However,
this simple diagram does help us to under-
stand that all the different elements of the
cascade need to be considered if we want to
appreciate what an ecosystem service really is

Chapter 2

and how it connects people and nature'. We
need to map and measure indicators across
the entire pathway to build up a complete
picture. The left hand side of the cascade
captures the important elements that detet-
mine the capacity of an ecosystem to supply
services, while the right hand side identifies
the aspects of the demand for them. And un-
derstanding the balance between them is at
the heart of the contemporary sustainability
debate and key to our understanding of the
way people and nature are linked.

Further reading

Potschin M, Haines-Young R (2011) Eco-
system Services: Exploring a geographical
perspective. Progress in Physical Geogra-

phy 35(5): 575-594.

Potschin M, Haines-Young R (2016) Defin-
ing and measuring ecosystem services.
In: Potschin M, Haines-Young R, Fish R,
Turner RK (Eds.) Routledge Handbook of
Ecosystem Services. Routledge, London

and New York: 25-44.

! see for example: htep://www.biodiversity.fi/eco-

systemservices/cascade/
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2.4. Categorisation systems:
The classification challenge

Roy HAINES-YOUNG & MARION POTSCHIN

Introduction

Categorising and  describing  ecosystem
services (ES) is the basis of any attempt to
measure, map or value them. It is the basis
of being transparent in what we do, so that
we can communicate our findings to others,
or test what they conclude. So fundamental
is the need to be clear about how we classi-
fy ES that it might seem that it is an issue
that must already be well and truly resolved.
The aim of this chapter is to suggest that this
might not, in fact, be the case entirely and
that the way we categorise ES is something
that still represents a challenge.

A number of different typologies, or ways of
classifying ES are available, including those
used in the Millennium Ecosystem Assess-
ment (MA) and The Economics of Ecosys-
tems and Biodiversity (TEEB) and a num-
ber of national assessments, such as those in
the UK, Germany and Spain. The problem
with them is that they all approach the clas-
sification problem in different ways, involv-
ing different scale perspectives and different
definitions resulting in the fact that they are
not always easy to compare. In order to try
to partly overcome this ‘translation problen,
the Common International Classification of
Ecosystem Services (CICES) was proposed in
2009 and revised in 2013. A typology trans-
lator is available via the OpenNESS-HUGIN

»1

website”!.

We do not argue that it is better than any
other system, but it illustrates the difficulty of

' http://openness.hugin.com/example/cices
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designing a classification system that is simple
and transparent to use. We will argue that the
problem of classification is still worth working
on —and it is certainly not something that can
be taken for granted. We would encourage ev-
eryone to think about it when they embark
on any kind of analysis involving ES.

The conclusion that we would like to advance
is that the ES community probably needs to
develop a number of different classifications
or typologies that can be used to name and
describe all the elements in the cascade that
we described in Chapter 2.3, namely: the
ecosystem or habitat units that give rise to
the ES of interest, the ecological functions
that are associated with them, as well as the
benefits and beneficiaries whose well-being is
dependent on the output of services and, of
course, the values that people assign to these
benefits. Services can also be classified accord-
ing to such criteria as whether they give rise
to private or public benefits, whether people
can be prevented from accessing the service
(‘excludable’ vs ‘non-excludable’), or whether
the use of a service by one individual or group
affects the use by others (‘rival’ vs ‘non-rival’).

The Common International

Classification of Ecosystem
Services (CICES)

CICES was originally developed as part of the
work on the System of integrated Environ-

Mapping Ecosystem Services



mental and Economic Accounting (SEEA)
led by the United Nations Statistical Division
(UNSD), but it has been used by the wider
ecosystem services community to help define
indicators of ES, or map them. In designing
it, the intention was to provide a way of char-
acterising ‘final services’, namely those that
interface between ecosystems and society. In
this sense, it follows the definition used in
TEEB, namely that these final services are
the things from which goods and benefits are
derived. However, it did try to use as much of
the terminology that was already widely em-
ployed and so used the categorisation of ‘pro-
visioning’, ‘regulating’ and ‘cultural’ services
that were made familiar by the MA.

Material and energetic outputs from ecosys-
tems from which goods and products are de-
rived are contained in CICES provisioning
services. Regulating services categories refer
to all the ways that ecosystems can mediate
the environment in which people live or de-
pend on in some way and therefore benefit
from them in terms of health or security,
for example. Finally, the cultural category
identified all the non-material characteris-
tics of ecosystems that contribute to, or are
important for people’s mental or intellectual
well-being. CICES is hierarchical in struc-

ture, splitting these major ‘sections’ succes-

sively into ‘divisions’, ‘groups’ and ‘classes’.
Figure 1 illustrates how this works using the
example of ‘cereals’.

The full version of CICES is available online?.

Facing the challenges of

categorisation

The first challenge that working on CICES
showed was how difficult it is to categorise
‘final ecosystem services. These, according
to Boyd and Banzhaf, are the ‘end-products
of nature’ who argue that it is important to
define them clearly to avoid the problem of
‘double counting’ when we calculate their val-
ue; i.e. assessing the importance of a compo-
nent of nature more than once generally be-
cause it is embedded in, or underpins, a range
of different service outputs. More formally
these authors suggest final services ‘are compo-
nents of nature, directly enjoyed, consumed,
or used to yield human well-being’. The prob-
lem is that, what constitutes a final service,
generally depends on the context in which the
assessment or mapping exercise is being made;
thus CICES lists potential final services.

A second challenge was whether abiotic eco-

2 www.cices.eu
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Figure 1. The hierarchical structure of CICES illustrated with reference to a provisioning service (cultivat-
ed crops - cereals). Credit: Haines-Young and Potschin.
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system outputs like wind or hydropower, or
minerals like salt, should be categorised as
‘ecosystem services. In the end, the argu-
ment that the category ‘ecosystem services
should be restricted to those ecosystem
outputs that were dependent on living pro-
cesses won the day, because it strengthened
arguments about the importance of ‘biodi-
versity’ to people; an accompanying provi-
sional classification of abiotic services that
follows the CICES logic has, however, been
developed and is available.

It is worth mentioning that the final chal-
lenge which we encountered in designing
CICES, was the difficulty that people have
in distinguishing services and benefits. The
distinction is a difficult one to make because
it involves deciding where the ‘end-product
of nature’ is transformed into a good, prod-
uct or benefit, product or benefit as a result
of human action of some kind. The distinc-
tion we use in CICES is whether the con-
nection with the underlying ecological pro-
cesses and structures is retained; hence the
standing crop of wheat in the field is a final
service from an agricultural ecosystem, but
the grain in the silo is the good or benefit.

The distinction between services and ben-
efits is an important one because a single
service can give rise to multiple goods and
benefits that all need to be identified if ser-
vices are to be valued appropriately. In the
case of rice for example, in addition to the
harvest of the grain, rice straw and husks can
be used for animal feed or as raw material
for energy.

Using CICES - Taking stock

In this chapter we have used CICES to ex-
plore some of the challenges that we need to
face when developing systems for categoris-
ing ES. These systems are complex and expe-
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rience suggests that they will need to be de-
veloped in an iterative way, using experience
to find out what works where and how nam-
ing conventions and definitions can be im-
proved. While we have used CICES to illus-
trate some of these issues, it is important not
to overlook the fact that it is a system that,
despite limitations, has been used effectively.

For example, CICES forms part of the map-
ping framework designed to support the
EU’s Biodiversity Strategy to 2020 (the sec-
ond report of the Mapping and Assessment
of Ecosystem Services (MAES) uses CICES
classes to identify a range of indicators that
can be used for mapping and assessment
purposes’; see also Chapter 7.1). A number
of papers have appeared in peer-reviewed
scientific literature that have either used
CICES or commented upon it as part of
their methodological discussion.

CICES has, for example, been used as the
basis of the German TEEB study as well
as the scoping work for a German Nation-
al Ecosystem Assessment, NEA-DE. The
TEEB report on Agriculture also recom-
mends the use of CICES. Elsewhere, CICES
has been refined at the most detailed class
level to meet the requirements of ecosystem
assessment in Belgium. Research in Finland
used CICES to develop an indicator frame-
work at the national scale. These kinds of
applications suggest that the detailed class
level in CICES can be useful as building
block from broader reporting categories, the
advantage being that these broader catego-
ries are themselves defined in a transparent
way. These types of use illustrate the kinds
of application that any good classification
system must be able to support. Many more
applications can be found — several are listed
in the further reading material.

% see also (accessed 30/01/2016): http://biodiver-
sity.europa.eu/maes/#ESTAB

Mapping Ecosystem Services



Outlook

While the applications of CICES suggest
that the current framework is appropriate
for many uses, it is also clear that we need
to think carefully about how such systems
can be developed. For example, researchers
have suggest that it may need to be adapted
to ensure that it is suitable for the assess-
ment of marine and coastal ecosystems, or
integrated more closely with typologies for
describing underlying ecosystem functions.
It is probable that marine interests were un-
der-represented in the consultations that led
to the current CICES version.

Thus while the current version of CICES
clearly works for many purposes, given the
importance of categorising ES in clear and
transparent ways, the development of this and
other systems needs to be reviewed constantly
as our needs and concepts evolve. They are es-
sential tools for our mapping and assessment
work. It has been suggested, for example, that
a classification, such as CICES, might form
part of a more general systematic approach
or ‘blue print for mapping and modelling
ecosystem services. Other authors have em-
phasised that it is important to develop clas-
sification systems, such as CICES, that are
‘geographically and hierarchically consistent
so that we can make comparisons between re-
gions and integrate detailed local studies into
a broader geographical understanding.

Our concluding point is that, whether
CICES has a role to play or not, these kinds
of systems will not build themselves. We need
to be aware of the challenges that the cate-
gorisation of ES still poses and the fact that
we have only just started to address them.

Note: At the time of writing, version 4.3 is to
be used. This version is currently under revi-
sion and version 5 is under development. All

details are available on the CICES webpage’ .

4 www.cices.eu
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3.1. Basics of cartography

KREMENA BOYANOVA & BENJAMIN BURKHARD

Introduction

Cartography (from Greek xaptng khartés,
“map”; and ypdgewv graphein, “write”)
is the art and science of representing geo-
graphic data by geographical means. Maps
are the main products of cartographic work
and are graphic representations of features
of an area of the Earth or of any other celes-
tial body drawn to scale. Regardless of the
map type or the mapping technique applied
(Chapter 3.2), every map has a coordinate
system, a projection, a scale and includes
specific map elements. These attributes
usually depend on the size and shape of the
mapped geographical area and the graphical
design of the map representation that needs
to be informative and understandable for

the map-user (Chapters 5.4 and 6.4).

Geographic Information Systems (GIS) are
powerful tools for data Input, Management,
Analysis and Presentation (IMAP principle)
providing muldiple possibilities for a better
understanding of the structures and pat-
terns of human and natural activities and
phenomena (Chapter 3.4). Nevertheless,
much of its easy-to-apply default-function-
ality can be misleading for an inexperienced
map-maker.

In the present chapter, we discuss the main
characteristics of maps such as coordinate
system, geodetic datum, projection, scale
and map elements; how to choose them ac-
cordingly and what their role is for proper
use of a map. The use of GIS has significant-
ly simplified mapping and provides a good
environment for the visualisation of Ecosys-
tem Services (ES).

Chapter 3

Coordinate systems

The coordinate system of a dataset is used
to define the positions of the mapped phe-
nomena in space. It furthermore acts as a
key to combine and integrate different data-
sets based on their location. This enables the
performance of various integrated analytical
operations, such as overlaying or merging
data layers from different sources. Coordi-
nate systems can be geographic, projected or
vertical systems.

Geographic coordinate systems

A Geographic Coordinate System (GCS) uses
a three-dimensional spherical surface to define
locations on the Earth, i.c. the Earth is repre-
sented as a sphere or a spheroid. A point on
that sphere is referenced by its longitude and
latitude values. Longitude and latitude are an-
gles measured in degrees from the Earth’s cen-
tre to a point on its surface. The Prime merid-
ian and Equator act as reference for longitude
and latitude respectively (Figure 1).

S
o
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/
4
]

60°
‘ 0 20 40 60
Longitude

h |

Figure 1. The world as a globe with longitude and
latitude values.
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Projected coordinate systems

A Projected Coordinate System (PCS) is
based on a GCS that is transferred into a
flat, two-dimensional surface. For that
purpose, a PCS requires a map projection,
which is defined by a set of projection pa-
rameters that customise the map projection
for a particular location. The various map
projections are discussed in detail below.

Vertical coordinate systems

A vertical coordinate system defines the ver-
tical position of the dataset from a reference
vertical position - usually its elevation (height)
or depth from the sea level (Figure 2).

+6.3
mean low water

mean sea water

l+5.8 l +6.0

Figure 2. Two vertical coordinate systems: mean
sea level and mean low water.

While the definition of a geographic or pro-
jected coordinate system is obligatory for all
datasets, vertical coordinate systems are only
needed if the vertical height of data is of rel-
evance. Lack of, or wrongly defined, coordi-
nate system information leads to problems of
spatial data integration. (Figure 3).

Streets

Districts

Sand and Gravel

Water Table

Figure 3. Integration of datasets for the same area
(inspired by Buckley 1997).

52

Therefore it is very important when using
digital mapping tools that the used datasets
are defined in an eligible coordinate system.

Geodetic datum and transfor-
mations

The geodetic datum defines a) the size and
shape of the Earth and b) the orientation
and origin of the used coordinate system
through a set of constants. The geodetic da-
tum can be based on flat, spherical or ellip-
soidal Earth models:

—  Flat Earth models are used over short
distances so that the actual Earth curva-
ture is insignificant (< 10 km);

—  Spherical models represent the figure
of the Earth as a sphere with a specified
radius, leading to deformations in the
model which are largest at the poles;
used for short range navigation and
global distance approximations; and

—  Ellipsoidal models are the most accurate
models of Earth; used for calculations
over long distances; the reference ellip-
soid is defined by semi-major (equato-
rial radius) and flattening (the relation-
ship between equatorial and polar radii).

The ellipsoidal model can represent the
topographical surface of the Earth (actual
surface of the land and sea at some moment
in time), the sea level (average level of the
oceans), the gravity surface of the Earth
(gravity model) or the Geoid. The Geoid is
the equi-potential surface that the Earths
oceans would take due to the Earth’s grav-
itation and rotation, neglecting all other in-
fluences such as winds, currents and tides.

The World Geodetic System 1984 (WGS-
84) datum defines geoid heights for the en-
tire Earth in a ten by ten degree grid. The
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Global Positioning System (GPS) is based
on the WGS-84.

The geodetic datums can be horizontal (lat-
itude and longitude), vertical (height) and
complete. The transformation between
datums requires the application of strict
mathematical rules and sets of parameters,
depending on the required transformation.
Most GIS and mapping platforms support
automated transformation between datums
and coordinate systems.

Map projections

Map projections are mathematical repre-
sentations of the Earth’s spherical body on
a plain surface through mathemartical trans-
formations from spherical (latitude, longi-
tude) to Cartesian (x, y) coordinates. Map
projections usually depend for the transfor-
mation on a form which can be developed
or flattened — a plane, a cone, or a cylin-
der - which is attached to the sphere at one
point or at one or two standard lines. The
respective map projections are referred to as
planar, conic and cylindrical (Figure 4).

Flattenable

surfaces / l \

Flat maps

Figure 4. Developable (flattenable) surfaces (in
Monmonier 1996).
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The transformation of a spherical surface
into a plane leads to different distortions in
the lengths, angles, shapes and areas of the
mapped surface. The distortions are usually
smallest along the standard lines and close
to the attachment point. Depending on the
shape and size of the mapped area, appropri-
ate projection and standard lines should be
selected. Distortions are inevitable and it is
impossible to create the “perfectly” projected
map that fulfils all map projection properties.
The four properties of the map and their re-
spective projection types are:

—  Local shapes of the features on the map
are the same as on the Earth’s surface.
This conformal projection maintains all
angles.

—  The areas of the features on the Earth
are in the same proportions as on the
map. Other properties - shape, angle,
and distance - are distorted in equal-ar-
ea projections.

—  The scaled distances along the standard
lines, or from the attachment point, to
all other points on the map are main-
tained in equidistant projections. This is
not valid along all lines or between any
two points on a map.

—  The directions on the map are correct in
the true-direction (azimuthal) projection.
It gives the directions (or azimuths) of
all points on the map correctly with
respect to the centre. Some true-di-
rection projections are also conformal,
equal-area, or equidistant.

For every map, only one or two of those
properties can be fulfilled and the cartog-
rapher has to make a choice, depending
on the purpose and needs of the map (see

Chapter 5.4).
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Scale

The scale represents the ratio of the distance
between two points on the map to the corre-
sponding distance on the ground. Thus large
scale maps (with a large reciprocal value of
the scale, such as 1:5,000) cover small areas
with great detail and accuracy, while small
scale maps (e.g. 1:1,000,000) cover larger
areas in less detail (Figure 5). The map scale
also influences generalisation (Chapter 3.4)
and symbolisation (Chapter 3.3) of the map.

When choosing the map scale, the cartogra-
pher should consider:

Purpose of the map - the mapped phe-
nomena need to be well-represented in
the selected scale;

Map size - the scale need to be adapted
to the size of the mapped area and the
desired final size (format) of the maps;
Detail - the scale need to be adapted to
the detail in which the phenomena are
mapped.

Scale selection

Map scales can be expressed as a ratio, a ver-
bal statement or as a graphic (bar) scale (Fig-
ure 6). On non-analogous (digital) maps, it
is essential to use a graphic scale bar (linear
bar). A scale bar adjusts to the resolution of
the respective display, a parameter which
cannot be controlled by the map maker. The
variability of map size by using a projector is
an example of this problem.

Elements of a map

Elements of a map are crucial for providing
the map-user with critical information about
the map content. Making a thematic map is
to a large extent a creative act and the choice
of map elements depends on the context, au-
dience and the preferences of the map-maker.
Nevertheless, there are three levels for repre-
sentation of the elements of a map, presented
here by by their level of relevance (Figure 7):

1:5000 1:25 000 1:50 000 1:100000  1:200 000 1:500 000  1:1000 000
small Mapped earth area Large
More Information detail Less

Symbolisation
More generalised

Less generalised

Figure 5. Interaction between map content and scale selection.

Ratio scales  Verbal scales Graphic scales
10.000 5.000 0 10.000 Miles
1:10000 One centimetre (on the map) represents 10 000 centimetres (in reality)
(or 100 metres) Alternating scale bar
1:25000 One centimetre (on the map) represents 25 000 centimetres (in reality) 10000 5000 O 10.000 Miles
(or 250 metres) ! y
1:100 000 One centimetre (on the map) represents 100 000 centimetres (in reality) Double alternating scale bar
(or 1 kilometre)
10000 5000 0 10.000 Miles
1:1000 000 One centimetre (on the map) represents 1 000 000 centimetres (in reality) B F—7 F—F
(or 10 kilometres ) Hollow scale bar

Figure 6. Examples of ratio, verbal and graphic scales.
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Elements that make the proper reading
of the map possible and it is recom-
mended to add them to all maps:

¢ Scale information;

* Map direction — a symbol, usually
an arrow, that indicates the true north
(the direction to the North Pole); if a
coordinate grid (graticule) is added to
the map or on small-scale (e.g. conti-
nental) maps, a north arrow is not re-
quired;

* Legend — the legend lists all sym-
bols, their sizes, patterns and colours
used in the map and the features they
depict (see Chapter 3.3); they should
appear in the legend exactly as they are
found in the body of the map;

Elements that provide context:

* Title — should provide a short and
clear statement about the map content,
usually stating the name of the mapped
area and the map theme (in ES maps -
the mapped ES) along with the depict-
ed year in thematic maps; it should be
considered that this information can be
included in the map legend title also;

UPPER OGOSTA WATERSHED

* Projection — provides information
about the projection and possible dis-
tortions in the area, distance, direction
and shape of the mapped features;

* Cartographer’s name and/or the au-
thority responsible for the composition
of the map;

* Date of production;

* Data sources used to create the map.

Elements used selectively to assist effec-
tive communication (optional):

* Neatlines (clipping lines) — used to
frame the map and indicate the exact
area of the map;

* Locator maps — to place the body of
the map within a larger geographical
context;

* Inset map — a “zoomed in” map of
small areas from the map with high rel-
evance, where information is too clus-
tered for the scale of the map body;

* Index maps — when labels or other
information cannot be placed effective-
ly in the body of the map, they can be
input separately to increase readability.

Coordinate System: WGS 1984 UTM Zone 34N
Projection: Transverse Mercator

Datum: WGS 1984

Units: Meter

Author: Kremena Boyanova
Bulgarian Academy of Sciences, 2014
Data source: SWAT model outputs

Freshwater Supply
(average 2000-2005)
[ Basin
0 - no relevant supply
1 - low relevant supply
2 - relevant demand
I 3 - medium relevant supply
I 4 - high relevant supply
s very high relevant demand

Figure 7. Example map and its elements:
actual map, scale, north arrow, legend,
title, coordinate system and projection,
cartographer’s name and institution, date
of production, data source and neatline.
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Conclusions

Cartography is based on a long tradition and
comprehensive knowledge of map-creation
and map-use. ES map-makers still need to be
aware of the general principles, techniques
(Chapter 3.2) and logics (Chapter 3.3) of
cartography, although with today’s software
programmes, it seems all too easy to create
lots of maps rather quickly. Digital maps are
the main means of map representation now-
adays and the main tool for geographic data
interpretation, visualisation and communi-
cation. They provide multiple opportunities
but also ‘traps’ for the map-maker. There-
fore, instead of producing large quantities
of badly-compiled and misleading maps, ES
map producers should harness the available
knowledge and techniques in order to sup-
port the proper application of ES and ES
mapping in science, decision making and

society (Chapter 7).
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3.2. Mapping techniques

CHRISTOPH TRAUN, HERMANN KLUG & BENJAMIN BURKHARD

Introduction

Mapping is about the graphical represen-
tation of spatio-temporal phenomena. II-
lustrating our complex environment by
symbols and graphics requires important
decisions: Does the chosen map type prop-
erly reflect the Ecosystem Service(s) (ES)
to be portrayed? Are more intuitive design
choices available to visualise and explain a
particular dataset? What happens if the map
type does not fit the daca? This chapter aims
to investigate popular map types like dot
maps, choropleth maps, proportional sym-
bol maps, isarithmic maps and marker maps.
We relate those types to inherent spatial and
statistical characteristics of certain ES phe-
nomena and give advice on advantages and
possible pitfalls related to their usage.

Every ES map, whether paper or digital, is a
graphical representation of ES in their geo-
graphic context. In most cases, such maps
are built to facilitate understanding of ES
in their spatial (Chapter 5.2) and/or tem-
poral (Chapter 5.3) dimension. What kind
of ES data should be presented to whom
(e.g. general public, scientific community,
ES-practitioners) greatly determine the map-
ping process: a process of abstraction from
geographic reality to the final map. Scientif-
ic cartography developed an extensive body
of theory and derived practical guidelines to
accomplish this process. A major goal there-
of is the provision of maps that can be in-

tuitively read and correctly understood and
used by the intended end user (Chapter 6.4).
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Matching data and map type

Data are the result of measurements (Chap-
ter 4.1), modelling (Chapter 4.4) or other
quantifications (Chapter 4) of geographic
phenomena. Air temperature data, for ex-
ample, is typically gathered by taking mea-
surements at several point locations. Data
on tree diameters might look similar, since
it uses the same geometry (points) and is
measured on a metric level. However, the
represented phenomenon (trees) is entirely
different in nature, since trees only exist at
discrete locations in space, while atmospher-
ic conditions are continuously distributed
and can be measured everywhere.

Different data models can be used to store,
analyse and present spatial data, for example
in Geographic Information Systems (GIS):
Vector data models represent discrete or
continuous spatial phenomena by using
points, lines and polygons. Vector data have
high accuracy for displaying features with
distinct boundaries; vector map data files
usually use less memory capacity.

Raster data represent the world in a regular
grid of cells (pixels). Raster models are often
used for continuously varying phenomena
or they are the result of remote sensing.

It is possible to convert vector to raster data
and vice versa. However, based on the differ-
ent data model concepts, such conversions
normally lead to loss of information and/or
darta accuracy.
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When defining maps as graphic represen-
tations with the aim of facilitating the un-
derstanding of spatial phenomena, mapping
techniques that properly reflect their main
spatial characteristics should be chosen. But
what does properly reflect mean? According
to the congruence principle from cognitive
design, the structure and content of visu-
alisations should correspond to the desired
structure and content of mental represen-
tations. The basic mapping concept of scal-
ing geographic space is appropriate in this
respect, since distances and directions be-
tween entities are adequately represented by
the scaled distances and directions of their
corresponding map symbols (except when
mapping on continental scale and projec-
tion distortion is apparent). Thus it facili-
tates the development of mental models on
the respective spatial configuration. Howev-
er, it makes a difference whether a spatially
continuous geographic phenomenon like
the air is represented as a set of discrete dots
or by alternative graphic means correspond-
ing better to its spatial continuity.

Spatial phenomena can be categorised based
on spatial continuity and spatial (in)depen-
dence. For each possible combination, Fig-
ure 1 suggests a specific mapping technique,
as discussed in the following section.

Spatially discrete | Spatially

(Phenomenon contiuous

only occurs at distinct, | (Phenomenon is

separate locations) defined everywhere)
Abrupt Example: Example:
changes

Number of people Strenght of

(Measured g : .

. working in National environmental
properties Parks (continental scale) rotection laws
change arksicontinentaisca’e). (! protection faws
abruptly Consider using a Consider using a
over space) Proportional Symbol Choropleth

map map
Smooth Example: Example:
changes Number of salamander | Change of mean annual
(MeaSU(ed sightings in different temperature from
properties regionsof a national park 1950-2015
change o= || TEIIS B o =

Consider using a Consider using a

smoothly Dot (densit \sarithmi
over space) ot (density) sarithmic

map map

Figure 1. Models of geographic phenomena and
suggested symbolisation methods. Simplified
after MacEachren (1992).

58

While such a scheme can assist in selecting
an appropriate thematic mapping technique
for quantitative data, there are further corre-
sponding considerations:

—  What is the intended usage of the ES
map (Chapter 5.4)? Does it merely act
as an interface with the ES relevant en-
tities, should it provide an overview on
general spatial patterns or is it intended
to allow for local comparisons?

—  Is the data related to individual locations
or is it aggregated to enumeration units?

— Is the data standardised (e.g. rates) or
not (raw counts)?

The following section describes important
thematic mapping techniques while ad-
dressing such considerations.

Mapping techniques

Common thematic mapping techniques
include dot (density) maps, marker maps,
choropleth maps, proportional symbol
maps and isarithmic maps.

Dot (density) maps

In their simplest form of one-to-one feature
correspondence, dot maps (also known as
dot distribution maps) follow a very easy
concept: at each location of the mapped en-
tity, there is a corresponding small symbol
in the map. Although this one-dot-per-fea-
ture approach is increasingly popular even
in small scales and with very large numbers
of features', dots quickly coalesce to a shad-
ing of variable intensity, which might be un-

1

htep://demographics.coopercenter.org/ DotMap/
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favourable for certain applications. In that
case, a one-to-many approach is favourable,
were each dot represents a fixed number
of entities (e.g.: 1 dot = 100 people). The
choice of the number of entities per dot is
related to the chosen dot size, the scale and
the density of feature locations. As a rule of
thumb, points should start to coalesce in the
map areas of maximum density.

Dot maps are especially suited to focus on
the distribution patterns of entities or on
differences in local densities. When using
the dot density approach for polygonal ag-
gregated data (e.g. number of people per
district), the according number of points is
placed within each polygon. To determine
the position of each point within its poly-
gon, several options apply:

— Random point distribution is straight-
forward and often used, although it
might be misleading in cases with a very
uneven distribution (e.g. randomly dis-
tributing points representing the pop-
ulation of Egypt on the country area).

— Adjust the point positioning within a
polygon by using information on den-
sities in neighbouring polygons.

—  Use of ancillary information (e.g. settle-
ment information from remote sensing
data) for more precise point allocation.

Dot density maps which are based on aggre-
gated data require absolute counts as a ba-
sis (e.g. number of persons per county). In
addition, the use of an area-preserving map
projection (see Chapter 3.1) is essential,
since the density impression results from the
number of dots per area unit on the map.

Heat maps are frequently seen derivatives
of dot maps. Instead of showing the actual
dots, they use areal colouring to represent
their density. Dense areas get more reddish
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colours (therefore “heat”) while areas with
sparse data are normally coloured in blue.
Although heat maps are quite popular, it
is somewhat difficult to derive actual point
feature numbers for a certain area.

Marker maps

Marker maps are a special form of dot maps
that emerged with the advent of web map-
ping applications such as Google maps. Ly-
ing on top of a topographic base map, every
marker or “pushpin” symbolises a feature
of interest in its geographic location. With
each marker being hyperlinked, the user
can obtain additional object information or
trigger certain actions, like booking a hotel
room. The map itself acts foremost as an
interface to data which is structured by its
spatial location.

Paper maps showing the location of entities
often use different symbols for different ob-
ject types referenced in a legend. Thus the
selection of the currenty relevant object is
petformed visually by the user. Contrary to
this, a web map allows the user to query the
objects of interest within a database first and
then show the query result in the map. Con-
sequently, no further graphical differentiation
of markers is necessary (but still possible).

Point markers are used to depict any type of
feature geometry in the map, be it points,
lines or areas. The main reason refraining
from clickable areal symbols is explained
by interaction challenges with other objects
lying within the same area. Marker maps
are often used to encode qualitative infor-
mation. They mainly inform the user about
individual locations and the spatial distri-
bution pattern of the entities of interest. To
prevent markers from coalescing in small
scales, different mechanisms for grouping
and/or selection can be applied.
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Choropleth maps

Choropleth maps are preferably used to map
darta collected for areal units, such as states,
census areas or eco-regions. Their main pur-
pose is to provide an overview of quantita-
tive spatial patterns across the area of inter-
est. To construct a choropleth map, the data
for each unit is aggregated into one value.
According to their values, the areal units are
typically grouped into classes and a colour is
assigned to each class. This requires the use
of meaningful colour-schemes* (Chapter
3.3), representing the sequential or diverg-
ing nature of the mapped phenomenon.

Although choropleth maps are very com-
mon, several pitfalls are inherently associat-
ed with them:

Variation within units is ignored, although
the mapped phenomenon might vary con-
siderably within (especially larger) units.

The boundaries between units often do not
align with discontinuities in the mapped
phenomenon. Especially the historically
defined boundaries of administrative units
often poorly align with spatial discontinu-
ities of current social or natural processes
(Chapter 5.2). Both problems, namely the
variation within units and the definition of
spatial boundaries apply for many ES and
belong to the so called Modifiable Areal
Unit Problem (MAUP; see Chapter 6.1).

Choropleth maps are only suitable for
mapping standardised (“normalised”) data
like rates (yield per ha per year) or densi-
ties (persons per km?). Mapping absolute
values (e.g. counts of persons per unit) is
wrong since size differences of individual
units will greatly affect the result: large units
will tend to have higher values, small units
lower ones. Even for experienced map users,
it is impossible to mentally disentangle the

? http://colorbrewer2.org
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resulting relationship between unit-size and
colour for correcting the wrong impression
of spatial distributions (compare Figure 2).
However, in most cases, standardised values
can be easily derived from raw counts.

In summary, choropleth maps are a good
choice to demonstrate standardised data ag-
gregated to areal units, especially if there is
little variation within units and the bound-
aries of the units are meaningful for the
mapped phenomenon.

Proportional symbol maps

Based on our assumption that ‘larger’ means
‘more’, proportional symbol maps use vari-
ation in symbol size to depict quantities.
While the size of point symbols can be used
to denote quantitative attributes of point
features (e.g. spring symbols scaled to wa-
ter outputs), scaled point symbols are also
used to represent data aggregated to areas, as
discussed for choropleth maps. Contrary to
the latter, not only is the colour of the areal
units modified based on an attribute, but a
point symbol is positioned within each area
and the size of this symbol is scaled accord-
ing to the desired attribute. Since comparing
sizes is much easier than comparing shades,
proportional symbol maps are especially ef-
fective for comparison tasks. According to
the scheme in Figure 1, proportional symbol
maps best connote spatially discrete entities
with spatially unrelated attributes. In con-
trast to choropleth maps, they are capable
of handling absolute data like raw object
counts within differently sized areas. This is
possible due to the fact that larger symbols
can be related to larger areas quite intuitive-

ly (Figure 3).

In their basic form, the area of a symbol is
scaled proportionally to the magnitude of
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the mapped attribute. However, several vari-
ants apply:

— Although the subject is controversial,
perceptual scaling tries to adjust the
symbol size to compensate the empiri-
cally tested tendency for underestimat-
ing the area of large symbols.

— The use of 3D-symbols like spheres
or cubes allows scaling proportional-
ly to symbol volume instead of area.
Although volumes are estimated even
more badly, this might be useful when
large spans of data values have to be ac-
commodated in the map.

— For data of extremely large or very
small value ranges, data values might be
classed and classes are assigned a set of
‘graduated’ symbols. While symbol sizes
still represent the order of classes, sym-
bols are not proportional to the magni-
tude of values any more. Thus additional
information (e.g. in a legend) pointing
to that fact is crucial for interpretation.

— At times, data is composed of sever-
al subgroups (e.g. total population by
gender or age groups). To show this
further subdivision, scaled diagrams
can be used instead of plain symbols.
Pie charts are often chosen due to their
compactness.

Often, proportional or graduated symbols
will overlap. While overall downscaling
might be a solution, a small amount of over-
lap is acceptable. Using half-transparent,
simple symbols like circles is a good strate-
gy to cope with overlap as well. Web maps
sometimes use cross-breeds of markers and
proportional symbols: instead of permitting
marker-overlap in small scales, nearby mark-
ers are aggregated into one symbol scaled to
the number of markers it contains.
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Isarithmic maps

Many ecosystem processes like climate reg-
ulation or air quality regulation take place
in a spatially continuous manner. As a con-
sequence, the related ES are also gradually
varying over space. Isarithmic maps connect
points of the same value (at certain intervals)
by a line (=isoline) and are especially useful
to map such smoothly changing ‘continuous
field” data. The most prominent examples
of isolines are contour lines in topographic
maps, connecting points of the same eleva-
tion. This concept can be used for all types
of continuous fields. Isarithmic maps can be
combined with areal colouring using con-
tinuous colour ramps. Alternatively, the ar-
eas between the isolines can be filled with a
sequence of classed colours. A combination
of isolines with analytical hill-shading inten-
sifies the ‘surface’-character of the mapped
phenomenon.

The construction of isarithmic maps re-
quires surface data, commonly modelled
as point grid or Triangulated Irregular Net-
work (TIN). Grounded on a base value and
an interval, isolines are constructed from
the field model using spatial interpolation.
Using, for example, a base value of 50 and
an interval of 100 to display a surface with
values ranging between 54 and 320, iso-
lines of the value 150 and 250 will be the
result. Since isarithmic maps emphasise the
continuous, smoothly varying character of
a phenomenon, it is advisable to use them
for such phenomena even though the data
is being provided as discrete samples. As an
example, data on ecological vulnerability
based on districts could be considered: while
cach district might have assigned a value
indicating its vulnerability, local vulnera-
bility might smoothly change over space,
independently of sharp district borders. De-
pending on the intended message (‘objective
representation of risk’ versus ‘hey governor,
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you are responsible for this highly vulner-
able district, act”’) it might make sense to
create a continuous vulnerability surface
from polygonal data and udilise an isarith-
mic map for its communication. When fol-
lowing such an approach, it is important to
use only standardised (relative) values from
enumeration units for surface generation.
Methods like pycnophylactic interpolation
or area-to-point kriging, guarantee that the
overall volume remains constant while the
surface is smoothed.

Apart from the basic thematic mapping
concepts described so far, there are nu-
merous other techniques: Cartograms?®,
dasymetric maps, flow maps, animated
maps* or perspective views are just some
examples for techniques meeting more
specialised purposes.

Choosing an appropriate base
map

A typical ES map consists of a topograph-
ic base map and one or more superimposed
thematic layers showing the desired ES data.
The base map provides the geographic refer-
ence to the ES data, informing the user on
location while simultaneously providing a
sense of the actual map scale. Depending on
the used mapping framework’, there is often
a choice between various base maps®. Some
base maps can also be edited by the user to
highlight or subdue certain object classes.

When choosing a base map, several aspects
must be considered:

—  Thematic support: The base map should
support the thematic ES information;

http://www.worldmapper.org/
4 heep://hint.fm/wind/
> heep://tools.geofabrik.de/mc/

http://maps.stamen.com
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therefore it depends on the mapped ES
topic, what kind of geographic features
should be part of the base map. While
some base maps focus on the street net-
work’, others emphasise the terrain or
highlight administrative boundaries.
Users should carefully think about what
kind of information is required to sup-
port the mapped ES topic.

—  Visual prominence: Base maps provide
ancillary information, thus their place
is in the visual background. In a digi-
tal context there are two common con-
cepts to accomplish this: A dark base
map with bright and saturated thematic
information on top or a light and un-
saturated base map overlaid by darker
and more saturated thematic layers.

—  Visual density: At each scale level, the
base map should have approximate-
ly the same visual density (number of
shown features per area). If the themat-
ic ES layers are rather complex, a base
map with a rather low visual density
(e.g. only coastline and country bound-
aries) should be chosen.

Generalisation

Due to scale limitations it is not possible to
show all spatial objects with all their detail
in the limited map space. Generalisation
aims to represent the ES-information in a
level of detail appropriate for a given scale,
user group and use context. It is necessary
in cases where the visual density in maps is
increasing rapidly, symbols overlap or to-
pological conflicts become evident due to
graphical scaling. Figure 4 shows typical
operations applied in the generalisation pro-
cess. Although the application of some of
those operators can be automated, it is the

7 https://www.openstreetmap.org
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Figure 4. Typical operators for generalisation.
Modified after Phillipe Thibault (in: Slocum, 2009).

responsibility of the map maker to decide
on the relevance of specific ES information.

Conclusions

Map-makers can harness the broad knowl-
edge base, experience and techniques avail-
able from cartography. ES-maps display
highly  complex human-environmental
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systems, consisting of discrete and contin-
uous features. This complexity should also
be respectively reflected in the maps, which
need to be logical, clear, understandable and
well-designed.
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3.3. Map semantics and

syntactics

BENJAMIN BURKHARD & MARION KRUSE

Introduction

Map-making and cartography combines sci-
ence, arts, aesthetics and techniques that fol-
low map-specific logic. Thus, cartography is
strongly based on semiotics, the theory and
study of signs and symbols. Map symbol-
isation is a key attribute of each map that
determines the map elements (Chapter 3.1)
and their applicability for communication
(Chapter 6.4) and other uses (Chapter 7).
Knowledge about basic semiotic principles
is needed to produce proper ecosystem set-
vices (ES) maps that are fit for purpose.

Semiotics comprises semantics, syntactics
and pragmatics:

e Semantics is the study of the relation-
ships between signs and symbols and
what they represent,

e Syntactics deal with the formal prop-
erties of languages and systems of sym-
bols and

*  Pragmatics analyse the relationships
between signs and their users.

This chapter introduces map semantics and
syntactics, which are the basis for the proper
use of symbols, patterns and colours for dif-
ferent mapping purposes and scales. Chap-
ter 6.4 deals with map pragmatics.

Graphic variables

Map features can be points, lines or areas
(polygons). They are positioned on a map
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relating to their location in reality, the map
scale and map projection (Chapter 3.1). Ad-
ditional information is communicated by
the choice of the map symbols’ shapes, sizes,
colour hues, colour values, colour intensi-
ties and textures. According to the different
graphical variables’ semantics, they are best
used to show qualitative or/and quantitative
differences. Most ES maps and ES model
outputs (Chapter 4.4) are choropleth maps
(Chapter 3.2) displaying areas of ES supply or
demand. Some ES and landscape features are
displayed as point or line features. Figure 1
gives an overview of the six key graphical vari-
ables and how they can be used for mapping,.

Shape

The map symbols’ shapes are used to repre-
sent qualitative differences in thematic maps.
In many cases, the shape is a logical connec-
tion to the feature that it represents (e.g. a
petrol pump representing a gas station or a
bed indicating a hotel). Text or respective let-
ters/abbreviations are also often used (e.g. ‘P’
for car parking or ‘H’ for hotel). Shapes or
adaptations of shapes are most often used for
spatially discrete point features (see Chapter
3.2). They are rarely used for line features
but can be applied in the form of cartograms
(or anamorphic maps) for area features. In
anamorphic maps, mapped areas are resized
based on particular indicator values.’

! See for examples: http://www.worldmapper.org/
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Figure 1. Key graphic variables and their application in mapping (inspired by understandinggraphics).

Another relevant graphic feature that can be
related to shape is orientation, which can be,
for example, used to indicate directions of
ES flows, movements or directional ES con-
nections (Chapter 5.2). Topic-specific maps
(e.g. geological map or weather maps) con-
tain highly complex and specialised sym-
bols. These maps often use their own logic
of semantics and non-specialists can have
difficulties interpreting them.

Size

Size is mainly applied in graphics to express
quantitative differences, i.e. variations in
amount or count (such as ‘the more the larger’
and, vice versa, ‘the less the smaller’). Size can
also be used to suppress less important fea-
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tures. The size of point and line features can
be chosen accordingly, but following a rule of
thumb to choose the difference in size accord-
ing to quantitative differences in the features
(e.g. double size for a double amount; see
‘Classification of data’ below). For graphical
reasons, some smaller linear or point features
(e.g. streams) are often enlarged, although the
proportional size to other symbols might not
represent reality (see ‘generalisation’ Chapter
3.2). The meaning of the different sizes (their
semantics) should be explained in the map
legend by providing the quantitative numbers
that are behind the symbols (Chapter 3.1).
Size variations of area features should refer to
anamorphic maps or cartograms.

Combinations of different visual variables

are possible, such as dot maps (see Chapter
3.2), illustrating distributions and densities
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by the symbols’ shapes and quantities by
their sizes. Depending on the scale of the
map and the complexity of the landscape to
display, shape and size may not offer suffi-
cient detail or visibility for small symbols.

Colour hue, value and intensity

Colour hue is arguably the most powerful of
the graphical variables. It can be applied to
poing, linear and area map elements. Differ-
ent colour hues can relatively easily illustrate
qualitative differences such as different land
cover types in area maps. Variations in co-
lour value or intensity are commonly used
to portray quantitative differences in both
dot and choropleth maps (see Chapter 3.2).

When using colour in maps, the map-maker
needs to be aware that the different colours
have specific meanings for many people and
cause different psychological effects when
viewed. Figure 2 shows some examples, noting
that there are many different interpretations
on colours based on the subject area and cul-
ture. In many cultures green stands for positive
developments whereas red is often related to
negative things such as intense heat or danger.

power hope
sophistication clségr’:llilr?g:s
By oodness
death 9 .
purity

intellect ) ) love
friendliness innovation passion

warmth creativity romance

caution thinking danger
cowardice ideas energy

life peace
growth sincerity
confidence
integrity
tranquilty

royalty
luxury
wisdom
dignity

nature

money
freshness

Figure 2. Possible psychological associations of
different colours for viewers (based on: http://gui-
ty-novin.blogspot.de/2014/07/chapter-70-history-
of-color-color-wheel.html).
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Due to the omnipresent nature of map-
ping products in all kinds of media, the
map-maker needs to be aware that many
colours are connected with particular geo-
graphic phenomena (e.g. green for forests,
blue for water bodies, red or black for urban
areas; see for example the European CO-
RINE land cover data set)”. Applying such
commonly used colour schemes is essential
for an easy and correct communication of
the map content (see Chapter 6.4).

Texture

Texture can efficiently illustrate qualitative
differences, for example different soil types,
land uses or hydrological units. Similar to
colour hue, texture can be applied for point,
linear and area map features (see Figure 1). In
combination with varying colour hues, dif-
ferent thematic layers (topics) can be shown
in one map. Quantitative differences can be
portrayed in choropleth maps by applying
increasing or decreasing texture densities
(Chapter 3.2). However, mixing too many
different texture types or changing direction
of linear patterns can result in an over-com-

plicated map design and should be avoided.

Classification of data

The normal map-user has a limited capacity
to differentiate between a large number of
colour (or grey) values or intensities. There-
fore it is often necessary to classify (group)
quantitative data that are to be portrayed in
the thematic map. A small amount of graph-
ic variations then appears in the map based
on the reduced number of pre-defined data
classes. Aggregating of map features into
appropriately-defined classes increases the

2 http://www.eea.europa.cu/data-and-maps/fig-
ures/ corine-land-cover-types-2006
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readability and the usefulness of the map.
Distribution patterns in the landscape can
be identified easier. The choice of the ap-
propriate data classification method and the
number of classes has a significant bearing
on the quality of the final map. Data classi-
fication should be carried out carefully and
with consideration to the data distribution
and the purpose of the map. The data distri-
bution can be checked by using histograms
(Figure 3).

Figure 3. Example of ArcGIS™ data classification
interface with histogram.

The most common data classification meth-
ods are:

e Equal intervals,

¢ Quantiles,

e Natural breaks (Jenks),
e Geometric intervals and
e Standard deviations.

GIS or cartography software programmes
(see Chapter 3.4) normally offer algorithms
and standardised procedures for classifica-
tion of data (Figure 3).

Equal intervals

The data are divided into equal-sized inter-
vals (such as an interval of 2, resulting in
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the classes 0-2; 2-4; 4-6; etc.)®. Equally-dis-
tributed data (showing a rectangular shape
in the histogram) would result in equal
number of values in ecach class. However,
data is usually normally-distributed with
fewer values in the extreme (minimum and
maximum) classes. This may lead to unequal
representation of values in each class. Nev-
ertheless, equal interval data classifications
are recommended for many quantitative
data and natural phenomena. In combina-
tion with equally-spaced colour values or
saturations from one class to another, the
classified map can normally be understood
faster (e.g. the 4™ class represents a double
quantity compared to the 2™ class; see also

Chapter 5.6.4).

Quantiles

When using quantiles, all available data
values are divided into unequal-sized
intervals so that the number of values is the
same in each class. Different from the equal
interval method, each class (including the
extremes) have the same number of values.
This often leads to maps with more classes
portraying the middle value ranges. The
map-user has to be aware of the classification
method and carefully check the map legend
when reading the map.

Natural breaks (Jenks)

The natural breaks classification method is
applied by checking the data distribution
(for example in a histogram or in a graph)
and placing class breaks around data

> To avoid double-representation of data, each
subsequent class must start with the next higher
value than the one before ended (i.e. 0-2; 2.1-4;
4.1-6 etc.) (cp. Figure 4).
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Equal intervals Quantiles Natural Breaks (Jenks)
0.1-13 0.1-14 0.1-16
14-25 15-20 17-24
B 26-37 B 21-26 B 25-32
B 38-49 Bl 27-32 Bl 33-43
Bl 50-6.1 Bl 33-42 Bl 44-57
Il 62-73 Hl 43-73 Hl 53-73

Figure 4. Effects of different data classification methods on resulting maps.

clusters. This avoids large value variations
within one class and highlights differences
between different classes. As with quantile-
based classified maps, the map-creator and
reader must be aware of the effects of this
(sometimes subjective) data classification on
the resulting map.

Figure 4 shows examples of the different
classification methods applied to the same
dataset. In the example, quantiles produce
the most heterogencous map but there are
only minor differences for equal intervals
and jenks. The classification method must
be carefully selected based on the data set
and the desired map product.

Common mistakes

An inappropriate selection and application
of graphic variables or the wrong data clas-
sification method can lead to map misinter-
pretation (Chapter 6.4), confusion or pro-
duction of poor map products. Bad choice
of colours, the most powerful graphic vari-
able, can render a map useless.
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A common mistake, which has been heavily
stimulated by the seemingly easy map-cre-
ation with various GIS, cartography and
presentation software programmes, is the
choice of too vibrant colour ramps that
combine contrasting hues and go across
for example red-blue-orange-green-yellow-
brown colour schemes ignoring effects that
different colours have on the map-user.
Most map users may not be able to dif-
ferentiate more than six or eight different
colours within one map, depending on the
map’s complexity and the size of the de-
picted symbols. This number may be lower
for people with limited colour vision. An-
other important consideration when creat-
ing colour maps is that colours are not rec-
ognisable if the map is reproduced in black
and white or greyscale. Even if printed in
colour, mismatches can occur between the
printed version and the computer screen if
different colour models are used.

Using bad map symbols that do not follow
the logics of map semantics, syntactics and
pragmatics often leads to noises in the map-
maker/map-user communication (map cod-
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ing; Chapter 6.4). Different cultural, societal
or educational backgrounds may lead to dif-
ferent interpretations of symbols. A cartog-
rapher or a trained map-user will interpret a
map differently from a novice map user.

Another common mapping mistake relates to
the Modifiable Areal Unit Problem (MAUP;
see Chapters 3.2 and 6.1). MAUP becomes
especially relevant when using different co-
lour values or intensities in choropleth maps.
Additionally, the use and combination of too
many different colours, patterns and symbols
hamper easy and appropriate map compre-
hension by giving the map a ‘nervous’ look.
Maps that are overcharged with information
might run the risk of being ignored.

The map-maker needs to be aware of the fi-
nite capacity of the map-user to differentiate
between the various graphic variables, espe-
cially in complex maps covering large spatial
scales (Chapter 5.7). The appropriate classifi-
cation of quantitative data is therefore a very
important step in thematic map compilation.

Solutions

When choosing from the different graph-
ic variables shape, size, colour hue, value,
intensity and texture presented above, the
map-maker needs to be aware of the seman-
tics and syntactics relevant to the choices.
The semantic and psychological effects of
different colours should therefore be care-
fully considered and maps should not be
overloaded with too many different colours.
When illustrating quantitative differences,
the colour ramp should only have one or
two colour hues (Figure 5) and the colour
intensities should be adapted according to
the quantitative data.

It is also advisable to check the visibility of
the selected colours after printing in black
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Figure 5. Examples for single hue colour ramps.

and white. Texture may be a better choice
than colour hue or intensity to portray dif-
ferent classes in black and white maps.

Regional peculiarities need to be taken into
account when compiling ES maps because
of the trans-disciplinary and complex nature
of ES. Involving stakeholders and harness-
ing their local or subject-specific knowledge
can help to avoid cultural traps or misin-
terpretations. A stepwise process that seeks
feedback from stakeholders and map-users
can help to improve maps and reduce the
number of map misinterpretations.

A proper map legend showing all symbols,
symbol sizes, colour hues, values, intensities
and orientations that appear in the map is
mandatory in each map in order to read the
map accordingly (see Chapter 3.1). Text in
maps, where useful and appropriate, can
support the information given by the map
symbols. It must be legible, easy to compre-
hend and in the language of the map-user.

Specifics of ecosystem service
maps

ES science involves several scientific disci-
plines and links multiple topics and quan-
tification methods (Chapter 4) at various
spatial and temporal scales (Chapter 5.7).
Therefore ES mapping includes several chal-
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lenges (see Chapter 3.7), that can be related
to map semantics and syntactics.

The six key graphical variables described
above are also applied in ES maps, depend-
ing on the ES to be displayed, what has to
be mapped (Chapter 5.1), where (Chapter
5.2), when (Chapter 5.3) and why (Chap-
ter 5.4). Many regulating ES (Chapter
5.5.1) can, for example, be related to nat-
ural phenomena which are often indicated
by the choice of texture or orientation (e.g.
for flows). Different intensities are depicted
with appropriate colour hues. Provisioning
ES maps (Chapter 5.5.2) often display ser-
vice providing areas (Chapter 5.2), which
can be point units (graphical shape) or area
units (mostly displayed in choropleth maps;
see Chapter 3.2). Quantities of ES supply
can be portrayed by size variations (point
sources, linear flows) and gradational colour
values, intensities or textures. Cultural ES
(Chapter 5.5.3) can be related to spatially
discrete point features (e.g. iconic land-
marks or religious sites displayed by map
symbol shape variations) or more continu-
ous area features (aesthetic experience based
on viewsheds or landscape setting displayed
by area features).

Conclusions

The map-makers have to take responsibility
for their products as it is easy to impress or
mislead map-users with colourful and at-
tractive maps. ES maps are of high political,
societal and economic relevance (Chapter
7). Therefore their compilation should close-
ly follow the logics and the well-founded
knowledge from graphic semiology. Based
on the diversity of ES map-makers, map-us-
ers, the complex topics to be displayed and
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their high societal relevance, ES maps need
to be designed with care. Well-constructed
maps can properly communicate and ex-
plain complex ES phenomena.
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3.4. Tools for mapping
ecosystem services

IGNAC1I0 PALOMO, KENNETH J. BAGSTAD, STOYAN NEDKOV,
HERMANN KLUG, MIHAI ADAMESCU & CONSTANTIN CAZACU

Background

Mapping tools have evolved impressively
in recent decades. From early computerised
mapping techniques to current cloud-based
mapping approaches, we have witnessed a
technological evolution that has facilitated
the democratisation of Geographic Infor-
mation Systems (GIS). These advances have
impacted multiple disciplines including
ecosystem service (ES) mapping. The infor-
mation that feeds different mapping tools
is also increasingly accessible and complex.
In this chapter, we review the evolution of
mapping tools that are shaping the field
of ES mapping together with the different
sources of information that exist at this
point. We discuss briefly the suitability of
these approaches for mapping different ES
types and for different scientific and policy
aims. Finally, we elaborate on the integra-
tion of multiple tools (from desktop ap-
plications to sensor, web-based, or mobile
devices) and on the future developments of
these methods and the possibilities they may
open for ES mapping.

Introduction

ES mapping has achieved rapid progress in
a very short time frame. To our knowledge,
the first peer-reviewed ecosystem service
maps were published in 1996 and, since
then, a large number of ad hoc mapping
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studies have been conducted and a variety of
tools have been developed to systematise ES
mapping. The progress we have witnessed
corresponds to advances in computing pow-
er, modelling and GIS, the recognition of a
plurality of ES approaches (i.c., participato-
ry mapping (Chapter 5.6.2) and biophysi-
cal modelling (Chapters 4.1 and 4.4), and
the consensus that ES maps provide a direct
connection between ES and the landscape
and therefore with policy (Chapter 7.1).

Description of main mapping
software, tools and databases

Computing power and data availability that
support GIS analysis have evolved substan-
tially in recent years. Several freeware GIS
platforms have been developed, such as
QGIS (Quantum GIS), GRASS GIS (Geo-
graphic Resources Analysis Support System
GIS), SAGA (System for Automated Geo-
scientific Analyses), and gvSIG (Generalitat
Valenciana Sistema de Informacién Geogré-
fica) that provide similar functionality to

the popular commercial ArcGIS software
from ESRI (a list of GIS software is avail-
able here').

Specific modelling approaches for mapping
ES have been developed by different institu-

! https://en.wikipedia.org/wiki/List_of_geograph-

ic_information_systems_softwarc
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tions worldwide, resulting in a wide variety
of possibilities for ES analysts” use (Table 1,
also see chapter 4.4). Most of these tools are
openly available to the public and are con-
stantly evolving. Training for the potential
users of these tools is of importance for their
accessibility and use for decision support.
The operational time necessary for their ap-
plication to case studies ranges from hours
(simple spreadsheet-based tools) to several
months (advanced software tools).

(e.g., hydrological models such as the Soil
and Water Assessment Tool, SWAT or Vari-
able Infiltration Capacity model, VIC for wa-
ter-related ES); and (3) integrated modelling
tools designed specifically for ES assessment
(e.g., InVEST, ARIES). The first approach is
applicable for simple land cover-based anal-
yses and indicator-based ES mapping (see
Chapter 5.6.4) that have been used for exam-
ple in Mapping and Assessment of Ecosys-
tems and their Services (MAES). The second

Table 1. List of the most common ES mapping tools.

Services (MIMES)

Tool Platform Scale? Source
Integrated Valuation of .. . .
. ArcGIS/Stand- Municipal to | http://www.naturalcapitalproject.
Ecosystem Services and alone rovincial org/invest/
Tradeoffs InVEST) P 8
Artificial Intelligence for Graphical User Municipal to http://aries.integratedmodelling.
E tem Services (ARIES) Interface (GUI)/ ncial )
cosystem Services Web-based provincia org
Multiscale Integrated . http://www.afordablefutures.com/
L. Village/farm . . .
Models of Ecosystem Simile software to global orientation-to-what-we-do/services/

mimes

Social Values for Ecosystem
Services (Solves)

ArcGIS

Municipal to
provincial

http://solves.cr.usgs.gov/

Land Utilisation Capability
Indicator (LUCI)

ArcGIS

Village/farm

to provincial

http://www.lucitools.org/

Integrated Model to Assess
the Global Environment
(IMAGE)

Set of models

Global

htep://themasites.pbl.nl/models/
image/index.php/Welcome_to_
IMAGE_3.0_Documentation

CoSting Nature Web-based, Mun_lcl;_)al to http.:/ /www.policysupport.org/
Google Earth provincial costingnature
Ecosy.stem Valuation Web-based Mun.1c11.3 al o http://esvaluation.org/
Toolkit provincial
Android Municipal to | hetp://www.ufz.de/index.
ESM-App Smartphone app | provincial php?en=33303

The use of GIS in ES mapping can take three
general approaches: (1) analysis tools builc
into GIS software packages; (2) disciplinary
biophysical models applied for ES assessment

approach is appropriate for more complex
model-based analyses of services that inte-
grate expertise from specific disciplines (e.g.,
ecology for crop pollination or hydrology

2 Malinga et al. (2015) define scales as follows: village/farm < 60 km? municipal 60-8,709 km? provincial
8,709-83,000 km?; national 83,000-1,220,000 km?; continental > 1,220,000 km?.
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for flood regulation mapping). The third ap-
proach extends the second one by utilising
modelling tools that can assess trade-offs and
scenarios for multiple services.

Several ecosystem service valuation data-
bases have been developed as well, such
as The Economics of Ecosystems and
Biodiversity (TEEB) Valuation Database
and the Ecosystem Valuation Toolkit and
these might be used to create ES maps. The
Ecosystem Services Partnership (ESP) Vi-
sualisation Tool is a database consisting of
ES maps prepared by different researchers
intended to promote synthesis of mapping
studies (see chapter 7.9).

Applicability of mapping tools

In-depth assessment of the different map-
ping tools is necessary to understand which
one will best fit the user’s ES mapping con-
text: time and data availability, mapping
skills, types of services to map, accuracy re-
quired, expected impact in decision-making
and overall study aims. This means that no
tool fits all criteria perfectly. Some highly
complex models can provide policy support
in regions with considerable time, data and
personnel resources. Other approaches exist
that allow ES to be mapped with more lim-
ited budgets and shorter time frames. The
intended use of the maps (i.e., for raising
awareness or direct use in policy-making)
will also influence the decision on which
tools to use (see Chapter 5.6.1).

In many cases, the type of ES under assess-
ment will determine the mapping approach
or tools to use. Services such as water regu-
lation usually require modelling approaches
that integrate meteorological databases, veg-
etation, soils and topographic data (Chapter
5.5.1), while others such as cultural identity
might require a participatory mapping ap-
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proach (Chapters 5.5.3 and 5.6.2). Oth-
er services such as food production might
use complex agricultural models or indi-
cator-based approaches (Chapter 5.5.2).
However, the complex nature of ES and the
inter-linkages between provisioning, regulat-
ing and cultural services have led to the use
of different tools for each ecosystem service.

It is also important to consider how different
mapping tools account for accuracy, reliabil-
ity and uncertainty. Accuracy is established
through successful calibration, reliability
through successful application in different
contexts and uncertainty through methods
that estimate and transparently commu-
nicate uncertainty. These aspects have not
been adequately covered in the past and
still need to be developed for several tools.
Greater transparency in the presentation of
results and associated uncertainties (Chap-
ter 6) is needed so that informed decisions
can be made about the extent to which ES
maps can be used for different purposes and
which tools are best applied in different con-
texts and locations.

Future developments

Several challenges lie ahead for mapping ES.
These are related to the progress that is cur-
rently underway in research and monitor-
ing, remote sensing, sensor networks, data
storage, data and knowledge integration,
data harmonisation and sharing, database
and tool maintenance and crowdsourcing,
among others.

On the technical side, the accumulation of
a growing quantity of data raises the chal-
lenge of effective storage and analysis of
large amounts of data and is leading to an
increased emphasis on machine learning,
pattern recognition (in complex data or re-
mote sensing products), and data mining.
Initially high data storage requirements were
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addressed by large data storage and super-
computer facilities, but falling costs of dis-
tributed solutions have pushed computing
towards scalable clusters of computers, grids
and cloud computing, all aimed at increas-
ing demand-driven computational power.
Some ES modelling approaches using grids
include: Tropical Ecology Assessment and
Monitoring (TEAM) Network, Web-based
Data Access and Analysis Environments for
Ecosystem Services, ARIES, enviroGRIDS
and biodiversity virtual e-laboratory (Bio-
Vel). The advantage of grids/clouds is that
they are on-demand, self-service approach-
es, so the user can unilaterally obtain the
necessary computing capabilities, such as
server time and network storage, without
having to interact with each service’s pro-
vider. Cloud-based modelling tools and in-
terfaces (e.g., OpenMI) will enable the joint
development of and access to modelling and
visualisation tools.

The ongoing development and maintenance
of ES mapping tools (including free open-
source software) require adequate funding.
Further integration of ES mapping tools
with policy will contribute to ongoing de-
velopments in the field and a tailored ap-
proach towards decision-making aims.

Disclaimer

Any use of trade, product, or firm names is
for descriptive purposes only and does not
imply endorsement by the U.S. or any other
Government or by the authors of this article.
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3.5. Mapping ecosystem types

and conditions

MARKUS ERHARD, GEBHARD BANKO, DANIA ABDUL MALAK &

FERNANDO SANTOS MARTIN

Introduction

Ecosystems are defined by the UN Con-
vention on Biological Diversity (CBD) as
‘a dynamic complex of plant, animal and
micro-organism communities and their
non-living environment interacting as a
functional unit’. Ecosystems are therefore,
by definition, multi-functional. Each eco-
system provides a series of services for hu-
man well-being either directly, for example,
as food and fibre, or more indirectly by, for
example, providing clean air and water, pre-
venting floods or providing recreational or
spiritual benefits.

Ecosystems contain a muldtude of living
organisms that have adapted to survive
and reproduce in a particular physical and
chemical environment, i.e. their natural
condition. Anything that causes a change
in the physical or chemical characteristics of
the environment has the potential to change
an ecosystem’s condition, its biodiversity
and functionality and, consequently, its ca-
pacity to provide services. Up to the pres-
ent, ecosystem service (ES) assessments have
been based on ecosystem extent and spatial
distribution as basic input parameters. The
inclusion of condition assessment would
add value in terms of ecosystem quality.
The provision of timber, for example, not
only depends on the availability of forests,
but also on the species composition and age
class distributions of the forests. Pollination
services might be highest in grass- and crop-
lands but are also highly influenced by plant
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species diversity of these ecosystems which
again are also triggered by nutrient content
and management.

The concept of ecosystem mapping and
conditions assessment can be applied at all
spatial and temporal scales. Spatial explic-
itness is important to characterise ecosys-
tems in terms of their natural conditions
determined by climate, geology, soil prop-
erties, elevation etc. and, in terms of their
physical and chemical conditions, how they
are influenced by anthropogenic pressures.
Local or regional assessments require more
detailed information for adequate decision
support. Usually national and continental
mapping is less detailed but provides im-
portant information at the strategic level.
In any case, active stakeholder involvement
is recommended to design and adapt the
assessments for successful implementation
into the decision process.

Mapping ecosystem types

Should no map of ecosystems or habitats be
available, a feasible proxy has to be developed
as shown in Figure 1. The basic geometry and
main classes in appropriate spatial resolution
can be derived directly from satellite images'
or from existing land cover / land use maps.

! See e.g. http://www.earthobservations.org/geoss.php
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EUNIS data
Species and Habitat data

Ecosystem map
enhanced version

EU Habitat Directive (HD),
Bird Directive (BD),

Water Framework Directive (WFD),
Marine Strategy Framework
Directive (MSFD)

Mapping ecosystem extent

Thematic refinement
Elevation, soil, geology, climate, phenology,
potential,natural vegetation

Mapping ecosystem condition

Figure 1. Work flow for ecosystem mapping and condition assessment.

For policy-relevant information, the map
should be re-classified using an ecosystem
typology which represents the most im-
portant types of their human management
to make best use of their services, e.g. by
agriculture, forestry, fisheries, water man-
agement, nature protection or territorial
planning. These management lines are also
usually implemented in the respective legis-
lations which are important cornerstones in
the decision-making process. In case further
geometric refinements are required, these
can be performed by, for example, integrat-
ing more detailed information about rivers
and lakes, green linear elements such as
hedgerows or detailed maps of urban areas
or protected areas.

If needed, such a basic map can be further

refined thematically by providing more de-
tailed information about the natural char-
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acteristics of the ecosystems and their bio-
diversity. GIS—based, so-called envelope- or
niche-modelling as developed for habitat or
climate change impact studies, allows the
combination of non-spatially referenced
species or habitat information with a set of
environmental parameters such as elevation,
soil, geology, climate, phenology, potential
natural vegetation etc. to delineate the most
likely areas of ecosystem presence.

This probability mapping of ecosystem
presence depends on the accuracy of the
descriptors of its natural boundaries (e.g.
alpine meadows or calcareous broadleaf for-
ests) and the availability and quality of the
respective data to delineate and map these
boundaries. Further enhancement can be
performed by attributing statistical informa-
tion e.g. crop yields or forest inventory data
to the respective ecosystem classes.
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Mapping ecosystem conditions

Mapping of ecosystem types provides infor-
mation on the natural conditions. To assess
the current capability of ecosystems to pro-
vide services for human well-being requires
information about their current conditions
which are induced by human activities.

For decision support, the most compre-
hensive and informative approach for the
assessment of ecosystem conditions should
include direct mapping and assessments in
combination with information about the
direct and indirect pressures which induce
these conditions. This approach provides
information on both the current environ-
mental state and expected changes due to
constant, increasing or decreasing pressures.
Additionally, important information for
risk assessments can be derived. Time lags
between pressures and changes in ecosystem
conditions are often triggered by buffering
processes which indicate the resilience of
species and ecosystems to the different types
of stress factors affecting their condition.

For better understanding of the different pro-
cesses affecting ecosystem condition and the
link to human activities, the DPSIR (Driv-
ers, Pressures, State or Condition, Impact,
Response) approach is often used (Figure 2).
Drivers to cover our demand for ES and oth-
er natural resources induce pressures which
affect ecosystem conditions. The impacts
should create (policy) responses which should
again change the drivers and the way we
manage our environment to cope with neg-
ative impacts. The DPSIR approach should
be considered not as absolute but relative to
the ecosystem processes under consideration.
The nutrient conditions of agro-ecosystems,
for example, are the pressures for freshwater
ecosystems and both conditions are pressures
for marine ecosystems.

Chapter 3

Pressures affect ecosystem conditions ei-
ther by concentration (e.g. ozone) or by
accumulation (e.g. nitrogen and pollution
load). The Millennium Ecosystem Assess-
ment 2005 identified five different anthro-
pogenic main pressures affecting ecosystem
conditions: habitat change, climate change,
invasive species, land management and pol-
lution/nutrient enrichment.

Drivers
Population,
economic growth,
technology

Response
Policy measures to
reduce impacts
(protection, pollution
reduction, land
management

Pressures
Habitat change,
climate change,

over-exploitation,
invasive species,
pollution

State/condition
Habitat quality,
species abundance
and diversity, water
quality etc.

Impacts
Change in ecosystem
state (habitat loss
or degradation,
change in species
abundance etc.)

Figure 2. DPSIR framework for assessing
ecosystem condition.

Human pressures are either direct, i.e.
mainly from land use, or indirect, i.e. by
air pollution or anthropogenic climate
change. Important for ecosystem condi-
tions are the strength of the pressure signal,
its persistence if cumulative and its change
over time. Time-series of observed chang-
es in pressures are, therefore, important to
analyse the causal connectivities between
pressures and current condition for each
ecosystem type and each spatial unit. The
trend in pressures also provides a first in-
sight into the expected changes in the near
future. Decreasing observed trends may
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Ecosystem map (aggregated)
Marine waters

[ Open waters

[ European regional seas

Marine seabed and coastal habitats
[ Sublittoral sediment

[ Infralittoral and circalittoral rock and
other hard substrata

Il Marine habitats
[ Coastal habitats

Inland surface waters
[ Inland waters and shores

1

http://eunis.eea.curopa.cu/

Box 1. European ecosystem map

Inland vegetation and habitats

ERR0 J0ONNN

Tundra

Arctic, alpine and subalpine scrub and grassland
Mediterranean-mountain scrub and brushes
Heathland scrub

Grasslands and land dominated by forbs

Regularly or recently cultivated agricultural,
horticultural and domestic habitats

Broad leaved deciduous and evergreen woodland
Mixed deciduous and coniferous woodland
Coniferous and broad leaved evergreen woodland
Wetlands - mires, bogs and fens

http://biodiversity.europa.eu/maes/maes_countries
http://land.copernicus.eu/pan-european
http://www.emodnet.cu/seabed-habitats

For the implementation of the EU Biodiversity Strategy to 2020, Member Countries' and European institutions
perform ecosystem assessments in their territories. The European map is based on a proxy following the scheme as
outlined in Figure 1 based on Corine land cover (CLC)?. Geometry of the basic map was further refined using the
High Resolution Layers of Copernicus land services? and re-classified to eight aggregated ecosystem types: urban,
cropland, grassland, forests and woodland, heathland and shrubs, sparsely vegetated land, wetlands and rivers and
lakes. For Europe’s seas, only a very simplified classification mainly based on EUSeaMap sea-floor mapping® and
bathymetry data is currently implemented. The basic version was thematically enhanced using the non-spatially
referenced habitat information of the European Nature Information System (EUNIS) database® in combination
with a set of environmental parameters to delineate the most likely areas of ecosystem presence.

Inland unvegetated or sparsely vegetated
habitats

[ Screes, inland cliffs
[ Snow orice-dominated habitats

Human made constructions and habitats

- Constructed, industrial and other artificial
habitats

Non classified areas

Il Unclassified areas

[] outside area of interest

Figure 3. Ecosystem map of Europe Version 2.1 (higher resolution map can be downloaded at:
http://www.eea.europa.eu/data-and-maps/data/ecosystem-types-of-europe).

80

Mapping Ecosystem Services



http://biodiversity.europa.eu/maes/maes_countries
http://land.copernicus.eu/pan-european
http://www.emodnet.eu/seabed-habitats
http://eunis.eea.europa.eu/
http://www.eea.europa.eu/data-and-maps/data/ecosystem-types-of-europe

indicate further improvement of ecosystem
conditions and vice versa, i.e. important
information for decision-making about
measures to mitigate and adapt to positive
or negative effects.

In practice, information on ecosystem con-
ditions is often insufficient for appropriate
mapping and assessments. Another problem
is the mapping and assessment of the com-
bined effects of pressures on the ecosystem
condition. Usually spatially explicit maps of
the different pressures and their gradients
across the area under investigation can be
produced but knowledge about the com-
bined effects on biodiversity and ecosystem
structure and function is still insufficient. So
in many cases, proxy indicators have to be
used to indicate the current ecosystem con-
dition as illustrated in Box 2.

The way forward

Ecosystem type mapping and condition as-
sessments have to be further improved mak-
ing use of new information and data flows
from research, reporting and other sources.

A major issue is the lack of detailed informa-
tion on how the ecosystem condition affects
ecosystem service delivery. The delivery of
ecosystem services depends on the biologi-
cal, physical and chemical processes and the
biodiversity involved (Chapters 2.2 and 2.3)
but there are few quantitative data to model
and assess how these processes and function-
al traits are affected by pressures such as pol-
lution, management or climate change and
their combined effects. Further research is
needed to fill these gaps and improve our
knowledge about the relationships between
pressures — ecosystem conditions, related
biodiversity and ecosystem service capacity.

Figure 4. Map of European cropland conditions.

Box 2. Mapping ecosystem condition

Figure 4 shows an example how the ecosystem condition can be derived by combining ecosystem mapping, report-
ed data of the European Habitat Directive and statistical data. The combination of information in different units
often requires re-scaling from absolute to relative values, e.g. from ‘low’ to ‘high’.

Aggregated indicator for
management intensity
pressure on cropland as
combination of land
management and crop yield

Very low

Low

Medium

High

Very high
Non-cropland
No data

JUOEREDN

Outside coverage
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Table 1. Pressures and indicators for ecosystem condition assessment.

Pressures

Indicators for ecosystem condition assessment

Habitat change

Land cover change, land take / sealing, fragmentation, land
abandonment, river regulation, dams

Climate change

Changes in temperature, precipitation, humidity, seasonality,
extreme events, fires, droughts, frost, floods, storms, average river
flows, sea (surface) temperature, sea level rise

Invasive alien species

Introduction or expansion of invasive alien species, diseases

Land/sea use or exploitation

Intensification, irrigation, degradation / desertification, erosion,
(over-) harvesting, deforestation, water extraction, (over-) fishing,
aquaculture, mining

Pollution and nutrient enrichment

Fertiliser and pesticides application, air pollution, acid and
nitrogen deposition, soil contamination, water quality
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3.6. Landscape metrics

SUSANNE FRANK & ULRICH WALZ

Introduction

Landscape metrics have been used to derive
indicators in landscape ecology and related
disciplines for decades. More than one hun-
dred metrics have been developed for the
purpose of describing processes and land-
scape functions in the form of mathemati-
cal terms. After a very enthusiastic time, the
focus at present is on meaningful, simpler
measures that can be applied in practice.
Meanwhile, landscape metrics play a crucial
role not only in science, but also in practical
issues, such as spatial planning or biodiver-
sity monitoring. Most frequently applied
metrics are used to discover biodiversity or
landscape fragmentation. Although great
advances have already been made, new met-
rics continue to be developed. Regularly
used metrics are further tested and updat-
ed regarding their interpretation. This sub-
ject is not without controversy. A question
which is often raised in research circles is:

Which role can landscape metrics play
within the set of indicators for ES map-
ping and assessment?

The following sections address this question.
Regarding the ES cascade model (Chapter
2.3) and following on from it, landscape
structures support biodiversity and ecosys-
tem functions that are the basis for the fi-
nal provision of ecosystem services (ES) to
humans. The crucial question is whether
landscape metrics applied to land use / land
cover maps can provide direct or indirect in-
dications on the provision of ES.

So far, landscape metrics have been applied
to indicate cultural ES (e.g. recreation,
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landscape aesthetics) and regulating ES
(e.g. soil erosion, biological pest control).
However they are predominantly applied to
measure ecological functioning (biodiversi-
ty, connectivity, soil quality) and land use
processes (land consumption, fragmenta-
tion, urban sprawl).

Within this chapter, we review the know-
ledge of pattern-related challenges in ES
mapping, using the examples of habitat con-
nectivity and scenic attraction. We contrib-
ute to a better understanding of the reasons
for challenges in mapping structure-depen-
dent ES and we demonstrate some methods
for addressing them.

Landscape metrics as method

for ES mapping?

Landscape metrics are tools which can be
used to bridge the methodological gap be-
tween landscape structure and ES provision.
They take the visible spatial manifestation
of land use patterns into account. Compo-
sition and configuration of patches (homo-
geneous units of one property, e.g. land use
type) are key features of maps. Hence, land-
scape metrics and mapping are inherently
interrelated. Table 1 provides an overview of
selected landscape metrics which are appli-
cable for mapping and assessment of ES.

Landscape metrics quantify physical land-
scape structures which themselves deter-
mine processes and functions. Although
some landscape structures can be measured
and related to the provision of specific ES,
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Table 1. Examples for suitable landscape metrics indicating biodiversity and ES (provisioning, regulating,
cultural; following CICES (2013)), without claim to completeness.

Structure/landscape metric Process/function Mapping target

Dimension of Biodiversity

Shannon’s diversity index, Pattern heterogeneity .
. . Landscape diversity

Patch density and variety

Shape index Natural conditions Species diversity

Proximity index, Isolation, Species diversit

Nearest neighbour index Habitat connectivity p Y

Effective mesh size Fragmentation Species diversity
Provisioning service

Total patch area Food an.d fodder Food and fodder

(of arable land) production

Total patch area . . .

(of forested/arable land) Biomass production Biomass

Total patch area of lakes Food (fish)
Regulating service

No. / length of landscape Soil erosion due to Mass flow

elements (hedges, tree lines) water runoff

Edge length (of hedges, Habitat provision

—> forpollinators —  Pollination

forests and other ecotones) (fringe structures)

Shannon’s diversity index /

. Population
Heterogeneity of — —  Pest control
. development
agricultural areas
Cultural service
Total patch area (of water), Attraction, .
—> . — Landscape aesthetics
Edge length of waters Complexity
hape i lexi
Shape 1nde).< — Complexity an d —  Landscape aesthetics
Hemeroby index Natural conditions

No. of landscape elements ~ ——» Legibility, mystery =~ —  Landscape aesthetics
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direct functional interpretation of single
metrics regarding ES remains limited. For
the assessment and interpretation of land-
scape metrics, for example, a normative as-
sessment basis is required which relates the
current situation of landscape structure to a
reference or target situation of ES provision.
However, landscape structure is important
information in a more complex evaluation
of ES. Landscape metrics have therefore to
be considered as meaningful parameters to-
gether with others in ES mapping and eval-
uation. A sound application of landscape
metrics is possible considering two dimen-
sions of biodiversity, species and landscape
diversity. Many species and species commu-
nities rely on specific landscape structures or
landscape elements and their interrelations.

Provisioning services strongly depend on
the extent of managed land and the land
use intensity. However, for quantification
of productivity or food provision, further
information, for example on soil quality
or soil management, is essential to derive
a valid estimation on food provision. Re-
garding regulating services, landscape met-
rics also comprise the potential to provide
supplementary information. Indices like
edge length or the number of landscape ele-
ments can quantify some preconditions for
functions and services. Although modelling
and/or measurement of species abundance
or mass flows (qualitative data; Chapter 4.1)
cannot be replaced by structural indicators,
they have to be considered as one important
part of the required information.

Strong interrelations between indices of
biodiversity and landscape aesthetics can
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be identified as potential of landscape met-
rics application in mapping ES. Cultural
services such as the potential of landscapes
for human recreation are interrelated with
structural aspects. However, landscape aes-
thetics is just one of many spiritual, expe-
riential and educational services. Landscape
metrics can therefore serve as a complemen-
tary mapping and assessment method for
cultural ES.

Application of landscape
metrics for ES mapping

Landscape metrics have been applied in
several ES mapping and assessment stud-
ies. Two examples illustrate how they can
be related to ecological integrity, consid-
ered as the basis for any ES provision (Box
1) and scenic attraction, as an example for
cultural ES (Box 2). In a similar manner,
spatial structures strongly determine reg-
ulating ES. The regulation of soil erosion,
for example, can be estimated using the
number and the spatial arrangement of
landscape elements, such as hedgerows.
These elements reduce slope lengths which
is one driving factor for soil erosion. How-
ever, suitable landscape metrics, such as the
number of patches or edge length, have not
been frequently used for assessment and
mapping of regulating ES.

Furthermore, small-scale landscape ele-
ments such as ecotones at forest borders,
single-trees, hedgerows including field mar-
gins are important for the regulating of ES
pollination.
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Box 1. Example for the application of landscape metrics at the
regional scale: evaluation of the landscape structures’ impact on

biodiversity

One approach, how landscape metrics can contribute to ES mapping and assessment, is illustrated in
Figure 1. Six metrics were applied to an administrative planning region (3,434 km?) in middle Saxony,
Germany to evaluate ecological integrity as the precondition for biodiversity and the cultural service land-
scape aesthetics. They were implemented into the land use change simulation software GISCAME as sup-
plementary indicators. In this software, the basic evaluation of ES is based on land use types. An additional
landscape structure add-on makes the impact of composition and configuration visible and assessable.

The example focuses on habitat connectivity which is a landscape function related to biodiversity (see
Table 1). Using the “moving window” method, which is independent from any administrative or geo-
graphical zoning, combined with a cost-distance analysis, local landscape pattern were examined across
space and interpreted. The size of the moving window is determined by the action radius of a target
species. On the basis of the degree of hemeroby of land use types, near-to-nature areas were identified,
as well as core habitat areas and functionally connected areas. The latter were defined as potential habi-
tat areas which are too small and not compact enough to provide habitat core areas. Nevertheless, they
are close enough to another core area to be appropriate habitats for species moving through a landscape.
Such functionally connected areas were also considered as part of the habitat network. (Semi-)natural
areas were considered as isolated and therefore not contributing to the habitat network if they were
separated by roads, urban areas and similar land use types acting as barriers.

The map in has been classified according to the functional interpretation of a land use map. It can
serve scientists as well as spatial planners to identify i) the share of land which contributes to a habitat
network and ii) its spatial distribution. This information allows spatially explicit conclusions on pri-
ority areas for enhancement of the connectivity and on the overall state of habitat connectivity as one
influencing factor of biodiversity.

(Ster]mi't)natura| ?rea Connected (semi-)natural area 31.9%
without connection Core Area Index of (semi-)natural areas:  19:94
Functionally connected Effective Mesh Size of unfragmanted areas:  4.29/km?
(semi-)natural area Shape Index of (semi-)natural areas: 1.50
. (Semi-)natural area: Shannon’s I?lversﬂy Index: 2.66 :
core area Patch Dencity: 0.32/km
Wood
production
Ecological Food and
integrity Fodder
Drought Soil
risk erosion
regulation protect
A
Recreation C- sequestration

! Further information: www.giscame.com
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Box 2. Example for the application of landscape metrics at the
national scale: application of ES to estimate the cultural ES scenic
attraction

Based on the natural amenities and features, a model for assessing the scenic attraction of landscapes is
presented. It is a suitability analysis of an area for nature-based recreation, assuming that certain features of
the landscape have a positive or negative impact on the attraction of the landscape and recreation. In this
model, landscape metrics are used for several parameters. The relief diversity, the proportion of open space,
the hemeroby Index, the density of forest-dominated ecotones, the density of water edges (without coasts),
the coastlines and the proportion of unfragmented open space greater 50 km? were selected.

The relief diversity (ratio 3D / 2D) reflects not only the maximum height difference (relief energy), but
also the cumulative differences in altitude. A low proportion of open space indicates urban or densely
built-up areas which can decrease the natural attraction of the landscape by the strong influence of tech-
nical artefacts. In congruence with the hemeroby index, the natural condition is an important factor for
the attraction of landscapes. With the density of ecotones dominated by trees and shrubs and the densi-
ty of water edges, landscape diversity and structure are taken into account. This parameter characterises
mainly the variety and edge effects. Since the coasts play a very important role in terms of attraction
and recreation, they are represented by their own parameters - coastlines. Finally, the disturbing effect of
fragmentation by the transport network is considered with the parameter ‘proportion of unfragmented
open spaces greater than 50 km?’.

All data used were based on the official land use data of the state and federal German survey authorities
(ATKIS Basis DLM or land cover model LBM-DE ) in vector format collected in 2010. The indicator of the
scenic attraction was calculated based on a 5-km grid (standardised according to EU INSPIRE directive).

To determine the five classes of scenic attraction, the
standard deviation from the nationwide average was
used. The reason behind this approach is mainly to
use no fixed scale, but starting from the average val-
ues of the scenic attraction, to be able to make state-
ments as to whether an area is rather less, or rather
more scenically attractive. Landscapes which are
significantly affected by anthropogenic impacts and
thus often are particularly fragmented, intensively
farmed or settled, can be found in the class “less at-

tractive”. Average attractive landscapes already meet Geodata:
. . . . . edera
recreational functions in a regional context, while Agency for
. . Cartogrraphy
very or particularly attractive landscapes represent and Geodesy
targets for nature-related tourism and are mostly 2011 (www.
. . bkg.bund.de),
well-known nationwide. ©IOR-Monitor
2014 (www.ioer-
monitor.de)
Monitoring the development of scenic attraction Processing:
. . T . . Stein, Schmidt,
using this aggregated indicator would provide deci- Walz 2015

sion-makers with indications as to where the scenic
attraction is particularly reduced or has improved. barely fess average high  outstandingly
The information derived from the aggregated, landscape metrics-based indicator reveals that individual
changes affect the landscape values in their sum. Furthermore, spatial information on the scenic attraction

can be used to avoid encroachments in scenic highly attractive areas and thus to achieve better management.
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Conclusions

Landscape metrics and ES mapping are
inherently related topics since landscape
metrics quantify spatial characteristics of
landscape patterns. Therefore, we recom-
mend the application of landscape metrics
in the context of ES mapping and also ES
assessment. These indices have the power to
support the identification and monitoring
of spatial characteristics of landscapes which
have implications on the perfor mance of

biodiversity and several ES.

Some dimensions of biodiversity and cultur-
al ES can be comprehensively indicated by
landscape metrics.

The validity and verifiability of landscape
metrics, however, is limited. They quantify
and illustrate processes and/or functions,
which can serve as surrogates for specific ES.
Due to such indirect links to ES, landscape
metrics should only be used as supplementa-
ry indicators for ES assessments. In the case
of landscape aesthetics and recreation, they
can be more directly linked to the ES pro-
vision. However, landscape metrics describe
structural aspects of ES (which are import-
ant and should not be forgotten), but usually
additional information (e.g. data on quality
of land use) is necessary. Still, they have a
great significance in terms of mapping.

The spatial interpretation of land use maps
with the help of landscape metrics serves
as a valuable method for communicating
ES-related issues. With regard to the current
application for ES mapping and assessment
in science and practice, we foresee a large
capacity for future application of landscape
metrics, especially in practice. The benefit of
using landscape metrics for ES mapping is
currently below its estimated potential.
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3.7. Specific challenges of
mapping ecosystem services

JoACHIM MAES

Ecosystems are spatially explicit and so too
are their conditions and their capacity to
provide ecosystem services (ES). The differ-
ent biomes and ecosystems that cover the
earth’s surface deliver various ES bundles at
different quantities and qualities. These ser-
vices are often consumed or used at other
places. Mapping ES thus makes good sense,
in particular to quantify and sum stocks and
flows (Chapter 5.1) of services at different
spatial scales (Chapter 5.7).

Furthermore, maps are very powerful tools
for communicating and organising data. It
is lictle wonder that geography is a major
subject at school. Most people are familiar
with maps to navigate or to find places for
holidays or recreation. Maps are used to
present data and compare the performance
of countries and regions across the world
for virtually all possible indicators. Many of
us have still paper maps in our cars or dig-
ital maps on our cell phones, as well as the
popular Google Maps which are an essential
tool and benefit to our lives.

It follows that there is a strong basis in our
society for maps and mapping and thus for
mapping ecosystem services as well. In par-
ticular, there is a demand from policy-mak-
ers to map ES (see Chapter 7.1) and to build
natural capital accounts which should be
based on the reliable geo-referenced data of
ecosystems.

Despite the popularity of maps, they are
pitfalls as well. Some claim that “maps have
an air of authority”. Which means that
maps and their content are often taken for
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granted. Yet, ES mapping is challenging for
a number of reasons. These are listed here
while referring to the next chapters which
present and discuss solutions for addressing
these challenges.

An often heard challenge is that not all ES
can be mapped. Review articles typically
found that regulating and provisioning ES
are most frequently mapped but cultural ES
less so. As for regulating ES, most efforts have
gone to mapping climate regulation while
for provisioning ES, the focus is on food,
water and timber. Evidently, these mapping
studies have largely profited from knowledge
stemming from environmental sciences and
agricultural and forestry research. Howev-
er, substantial progress in mapping ES has
been made in the recent decade (see chap-
ters 5.5.1, 5.5.2 and 5.5.3) and solutions
have been found to map services which were
previously thought impossible to map (see
chapter 6.2). Particular advancements have
been realised to map certain cultural ES or
to map regulating ES which involve service
providing areas (Chapter 5.2) that operate
at very small spatial scales (such as pollina-
tion or biological control).

A specific challenge is related to the trans-dis-
ciplinary nature of ecosystem services. ES
research has become a major academic
field, drawing on various academic disci-
plines, perspectives and research approach-
es. The multifaceted ES concept includes,
in addition, a normative component. This
exposes ES maps (and the researchers who
created them) to the general critique of not
being sufficiently inclusive and to the spe-
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cific critique from disciplinary specialists
of oversimplifying detailed ecological pro-
cesses that are underpinning ES. To both
challenges the ES mapping community has
responded well. Chapter 5.6 demonstrates
how different views expressed by different
stakeholders and researchers can be accom-
modated in the ES framework. Mapping ES
nowadays is not restricted to natural sciences
but includes social and economic sciences as
well. Furthermore, recent studies promote
the adoption of a tiered mapping approach
which allows increasing levels of spatial and
ecological details to be incorporated in map-
ping studies (chapter 5.6.1).

Besides these thematic challenges, there are
significant technical challenges to map ES.

A question which often arises relates to what
ES maps should express: ES potentials, lows
or demand (Chapter 5.1)? ES are realised
when humans benefit from them. At this
point, supply meets demand and ES “flow”
from where they are generated to where they
are received (Chapter 5.2). These flows are
dynamic over time and therefore difficult to
capture on maps; stocks exhibit less dynam-
ics and are therefore easier to map. A typical
example is climate regulation; this service is
often mapped by the carbon stock in soil or
above-ground vegetation assuming that the
stock is related to the capacity to provide a
flow of service. Carbon capture as such is
less mapped. The notion of stocks and flows
is crucial for accounting purposes. The size
of the stock is not necessarily related to the
magnitude of ES flows, so this challenge
needs to be addressed when ES maps are ap-
plied in decision-making contexts.

The selection of an appropriate spatial scale
and an appropriate mapping unit is another
important issue and remains a challenge for
ES mapping studies (Chapter 5.7). Ecolog-
ical processes occur at different spatial and
temporal scales. Pollination by insects is, for
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example, a very local ES which takes place
in a specific period of the year when tem-
perature allows bees and other pollinators
to be active. Groundwater recharge, in con-
trast, is a large-scale process which usually
is measured in decades. ES related to water,
climate and atmosphere demonstrate entire-
ly different behaviour from services related
to soil. They require different quantification
approaches and are measured for different
spatial units. This results in maps which vary
across scale and spatial unit. Bringing them
together in a series of consistent and har-
monised ES maps for spatial planning and
policy support requires application of spatial
operations (such as upscaling, downscaling,
spatial statistics) which, in turn, may intro-
duce uncertainties (Chapter 6). Using scal-
able indicators (e.g. indicators which can be
measured at different spatial scales such as
the density of trees) could overcome errors
that arise when local data are upscaled or
when global data are downscaled. But such
indicators are not always available. In partic-
ular for water, air and soil, related ES mea-
surements are mostly local and not scalable
to larger spatial scales.

ES mapping could thus be substantially ad-
vanced by a more systematic development
of cross-case comparisons and methods.
Several chapters of this book touch on these
challenges related to spatial scale and pro-
vide solutions for dealing with uncertain-
ties arising from spatial data handling (dif-
ferent sections under 5.7). As more efforts
and research are focused on these areas, it
seems likely that datasets generated at dif-
ferent spatial and temporal scales and, us-
ing different types of data, will complement
one another to provide a coherent message
regarding the health of global ecosystems,
biodiversity and the benefits they confer
upon society.

The different thematic and methodological
challenges are sources of uncertainties that
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should be considered when using ES maps.
ES map-makers should try to detect sourc-
es of uncertainty and give guidance on how
to deal with them (Chapter 6.3). Of equal
importance is transparency. The map-mak-
er should be clear about how the maps are
generated. A helpful tool is provided by the
Blueprint for mapping and modelling ES (see
further reading and Chapter 7.9). The prima-
ry purpose of this blueprint is to provide a
template and checklist of information need-
ed for those carrying out an ES modelling
and mapping study. A second purpose is to
reduce uncertainties associated with quanti-
fying and mapping of ES and thereby help
to close the gap between theory and practice.
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4.1. Biophysical quantification

PETTERI VIHERVAARA, LAURA MONONEN, FERNANDO SANTOS,
MiHAI ADAMESCU, CONSTANTIN CAZACU, SANDRA LUQUE,
DAVIDE GENELETTI & JOACHIM MAES

Introduction

Ecosystem services (ES) arise when eco-
logical structures and ecological processes
directly or indirectly contribute to human
well-being and meet a certain demand from
people. This flow of ES from ecosystems to
society is well represented by the ES cascade
concept (see Chapter 2.3). Ecosystems pro-
vide the necessary structure and processes
that underpin ecosystem functions which
are defined as the capacity or potential to
deliver services. ES are derived from eco-
system functions and represent the realised
flow of services in relation to the benefits
and values of people. This model is useful
for quantifying ES. Consider the follow-
ing example: wetlands (an ecosystem or a
structure) provide habitat for bacteria which
break down excess nitrogen (denitrification,
a process). This results in the removal of ni-
trogen from the water (a service) resulting in
better water quality (a benefit). People can
value increased water quality in multiple
ways (e.g., by expressing their willingness to
pay for clean water). Each of these different
steps can be quantified using biophysical,
economic or social valuation methods.

This chapter focuses on biophysical quanti-
fication which is the measurement of ES in
biophysical units. Biophysical units are used
to express, for example, quantities of wa-
ter abstracted from a lake, area of forest or
stocks of carbon in the soil. Looking at the
ES cascade, it seems evident that biophysi-
cal quantification focuses, in particular, on
the measurement of ecosystem structures,
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processes, functions and service flows (also
known as the left side or the supply side
of the cascade). Benefits and values (also
known as the right side or demand side of
the cascade) are more often measured using
social (see Chapter 4.2) or economic units
(see Chapter 4.3). Nonetheless, benefits and
values can sometimes be expressed in bio-
physical units as well. Consider again the
above example of water purification in wet-
lands. The benefit from this ecosystem ser-
vice is clean water and this can be expressed
as the concentration of pollutant substances.

To quantify ES along the different compo-
nents of the ES cascade, we need to address
two questions: what do we measure and how
do we measure (Figure 1)? For the purpose
of this chapter, we assume that the question
as to why we measure (e.g., policy questions,
scope of an ecosystem assessment) has been
answered.

The first question is addressed in the scien-
tific literature by developing and proposing
indicators. Ecosystem service indicators are
used to monitor the state or trends of ecosys-
tems and ecosystem service delivery within
a determined time interval. In recent years
a substantial indicator base has been devel-
oped world wide to assess or measure ES.

Once an indicator is proposed or selected
for inclusion in an ecosystem assessment,
the second question becomes important:
how can we measure the service or the indi-
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Biophysical quantification of ecosystem services

What to measure?

How to measure?

Direct measurement

 Field observations
* Field experiments
» Surveys and questionaires

Indirect measurement

* Remote sensing and earth
observation (NDVI, land
cover, surface tempera-
ture, ...)

Purpose of the assessment

Target audience

Select an appropriate indicator . Position on the ES cascade

Spatial and temporal scale

Select an appropriate method

Indirect measurement

* Expert based, statistical
and process based models
of ecosystems and ecosys-
tem services

* Socio-economic data
¢ Proxy indicators

Figure 1. Biophysical quantification of ecosystem services (Icons by Freepik).

cator in biophysical terms or units? Which
methods or procedures should be applied to
come to an reasonable estimate of the quan-
tity of service provided?

What to measure: Ecosystem
service indicators

ES indicators are information that efficiently
communicates the characteristics and trends
of ES, making it possible for policy-makers
to understand the condition, trends and rate
of change in ES.

Different indicators can be used to measure or
indicate a single ecosystem service. The choice
for an indicator depends on many factors in-
cluding the purpose, the audience, its position
on the ES cascade, the spatial and temporal
scale considered and the availability of data.
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Purpose and target audience are important
criteria for selecting or designing indicators
for ES. It makes a difference if indicators are
used to inform policy makers, journalists,
conservation and land managers, scientists
or students. Not everybody has an equal
understanding of the flow of ES which is
indeed a relatively complex concept. There-
fore, indicators are sometimes expressed in
relative terms by setting a reference value
equal to, for instance, 100 and by calculat-
ing other values relative to this reference.
This facilitates interpretation for some user
groups. Of equal importance is the purpose
of an indicator. Why is it used? Many ES
indicators are proposed to report the state
and trends of ES under different biodiver-
sity policies from global to local scale. But
such indicators are not necessarily useful for
application by spatial planners or for sci-
entific support to river basin management.
Consider pollination, a regulating ecosys-
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tem service. A scientist could be interested
in the diversity and density of different bee
and bumblebee populations; a farmer may
wish to know how far he can rely on wild
pollination to help pollinate his fruit trees; a
biodiversity policy officer may need to know
if; at national scale, pollination services are
declining or increasing. Clearly, these stake-
holders have different information requests
which require different indicators with dif-
ferent biophysical units although pollina-
tion is the common denominator.

The above example also illustrates the im-
portance of spatial and temporal scales. The
issue of scale is frequently presented in all
textbooks on ecology as biodiversity and the
ecological processes it supports (and thus also
the delivery of ES) are heavily dependent on
time and space. Processes are influenced by
different time cycles (day-night, seasons) and
take place at different rates (see also Chapter
5.3). The self-purifying capacity of water is,
for instance, highly dependent on the veloc-
ity at which water flows. Water purification
services, for example, which can be measured
by the amount of pollutant removed, differ
between fast running streams and stagnant
lakes with the latter ecosystems having, in
general, a higher capacity (more time) to re-
move nitrogen but a lower capacity to clean
organic pollution. Also spatial scale matters.
Bees and bumblebees deliver their polli-
nation services within a distance of a few
hundred metres whereas the storage of car-
bon in trees operates at almost global scale.
Indicators and, in particular, their units of
measurement have to consider the scale at
which ES are relevant. Sometimes indicators
are designed to be scale independent. This
means they can be upscaled or downscaled, a
very useful technique for mapping.

An important question often raised in litera-
ture on ES is: should indicators measure the
stock and the flow? A service flow refers to
the actual use of the actual benefits people
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receive from ecosystems. A stock refers to
the capacity of ecosystems to deliver those
benefits. Flows are always expressed per unit
of time. Timber production serves as a good
example to illustrate the difference between
an indicator which measures the stock and
an indicator which measures the flow. Tim-
ber production is often measured by quan-
tifying the harvest (how much timber is cut,
usually expressed in a volume of wood per
unit area and per unit of time, for example,
m?/ha/year). Sometimes timber production
can also be indicated by the available timber
stock which can be harvested. This difference
is subtle for the case of timber. If the stock is
harvested, stock becomes low. However, for
other services, the difference between stock
and flow is important because indicators for
stock and flow cannot always be expressed
in the same units. Wetlands have a certain
capacity to clean water but it is not always
straightforward to express this capacity in
terms of pollutant removal (e.g., amount
of nitrogen removed or immobilised in the
sediment in kg/ha/year). Often the size of
the wetland (in ha) is used as proxy to indi-
cate this capacity. The rationale is that larger
wetlands have more capacity to purify water
than smaller wetlands. In this context, the
concept of ecosystem condition is import-
ant as well (see Chapter 3.5). Not only the
quantity (spatial extent) of an ecosystem is
important to assess the physical values of
ES capacity, ecosystem quality or ecosystem
condition is also an important determinant
of ecosystem delivery. Changes in ecosys-
tems through degradation can thus alter the
flows of ES and should thus be measured as
well by indicators.

A final remark on indicators relates to com-
posite indicators or indices which aggregate
different sorts of information into a single
number. Usually such indicators are made
for specific purposes or to inform on partic-
ular challenges with a single value. In a sim-
ilar context for ES, such indicators exist but
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usually they are composed of normalised ver-
sions of indicators for single services which are
summed or aggregated. They cannot be quan-
tified directly but depend on separate quanti-
fication of their individual components.

This chapter does not provide a list with
indicators for ES for the simple reason that
there are hundreds of indicators available.
Many countries and regions have developed
ES indicator sets; the setting of global or re-
gional biodiversity targets has also spurred
the development of indicators. Further-
more, the application of the ES concept for

planning, natural resources management
and conservation has created additional in-
dicators. Therefore we list in Table 1 some
important initiatives where readers can find
a selection of indicators, organised from
global to sectorial initiatives.

In summary, ES indicators express what to
measure when quantifying ES in a biophys-
ical manner. Good ES indicators come with
information on their place on the ES cas-
cade, on the available data, on the targeted
audience and the objective and on whether
they assess a stock or a flow.

Table 1. Examples of sources, websites and key publications for ecosystem service indicators.

Scale

Location

Publication

benefits.pdf)

Global

Measuring Nature’s Benefits: A Preliminary Roadmap for Improving
Ecosystem Service Indicators (http://pdf.wri.org/measuring_natures_
http://www.bipindicators.net/ (report ISBN 92-9225-376-X)

Measuring ecosystem services: Guidance on developing ecosystem

service indicators (ISBN: 978-92-807-4919-5)

http://es-partnership.org/community/workings-groups/thematic-work-

ing-groups/twg-3-es-indicators/

A Global System for Monitoring Ecosystem Service Change (doi:
10.1525/bi0.2012.62.11.7)

Sub-global European

Union

website: http://biodiversity.europa.eu/maes/mapping-ecosystems
article: doi:10.1016/j.ecoser.2015.10.023

Finland

website: http://www.biodiversity.fi/ecosystemservices/home
article: doi:10.1016/j.ecolind.2015.03.041

Canada

Website: https://www.ec.ge.ca/indicateurs-indicators/

Switzerland

National

Website: http://www.bafu.admin.ch/publikationen/publikation/01587/

index.html?’lang=en

Germany

article: Towards a national set of ecosystem service indicators: Insights
from Germany (doi:10.1016/j.ecolind.2015.08.050)

Spain

Website: http://www.ecomilenio.es/informe-de-resultados-eme/1760
Article: doi:10.1371/journal.pone.0073249
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http://biodiversity.europa.eu/maes/mapping-ecosystems
http://www.biodiversity.fi/ecosystemservices/home
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http://www.bafu.admin.ch/publikationen/publikation/01587/index.html?lang=en
http://www.bafu.admin.ch/publikationen/publikation/01587/index.html?lang=en
http://www.ecomilenio.es/informe-de-resultados-eme/1760

How to measure?

Indicators must be measured but how is
this done for ES? Some of the above given
examples already provide the answer. The
number of bees on a farmland, the timber
harvest from a forest or the denitrification
in a wetland can all be monitored or mea-
sured with different methods or devices. Yet
measuring stocks or flows of ES is less ev-
ident than it seems. Here we present three
approaches which can be considered to
quantify biophysical stocks and flows of ES:
direct measurements, indirect measurement
and (numerical) modelling.

Direct measurements of
ecosystem services

Direct measurements of an ecosystem ser-
vice indicator is the actual measurement of
a state, a quantity or a process from observa-
tions, monitoring, surveys or questionnaires
which cover the entire study area in a repre-
sentative manner. Direct measurements of ES
deliver a biophysical value of ES in physical
units which correspond to the units of the
indicator. Direct measurements quantify or
measure a stock or a flow value. Direct mea-
surements are also referred to as primary data.

Examples of direct measurements of ES
(see also Table 2) are counting the number
of visitors visiting a national park (nature
based recreation); measuring the total vol-
ume of timber in a forest stand (timber pro-
duction); monitoring the release of nitrous
oxides of a reed bed or deposition of sulphur
dioxide on leaves (water and air filtration);
recording the crop yield of a farm (crops);
measuring the volumetric capacity of a flood
plain (lood control); monitoring over time
the improvement of water quality (water
purification); measuring the abstraction of
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water from ground water layers (water pro-
vision) or asking citizens how many times
they visit a forest to pick berries, mushrooms
or chestnuts (wild food products). When
the spatial extent or relative surface area of
ecosystems is used to approximate ES, also
botanical and forest inventories, permanent
plots or any other direct observation on the
terrain can be used as proxy. In certain cases
remote sensing can be considered also as di-
rect measurement.

These examples of direct measurement share
a number of characteristics. They are time
and resource consuming and thus costly,
mostly suitable for carrying out at site level
or local scale and they measure tangible
flows of ES, in particular for provisioning
ES. Direct measurements are also feasible
in case of a clearly defined service providing
species (or areas) such as pollination, bird
watching or biological control.

As many of these indicators are effectively
measured for other reasons, it is not always
needed to set up expensive measurement
schemes. Most provisioning ES including
crops, fish, timber and water are recorded
by national and regional governments. Fur-
thermore, certain species groups and taxa are
monitored to assess trends in biodiversity.

TESSA' is a toolkit for rapid assessment of
ES at site level which provides many proce-
dures and suggestions for on-site measure-
ment of ES.

Direct measurements and the use of primary
darta are the most accurate way to quantify
ES but they become impractical and expen-

sive beyond the site level or they are simply
not available for all ES.

Therefore the next step to consider for bio-
physical quantification is indirect measure-
ments.

' htep://tessa.tools/
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Table 2. Examples of different methods to measure ecosystem service indicators

Ecosy.stem ‘What to measure How to measure (method)
services
(CICES class) Indicator Direct Indirect Model
Remote sensing of
crop biomass using
NDVI and aerial
. Crop yield Crop.statistics photo analysis for long Crop production
Cultivated crops (obtained through | temporal changes
(tonne/ha/year) . . . models
official reporting) | Coupling structural
observations with
remote sensing
information
Livestock statistics
Reared animals Livestock (heads/ | (head counts
and their outputs | ha) obtained by
reporting)
Field observations Species
Wild plants, algae | Wild berry yield | and surveys of distribution
and their outputs | (tonne/ha/year) | people harvesting models; ecological

wild fruits

production model

Animals from in-
situ aquaculture

Fish yield (tonne/
ha/year)

Aquaculture
statistics (obtained
through official
reporting)

Fish production
models

Water (Nutrition)

Water abstracted

‘Water statistics
(obtained through

Remote sensing of
water bodies and soil

Water balance

3
(m?/year) . . . models
Y official reporting) | moisture
Timber growin: . .
. gj & | Forest stand Remote sensing of Timber
Biomass stock (m?/ha) and . . .
. . measurements and | forest biomass using | production
(Materials) timber harvest ..
5 forest statistics NDVI models
(m?/ha/year)
Area occupied b .
L. P Y . Earth observation land
riparian forests Site observations
cover data
(ha)
(Mediation of Measurement of

waste, toxics and
other nuisances)

Nitrogen and
Sulphur removal
in the atmosphere
or in water bodies

(kg/halyear)

deposition of NO,
and SO,; field
measurement of
denitrification in
water bodies

Remote sensing of
canopy structure (leaf
area index)

Transport and
fate models for N
and S

Mass stabilisation
and control of

Soil erosion risk

Field measurements

Soil erosion

. (tonne/ha/year) of soil erosion models (RUSLE)
erosion rates
Elevation models and
Flood protection Area of floodplain Site observations data; a.erlal photo Modelling water
and wetlands (ha) analysis; remote transport

sensing of land cover
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Ecosystem
services

What to measure

How to measure (method)

Pollination and
seed dispersal

Pollination
potential; number
and abundance of
pollinator species
(number/m?)

Field sampling of
pollinator species;
counts of bee hives

Species
distribution
models; ecological
modelling of
habitat suitability

Field surveys; crop

Decomposition . . ) .
.P Area of nitrogen | statistics (obtained Crop production
and fixing . .
fixing crops (ha) | through official models
processes i
reporting)
Carbon storage
Global climate (in soil or .
. On-site
regulation by aboveground .
. . measurements of | Remote sensing of Carbon cycle
reduction of biomass) (tonne/ .
carbon stock and | vegetation models
greenhouse gas ha); carbon
. . carbon fluxes
concentrations sequestration
(tonne/ha/year)
. - . . Modellin,
Physical and . - Visitor data and Monitoring parking 18
o Visitor statistics . . c . potential use of
experiential questionnaires of | lots, mapping trails or
. . (number/year) - L nature reserves by
interactions visitors camping sites

people

Indirect measurements of ES

Indirect measurements of ES deliver a bio-
physical value in physical units but this value
needs further interpretation, certain assump-
tions or data processing, or it needs to be
combined in a model with other sources of
environmental information before it can be
used to measure an ecosystem service. Indi-
rect measurements of ES deliver a biophysical
value of ES in physical units which are differ-
ent from the units of the selected indicator.

In many cases, variables that are collected
through remote sensing qualify as indirect
measurement. Examples for terrestrial eco-
systems are land surface temperature, NDVI
(Normalised Difference Vegetation Index),
land cover, water layers, leaf area index and
primary production. Examples for marine
ecosystems include sea surface temperature,
chlorophyll A concentration and suspended
solids. Many of these data products do not
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measure stocks or flows of ES but they are
highly useful to quantify global climate reg-
ulation as well as all those ES which depend
directly on the vegetation biomass of ecosys-
tems to regulate or mediate the environment.
Soil protection and water regulation, for ex-
ample, are strongly driven by the presence of
vegetation which can be inferred from earth
observation datasets. Local climate regulation
can be inferred from spatially and temporally
explicit patterns of surface temperature. Air
filtration by trees and forest is directly related
to the canopy structure which, in turn, can be
measured by the leaf area index. In addition,
micro-climate regulation in cities (tempera-
ture reduction during heat waves through
evapotranspiration and provision of shade)
can be approximated by measuring the total
surface area of urban forest.

A specific role is reserved for land cover and
land use data which are used for both direct
and indirect quantification of ES. Detailed
and accurate information on the extent of
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ecosystems or of ecosystem service provid-
ing units, constitute an essential data basis
for all ecosystem assessments. Importantly,
land data can also be used to quantify de-
mand for ES.

Not all indirect measurements are provided
by earth observation. The density of trails and
camping sites may provide an indirect esti-
mate of recreation and tourism (Table 2).

Indirect measurements, in particular earth
observation, offer substantial advantages.
They provide consistent sources of infor-
mation often with global coverage and they
are regularly updated which makes them
suitable for natural capital accounting and
monitoring trends.

Modelling as alternative to
quantify ES

ES modelling can be used to quantify ES if
no direct or indirect measurements are avail-
able. This is virtually always the case in any
ecosystem assessment. With ES modelling,
we understand the simulation of supply, use
and demand of ES based on ecological and
socio-economic input data or knowledge.
Models can vary from simple expert based
scoring systems to complex ecological mod-
els which simulate the planetary cycles of
carbon, nitrogen and water. More details are

also available in Chapter 4.4

In the context of biophysical quantification,
models can be used for spatial and temporal
gap filling of direct and indirect measure-
ments, extrapolation of direct and indirect
measurements, modelling ES for which
there are no measurements available or for
scenario analysis.

For regulating services, modelling is some-
times the only option in order to quantify
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actual ecosystem service flows. This is partic-
ularly evident when ecosystems are regulating
or mediating stocks and flows of soil, carbon,
nitrogen, water or pollutants. Consider soil
protection - also termed as erosion regula-
tion or erosion control — which is the role
ecosystems and vegetation plays in retaining
soil or avoiding soil being eroded as a result
of wind or run-off water. Soil erosion can be
measured directly on sites which are prone to
erosion, usually cropland on slopes. Howev-
er, estimating the quantity of soil that is not
eroded due to the protective cover of vegeta-
tion cannot be measured. It can however be
modelled by comparing the amount of soil
erosion with a model which simulates the
presence of vegetation with a model where
the protective vegetation cover is deliberately
set to zero or to parameters which correspond
to parameters for cropland or bare soil. The
difference between these two models results
in an estimate of avoided soil erosion and can
represent the realised service flow. A similar
rationale applies to water purification, air
quality regulation or other services which ex-
ert control on the fate and transport of abiot-
ic and organic material.

Implementing biophysical
methods for decision-making

Ecosystem service assessments have increas-
ingly been used to support environmental
management policies, mainly based on bio-
physical and economic indicators. There-
fore ES assessments have to integrate data
and information on biophysical ecosystem
components, including biodiversity, with
socio-economic system components and the
societal and policy contexts in which they

are embedded.

Quantification of ES using biophysical
methods have been used for a number of
perspectives and for a variety of purposes,
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including landscape management, natural
capital accounting, awareness raising, prior-
ity setting of projects or policies and policy
instrument design. However, transferring
the outcomes of the biophysical assess-
ments to policy is not straightforward and
some additional work is required to ensure
a minimum degree of consistency and avoid
over-simplistic conclusions.

Different methods are relevant at different
policy levels (ranging from international,
EU, national, regional and local scales).
Existing literature frequently acknowledg-
es that, in these cases, the interrelationship
between different scales must be taken into
consideration, which can pose significant
challenges. Broad framings for these meth-
ods include the work done globally of the
Inter-governmental Platform on Biodiver-
sity and Ecosystem Services (IPBES) and
the Mapping and Assessment of Ecosystems
and their Services (MAES) in the context
of the EU Biodiversity Strategy. The initial
methodological work on biophysical meth-
ods will be the basis for the assessment of
the economic value of ES and promote the
integration of these values into accounting
and reporting systems.

Conclusions

“You can’t manage what you don’t measure”.
This well-known expression is also valid for
ES which is, in essence, a concept to guide
and support the management of natural
resources, ecosystems and socio-ecological
systems. ES represent the flows of materi-
al, energy and information from ecosystems
to society. Accurate measurement of these
flows as well as the extent and the condition
of ecosystems which support these flows is
therefore key to base decisions, to monitor
progress to biodiversity targets and to create
a sound knowledge base for natural capital.
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4.2. Socio-cultural valuation

approaches

FERNANDO SANTOS-MARTIN, ESZTER KELEMEN, MARINA
GARCIA-LLORENTE, SANDER JACOBS, ELISA OTEROS-ROZAS,
DAvID N. BARTON, IGNACIO PALOMO, VIOLETA HEVIA &

BERTA MARTIN-LOPEZ

Introduction

Any evaluation of ES requires an integrat-
ed analysis, taking into account the supply
and demand of ES and their biophysical,
socio-cultural and economic value dimen-
sions (see Chapters 4.1, 4.2 and 4.3, respec-
tively). Recent literature has acknowledged
that many of the contributions on ES valu-
ation still use the term ‘value’ exclusively in
a monetary sense, ignoring the broader con-
tributions of ecosystems and biodiversity to
society in terms of cultural, therapeutic, ar-
tistic, inspirational, educational, spiritual or
aesthetic values.

To fill chis scientific gap, literature on so-
cio-cultural valuation approaches has grown
in the last ten years, mostly related to cultur-
al ES (Figure 1). The recent increase in the
number of scientific papers on socio-cultural
valuation of ES coincides with the creation
of the Intergovernmental Platform of Biodi-
versity and Ecosystem Services (IPBES) in
2012. Some of the challenges addressed by
IPBES are related with socio-cultural valua-
tion of ES, such as the inclusion of different
knowledge-systems or the recognition of
value pluralism.

Despite the increase in the number of publi-
cations, socio-cultural valuation approaches
have not yet formalised a common meth-
odological framework. Designing a meth-
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odological framework, able to explore ways
of representing cognitive, emotional and
ethical responses to nature, alongside ways
of expressing preferences, needs and the
desires of people in relation to ES, is very
much needed. In this context, the present
chapter aims to contribute to this challenge
through the review of socio-cultural valu-
ation methods that have been frequently
applied in ES literature.

Socio-cultural valuation is defined in this
chapter as an umbrella term for those meth-
ods that aim to analyse human preferences
towards ES in non-monetary units. Under
this umbrella, terms such as ‘psycho-cultural
valuation’, ‘social valuation’, ‘deliberative val-
uation’, ‘qualitative valuation’ and ‘subjective
assessment’ represent valuation approaches
that aim to uncover individual and collective
values and perceptions of ES without relying
on market logic and monetary metrics.

A comprehensive review

There are multiple approaches to uncover so-
cio-cultural values of ES depending on data
availability and the purpose of the valuation.
In this chapter, we will focus on seven meth-
ods that are frequently used in literature.

Mapping Ecosystem Services



Figure 1. Trends in the scientific literature
exploring socio-cultural valuation approaches for
cultural ES.*

Note: this illustration is not representing the total
number of published papers on cultural services
valuation, but the timeline of publications of the
most relevant papers which focus on six cultural
ES: non-extractive recreation and tourism (e.g.
outdoor recreation, ecotourism), (2) extractive
recreation and tourism (e.g. sport fishing, recre-
ational hunting), (3) local ecological knowledge,
(4) scientific knowledge and environmental edu-
cation, (5) spiritual interactions with nature and
(6) aesthetic experience.

Preference assessment is a direct consulta-
tive method that assesses the individual and
social importance of ES by analysing moti-
vations, perceptions, knowledge and associ-
ated values of ES. Data is collected through
free-listing exercises, ecosystem service rank-
ing, rating, or other selection mechanisms.
Techniques for weighting the preferences
related to impacts on the ecosystem service
of different management alternatives such as
muld-criteria analysis are examples of inte-
grated preference assessment valuation.

In the same manner, but aiming at a more
quantitative indicator of socio-cultural val-
ues of ES, the time use method creates hy-
pothetical scenarios for willingness to give

up time (WT'T). This method estimates the
value of ES by asking people how much time
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they are willing to dedicate for a change in
the quantity or quality of a given ecosystem
service. This method is not only a non-mon-
etary metric, but also a way of measuring
the willingness to actively contribute to na-
ture conservation through practical actions.

Photo-elicitation surveys seck to uncover
the socio-cultural value of ES by translat-
ing people’s visual experiences, perceptions
and preferences of landscapes into ecosys-
tem service values. The use of photo-elic-
itation surveys has proven to be a useful
technique for eliciting socio-cultural values
of ES as it uses a communication channel
(i.e. photographs) which is easily under-
stood by multiple social actors (for instance
see Chapter 7.3.3).

Narrative methods differ from the pre-
vious three as they are mainly used to col-
lect qualitative data. By using narrative
methods (e.g. structured, semi-structured
and unstructured interviews, focus groups,
participant observation, content analysis,
voice and video recording of events, artistic
expression, etc.), participants can articulate
the plural and heterogeneous values of ES
through their own stories and direct actions
(both verbally and visually).

Three other approaches, frequently used in
socio-cultural valuation, focus on the inte-
gration of knowledge systems, disciplines
and diverse data. Participatory mapping
of ES (or sometimes referred to as partici-
patory geographical information systems or
review and standarized PGIS, see Box 1) as-
sesses the spatial distribution of ES accord-
ing to the perceptions and knowledge of
stakeholders via workshops and/or surveys.
PGIS facilitates the participation of various
stakeholders (e.g. community members, en-
vironmental professionals, NGO represen-
tatives, decision-makers, etc.) integrating

their perceptions, knowledge and values in
maps of ES (see Chapter 5.6.2).
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Scenario planning combines various tools
and techniques (e.g. interviews, brainstorm-
ing or visioning exercises in workshops,
often complemented with modelling) to
develop plausible and internally consistent
descriptions of alternative futures, where
values of ES can be elicited. Assumptions
about future events or trends are questioned
and uncertainties are made explicit to estab-
lish transparent links between changes in ES
and human well-being.

Deliberative methods comprise various
tools and techniques to engage and empower
non-scientific participants. These methods
(e.g- valuation workshops, citizens juries,
photo-voice, etc.) invite stakeholders and cit-
izens to form their preferences for ES togeth-
er through an open dialogue. Deliberative
methods can address ethical beliefs, moral
commitments and social norms and are often
used in combination with other approaches
(e.g. mapping or monetary valuation).

Scrutiny of specific socio-
cultural valuation methods

The diversity of socio-cultural methods
described above is determined by different
methodological requirements (Table 1) and
the ability of the different methods to pro-
vide different outputs and to uncover dif-
ferent types of values (Table 2). Regarding
methodological requirements, socio-cul-
tural methods can be clustered into three
different groups: (1) methods that require
multiple observations as they are quantita-
tive methods and are usually developed in
collaboration with scholars from the same
field (i.e. preference assessment, time-use
and photo-elicitation), (2) methods based
on qualitative data that are usually applied
in collaboration with non-academic stake-
holders (i.e. narratives), (3) methods that
are able to gather qualitative and quantita-
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tive data by collaborating with scholars from
other fields and non-academic stakeholders
(for instance PGIS, participatory scenario
planning and deliberative valuation), also
called integrated approaches (Table 1). This
third group of methods has been applied to
uncover ES values at national scales (and
international in the case of scenarios) while
the first two groups are not usually applied
at such broad scales. Further, the third type
of methods can contribute to social learning
and knowledge co-production as it fosters
discussion between different stakeholder
groups regarding the importance of differ-
ent ES (deliberative valuation), their spatial
distribution (PGIS) and the future trends of
ES and their implications for human well-
being (participatory scenario planning).

PGIS is also the most suitable method to pro-
vide spatial outputs, although preference as-
sessment, time use and photo-elicitation may
also contribute with spatially explicit results
by estimating representative values for differ-
ent geographical areas. PGIS is particularly
suited to identify ecosystem service benefit-
ing areas, i.e. places where use or demand of

ES converge (see Chapters 5.2 and 5.6.2).

Despite all developments regarding socio-cul-
tural valuation of ES, the question of how so-
cio-cultural valuation methods can elicit the
broad range of values associated with nature
is still relatively unexplored. Following the
conceptual definitions provided for value cat-
egories in the Total Economic Value (TEV),
the Economics of Ecosystems and Biodiver-
sity (TEEB) and the IPBES, an integrative
approach to socio-cultural valuation meth-
ods has the capacity to uncover most of the
different value categories (Table 2). Broadly
speaking, Table 1 shows that some methods
are more specific towards certain value types
(e.g. narrative methods), while other meth-
ods are generally able to capture multiple
values, but not specifically designed for any
value type in particular (e.g. participatory
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scenario planning or deliberative valuation).
All value types are appropriately covered by
one or more methods, but all methods have
blind spots, which imply bias and condition-
al application. Consequently, using multiple
methods is necessary to cover all values types.

The resulting analyses reflect the extent to
which diverse valuation methods capture
specific value types or have integrative po-
tential, as well as which set of complemen-
tary methods can be applied to capture mul-
tiple values.

Table 1. Methodological requirements of socio-cultural methods for valuing ES. Methods are evaluated
according to their suitability to value ES at different spatial scales and to uncover quantitative or qualitative

data - (®) high, () moderate, (®) low - and according to the level of requirements in terms of data, collabo-

ration, time and economic resources - () high, (:») medium, (:») low - Source: Kelemen et al. (2015).
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Table 2. Main socio-cultural methods are presented in relation to their capacity to integrate different

types of values - (®) high, (©) moderate, (®) low, (O) not appropriate - and according to their capacity to
integrate values - (®) high, (») medium, (=) low - Source: Kelemen et al. (2015).
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Internal variability of socio-
cultural valuation methods

A key similarity amongst socio-cultur-
al methods is the assumption that values
of ES are rooted in individuals and, at the
same time, shaped by individuals’ social and
cultural context. In fact, socio-cultural ap-
proaches have the capacity to elicit collective
and shared values of ES through participato-
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ry and deliberative techniques that go beyond
the aggregation of individual preferences. So-
cio-cultural valuation methods aim at valu-
ing ES in a considered way by discovering
the psychological, historical, cultural, social,
ecological and political contexts and condi-
tions, as well as social perceptions that shape
individually held or commonly shared values.

Variability among methods makes socio-

cultural valuation capable of flexible
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adaptation to specific worldviews and
decision contexts. Key aspects of this
variability include (Figure 2):

1. The type of values elicited: methods fo-
cusing on the value to individuals versus
methods focusing on the value to society.
Values can be considered at the level of the
individual (what is considered useful, im-
portant, good or morally acceptable by a
person) and at higher levels of societal or-
ganisation, including a group, a commu-
nity or the society as a whole (Figure 2).
The latter type includes social and cultural
values and refers to the fact that societies
hold shared principles and virtues, as well
as a shared sense of what is worthwhile and
meaningful. Shared social values influence
individual values because all of us are part
of and have been socialised within, a specif-
ic community and social context. Valuation
methods differ in terms of focusing on per-
sonal (individual) understandings of value,
or eliciting those value dimensions that are
shared by a group of people and culturally
embedded within a society.

2. The type of rationality attributed to partic-
ipants (value providers): self-oriented versus
others-oriented methodological approaches.
We can distinguish between individual (I)
and collective (We) rationality as the two
main rules of thumb behind reasonable ac-
tions (Figure 2). When following “I” ratio-
nality, we consider individual benefits and
costs of personal actions and choose the most
beneficial option for ourselves. On the other
hand, following “We” rationality means that
before acting, we consider what is good and
bad for our community/society and how our
actions can impact others. Therefore, “I” ra-
tionality refers to self-oriented actions and
choices, while “We” rationality refers to oth-
er-regarding actions and choices.

3. The process of including participants
(value providers) in valuation: observation,
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consultation or engagement methods. There
are three options to gain knowledge on pref-
erences, depending on whether preferences
(values) are considered as pre-existing or in
the process of formation. Preferences can be
observed and reported when participants
have a direct relation with the subject of
valuation (e.g. they frequently use or enjoy
some ES). However, not having a direct re-
lation with the subject of valuation does not
necessarily mean that participants do not
attribute value to it. To explore these social
preferences, participants can be consulted or
asked via questionnaires or interviews about
their perceptions of ES. If preferences are
not expected to exist a priori, or are in the
process of formation (i.e. participants do
not have a priori knowledge about, or have
not faced others’ perceptions of certain ES),
we can also engage participants in a joint
preference formation process through de-
liberative valuation, participatory scenario

planning or PGIS.

4. The dominant approaches to handling
data: predominantly quantitative, predom-
inantly qualitative and mixed methodolog-
ical approaches. All three types of methods
can be used to collect quantitative, as well
as qualitative data. Quantitative data can be
collected in numerical form from large pop-
ulations and, if representative, can provide
results that are 