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8.1 Introduction

The concept of ecosystem services highlights the contribution of ecosystems to
human well-being while bridging ecological and social systems (Daily and Matson
2008; Haines-Young 2009; de Groot et al. 2010; Fisher et al. 2011; Chung and
Kang 2013; Bryan et al. 2013). They are classified into four categories, which
include provisioning services, regulating services, cultural services, and supporting
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services (Millennium Assessment (MA) 2005).! Ecosystem services represent the
interface for the management of social-ecological systems at different scales (MA
2005; Miiller et al. 2010) and quantifying their benefits within the context of socio-
ecological systems has increasingly become a focus of research (Raymond et al.
2009; Haines-Young et al. 2012; Schmitt and Brugere 2013; Posner 2015; Reed et
al. 2017).

The actual or realized benefits, which society receives from ecosystem services,
will depend not only on the supply of ecosystems services but also on the demand
from society (Burkhard et al. 2012). Humans have an important role in the delivery
of ecosystem services and make critical contributions to the flow of ecosystem
services between areas of supply and demand. Therefore, the potential benefits
derived from ecosystem services will also depend on stakeholders’” management
strategies, capacity, access, and need within the context of a range of social,
economic, and institutional contexts (Villamagna et al. 2013).

While the importance of differentiating between demand and supply is rec-
ognized, existing tools for quantifying ecosystem services primarily focus on
ecosystem services supply or implicitly integrate demand without specifically
looking at flows and/or treat the beneficiaries as homogenous. Ecosystem services
supply focuses on the capacity of natural ecosystems to provide relevant ecosystem
goods and services within a given time period (Burkhard et al. 2012; Crossman
et al. 2013). However, increasingly more research and tools have been devoted
to the quantification of ecosystem services demand and the flows of ecosystem
services between supply and demand locations. Ecosystem service supply remains
important because it is directly derived from the amount and quality of ecosystems,
irrespective of the demand or value assigned to the potential service. It is therefore
an essential part of ecosystem services assessments.

The objective of this chapter is to review the research and tools for quantifying
ecosystem service supply focusing on commonly used tools. We begin by discussing
and reviewing the major types of mapping methods for characterizing single
ecosystem services. We then describe how multiple ecosystem services can be
considered and ways in which important priority areas for ecosystem services
provision can be identified. While the review focuses specifically on ecosystem
services supply, the distinction between supply and demand in many modeling
papers may not be specifically made. We conclude by discussing the research gaps
and future challenges in quantifying ecosystem service supply.

1 Besides the most widely used MA classification, there are also other classification systems
which treat ecosystem services slightly differently, especially the MA’s “supporting services”
class. For instance, TEEB replaced “supporting service” with “habitat service” (TEEB 2010),
while CICES (Common International Classification of Ecosystem Services) does not include
“supporting service” leaving only three categories (Haines-Young and Potschin-Young 2018).
FEGS-CS (Final Ecosystem Goods and Services Classification System) classify 21 final ecosystem
service categories and 358 unique FEGS codes (Landers and Nahlik 2013). More details are
provided in Chap. 2.



 4974 58376 a 4974 58376 a
 

8 Tools for Mapping and Quantifying Ecosystem Services Supply 171
8.2 Quantifying Ecosystem Services

A wide range of methods have been developed for ecosystem services assessments
as discussed in multiple comprehensive reviews (Feld et al. 2009; Seppelt et al.
2011; Hernandez-Morcillo et al. 2013; Blattert et al. 2017; Cord et al. 2017). These
approaches can be vastly different, even for the same services, and the values
quantified can vary from biophysical values to monetary values (La Notte et al.
2012; Reed et al. 2017), biophysical values such as erosion control (Vihervaara et
al. 2012), or social values (Raymond et al. 2009; Bryan et al. 2010, 2011; Brown
2013).

Many approaches focus specifically on the spatial characteristics of ecosystem
services, such as where services are generated (supply) and where services are
received and distributed (demand, Fig. 8.1). From the perspective of ecosystem
services supply, many quantification methods exist that are derived from natural
sciences. For example, the science of catchment management or ecosystem manage-
ment provides direct quantifications of ecosystem services provision, even though
it was developed long before the concept of ecosystem services was popularized.
Thus, in this chapter, we have focused specifically on tools and techniques, which
have only been developed from the perspective of quantifying—and in particular
mapping of—ecosystem services.

Mapping is a practical and useful tool for integrating and revealing complex
spatial information across different scales (Martinez-Harms and Balvanera 2012;
Crossman et al. 2013). Given the advantages of mapping approaches, the number of
studies on mapping ecosystem services has been growing in recent years. Ecosystem
services maps can explicitly reveal the spatial distribution of ecosystem services
(Egoh et al. 2008), such as service hotspot areas (Eigenbrod et al. 2010; Leh
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Fig. 8.1 Ecosystem services cascade and relationship between ecosystem services supply and
demand. (Adapted from Braat and de Groot (2012))
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et al. 2013) and trade-offs and correlations between multiple ecosystem services
(Mouchet et al. 2017), which can support decision-making and help communication
with stakeholders. With the continued development of ecosystem services mapping
methods, many comprehensive off-the-shelf tools have been developed, among
which, InVEST (Sharp et al. 2020), ARIES (Villa et al. 2009), and SoIVES
(Sherrouse et al. 2011) are widely used. A longer list of tools can be found in a
review by de Groot et al. (2018; Table 8) and in the Ecosystems Knowledge Network
Tool Assessor (https://ecosystemsknowledge.net/tool). In this chapter we describe
the five main types of ecosystem services mapping and quantification methods:
(1) Primary data; (2) Causal relationships; (3) Expert knowledge; (4) Participatory
mapping; and (5) Biophysical models.

8.2.1 Primary Data

Ecosystem services supply can be mapped directly using primary data. Primary data
are derived from field survey or samples (Martinez-Harms and Balvanera 2012)
and or remote sensing to represent ecosystem services values. Primary data are
most often used in quantifying provisioning services, such as timber (Delphin et
al. 2013) and food (Wang et al. 2018a) (Fig. 8.2a). Although primary data offer

Visitors / sq.km.

. - 10240
2 I 2560 - 10240
640 - 2560
160 - 630
* B 40 - 160
b - - 40
Bages i Wy
3 ¢ 4 )
B (g sted Cropping (/ ; !.( \
I irvigated Sugar ¢ } “
W Rainted Cropping (. 2 N P i
I Rainfed Sugar | =3
ST ‘
a) g b)

Fig. 8.2 (a) Many ecosystem services, especially provisioning services, are commonly produced
for other purposes such as a map of agricultural areas. Maps of agricultural land cover classes
such as above from Queensland Australia represent primary data, which can be used to map
ecosystem services. (Adapted from Wang et al. 2018a). (b) Causal relationships use readily
available information to characterize ecosystem services. This map of the spatial patterns of
Victoria’s protected areas popularity was produced using official visitation statistics. (Adapted
from Levin et al. 2017)
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the most accurate information, such data are not available for all types of ecosystem
services. For example, the majority of regulating and supporting services are closely
related to complex ecosystem processes and functions, while cultural services
are nonmaterial and thus difficult to represent with primary data. Furthermore,
availability of primary data is a critical limitation (Martinez-Harms and Balvanera
2012). Primary data cannot always be mapped, particularly if there are issues around
data confidentiality or data protection.

8.2.2 Causal Relationships

The term causal relationship describes how readily available information can be
used to characterize ecosystem processes and services and is one of the most
frequently used methods to map different ecosystem services (Martinez-Harms
and Balvanera 2012; Schiégner et al. 2013). For instance, air quality regulation
services of a city could be mapped based on urban greenspace distribution and the
vegetation attributes described by remote-sensing-derived leaf area index (Ortolani
and Vitale 2016). Recreational services are usually mapped by social and ecological
data such as the national parks numbers, tourism statistics, and public access levels
(Raudsepp-Hearne et al. 2010; Paracchini et al. 2014) (Fig. 8.2b).

Causal relationships represent a method which utilizes proxies to quantify
ecosystem services provision and provide a useful way to estimate ecosystem
services when direct ecosystem services indicators are absent. Many of these
mapping and quantification techniques implicitly incorporate ecosystem services
demand without explicitly modeling supply (i.e., visitor numbers at national parks).
However, causal relationship methods need considerable knowledge for understand-
ing the generating processes of ecosystem services (Eigenbrod et al. 2010; Schiagner
et al. 2013). Uncertainties are produced and the outcomes are not accurate if there
are poor causal relationships between the data and the ecosystem service it is meant
to represent.

8.2.3 Expert-Based Model Knowledge

Expert knowledge is one of the most widely used approaches; it is a simple and
effective way to map ecosystem services (Egoh et al. 2008; Miiller et al. 2010; Grét-
Regamey et al. 2017). This method incorporates advice from different experts and
stakeholders to map ecosystem services. For example, Haines-Young et al. (2012)
use “expert” and “literature-driven” methods to establish the multiple links between
land cover and use and potential ecosystem service outputs in different geographical
contexts across Europe. One of the more popular methods is the application of
land cover proxies where each land cover is given a specific value for ecosystem
service provision (Jacobs et al. 2015; Burkhard et al. 2012, 2014) to create a
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Fig. 8.3 Matrix model/look-up-table for mapping ecosystem services supply with a land cover
proxy for Kuala Lumpur, Malaysia. Dark red represents the highest potential to supply ES, while
yellow shows the least. These values are then mapped based on their corresponding land cover
classes. (Data supplied by Gangul Nelaka)

matrix/look-up-table of ecosystem services versus land cover (Fig. 8.3), which can
then be converted into an ecosystem services map based on this relationship. Other
examples of this approach include a study by Swetnam et al. (2011) who developed
scenarios integrating local stakeholders and experts to define the extent of changes
in land cover classes under different sets of drivers. Palomo et al. (2013) defined
ecosystem services according to expert-advice and questionnaires and then mapped
ecosystem services flows. However, the high levels of subjectivity and the lack of
quantitative assessments for ecosystem services are the main disadvantages of the
expert knowledge approaches (Hamel and Bryant 2017).

8.2.4 Participatory Mapping

Public Participation Geographic Information System (PPGIS) is used to map
ecosystem services using quantitative or qualitative social surveys (Brown 2013;
Shoyama and Yamagata 2016). A common approach is to ask participants to identify
ecosystem service locations using a point or polygon on a web-based or paper
map (Fig. 8.4). These points are then aggregated or interpolated to create a raster
surface representing ecosystem service provision. Social Values for Ecosystem
Services (SoIVES) is a very popular ecosystem services mapping tool that also uses
quantitative social surveys of both point locations and preferences for difference
locations and land covers, in conjunction with Maxent create raster surfaces
of ecosystem services (Sherrouse et al. 2011). Both approaches map ecosystem
services from the perspective of a specific stakeholder group.
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a)

Fig. 8.4 PPGIS mapping with a quantitative social survey carried out on Tioman Island Malaysia.
(Figures and data adapted from Lechner et al. (2020)). (a) Map of recreational landscape values.
Multiple survey participants identified recreational landscape values with sticker dots (b, ¢), which
were first digitized, then combined, and finally interpolated to produce a recreational landscape
value surface

8.2.5 Biophysical Models

The most data intensive mapping approach uses biophysical models to describe
the biophysical processes and functions of ecosystems (Kareiva et al. 2011; Petz
2014; Runting 2017). Various models from different disciplines and theories are
utilized for ecosystem services assessments and are integrated with GIS. Commonly,
these biophysical models are based on process or mechanistic models, which
are composed of multiple equations, which approximate real world biophysical
processes such as erosion or hydrological flows. However, machine learning, or
other statistical approaches that mimic biophysical processes, can also be used.
These models are commonly used for mapping regulating services and supporting
services (Martinez-Harms and Balvanera 2012; Baral et al. 2013a; Pulighe et al.
2016). For instance, the Universal Soil Loss Equation (USLE) can be used to
simulate the mechanisms associated with the interaction between soil, precipitation,
and vegetation to assess the soil loss and retention for the soil conservation service
(Sanchez-Canales et al. 2015; Grafius et al. 2016), while the Carnegie-Ames-
Stanford approach (CASA) model can be used to simulate photosynthesis processes
to estimate net primary productivity for carbon sequestration service (Dai et al.
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Fig. 8.5 Sediment retention service mapping under two different scenarios: rehabilitation and
mining as usual scenarios in an Australian mining region (Wang et al. 2018b) using process-based
Sediment Delivery Ratio model in InVEST

2017). However, there are still challenges associated with how well these models
characterize a biophysical process (Surfleet and Tullos 2013; Sharp et al. 2020)
and/or models selection (Lavorel et al. 2011; Petz and van Oudenhoven 2012) due
to a lack of understanding ecosystem processes, subjectivity, and data availability.
Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) is one of the
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most widely applied ecosystem services mapping tools (Sharp et al. 2020) and it
includes several biophysical models to characterize a range of ecosystem services
such as sediment retention, urban cooling, and flood risk (Fig. 8.5).

8.3 Comparing Ecosystem Service Supply

Ecosystem services assessments typically assess the spatial or temporal change in
services to identify optimal land use or management strategies. Several approaches
are used to compare multiple ecosystems and identify their spatial trends. In this
section, we describe approaches for (1) comparing multiple ecosystem services and
(2) identifying priority areas.

8.3.1 Comparison of Multiple Services

A single ecosystem can provide multiple ecosystem services and these services
can interact resulting in services trade-offs and synergies (Fig. 8.6). Trade-offs
occur when one service decreases as another service increases (Rodriguez et al.
2006; Grét-Regamey et al. 2013). Synergies are defined as the situation when the
changes are positive for both (or many) ecosystem services and trade-offs describe
the opposing situation (Rodriguez et al. 2006; Haase et al. 2012; Crossman et al.
2013). Haase et al. (2012) proposed an evaluation matrix of ecosystem services
correlations, which describe ecosystem services synergies, trade-offs, losses, and
other single-aspect changes.

Ecosystem services trade-offs and synergies have been mapped and assessed
in various studies. Among the four types of ecosystem services, provisioning and
regulating services are most frequently assessed. For instance, the interactions
between water provision and sediment retention services have been assessed in
multiple fields of different countries (Williams and Hedlund 2014; Friih-Miiller et
al. 2016; Fernandez-Campo et al. 2017; Hao et al. 2017; Hamel et al. 2019). There
are also many studies focusing on cultural services interactions (Turner et al. 2014;
Ament et al. 2017). Different agricultural practices can lead to different correlations
among crop yields, soil carbon, and nutrient retention (Qiu and Turner 2013; Kragt
and Robertson 2014; Nelson et al. 2009). Correlations between ecosystem services
are also commonly assessed in response to future change scenarios. For instance,
climate changes can cause changes in hydrological ecosystem services and their
interactions with other services (Agropolis et al. 2013; Jiang et al. 2017; Mandle et
al. 2017). Analyses of ecosystem services current and future trade-offs and synergies
are commonly integrated into land use planning and natural resources management
(Castro et al. 2014; Witt et al. 2014; Keith et al. 2017) to help decision-makers
balance the protection and promotion of different ecosystem services.
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Fig. 8.6 (a) Evaluation matrix of ecosystem services trade-offs and synergies. (Adapted from
Haase et al. 2012). (b) The pixel-scale correlation between carbon sequestration (CS) and water
yield (WY) within the whole mining lease of Currugh mine in Queensland, Australia. The chart
shows a trade-off between carbon sequestration (CS) and water yield (WY) with a Spearman’s
rank correlation coefficient of —0.88 (P = 0.01). (Adapted from Wang et al. 2020)

Quantitative approaches for measuring ecosystem services trade-offs and syner-
gies include aspatial and spatial methods. Aspatial methods range from aggregated
metrics such as correlation coefficients to graphical tools such as radar plots,
parallel coordinate plots, or scatterplots (Weil 2017). Correlation coefficients such
as the Pearson and Spearman’s rank coefficients have been widely used to assess
the ecosystem services interactions (Agropolis et al. 2013; Castro et al. 2014;
Onatibia et al. 2015; Staes et al. 2017). Regression models have also been applied to
characterize pair-wise relationships between ecosystem services. For instance, Jia
et al. (2014) utilized a logistical regression model to analyze ecosystem services
trade-offs and synergies for a Grain-for-Green area in China. Maes et al. (2012b)
applied multinomial logistic regression models to assess the correlations between
ecosystem service supply, biodiversity, and habitat conservation status in Europe.

In addition to aggregated statistical methods for assessing trade-offs, a range of
useful tools or indicators have been developed to map these trade-offs. Beyond
traditional mapping methods such as hotspot or chloropleth maps (Weil 2017,
Burkhard and Maes 2017), interactive tools have become popular to visualize trade-
offs and synergies (Natural Capital Project 2020; Fredriksson et al. 2020). For
instance, Pang et al. (2017) developed the Landscape simulation and Ecological
Assessment (LEcA) tool to analyze synergies and trade-offs among five ecosystem
services in Sweden. Trodahl et al. (2017) utilized Land Utilization and Capability
Indicator (LUCI) to evaluate the trade-offs between water quality and agricultural
productivity in New Zealand. Other useful examples can be found on the Natural
Capital Project’s visualization website (Natural Capital Project 2020). Where many
ecosystem services are assessed, the concept of ecosystem services bundles has
been used to describe services that always concurrently appear together; these are
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commonly identified by cluster analysis methods (Raudsepp-Hearne et al. 2010;
Turner et al. 2014; Ament et al. 2017; Mouchet et al. 2017).

8.3.2 Identifying Priority Areas

Assessing the spatial patterns in ecosystem service distribution can be valuable in
identifying priority — areas for management (Lourdes et al. 2022). Such assessments
have been applied to individual and multiple ecosystem services, although variation
in the spatial distribution between multiple ecosystem services can be high (Schroter
and Remme 2016). In order to meaningfully assess the spatial patterns of multiple
ecosystem services, individual services are converted to a common scale (i.e.,
rescaled) for standardization such as a minimum-maximum normalization (e.g., 0—
1) (Dou et al. 2020; Lavorel et al. 2011; Maes et al. 2012a; Mokondoko et al. 2018),
or z-score normalization or z-standardization (Jopke et al. 2015; Weil 2017). The
type of rescaling method applied is tied strongly to the objective of the assessment,
taking note that the absolute or initial values assigned to ecosystem service will
change when standardized.

Hotspot mapping is a common cluster analysis method used to distinguish the
abundance and distribution of ecosystem services across a landscape. The terms
“hotspot” and “coldspot” respectively denote areas of high service provision and
low service provision for a single ecosystem service (Egoh et al. 2008). Methods
for delineating ecosystem service hotspots are diverse; Schroter and Remme (2016)
provide a comprehensive review on the methods available. Popular methods include
the top richest cells method and Getis-Ord Gi* statistic. Although both methods
delineate ecosystem service hotspots, the two methods highlight unique approaches
to identifying spatial patterns in ecosystem services. The top richest cells (quantile)
method divides grid cells, ranked from high to low service value, into classes with
an equal number of cells (Bai et al. 2011; Dou et al. 2020; Eigenbrod et al. 2010;
Orsi et al. 2020). The class with the highest values is defined as a hotspot, with class
sizes for hotspots ranging from 5% to 30% of the total cells. For example, Orsi et
al. (2020) delineated hotspots as the highest 20% of cells supplying an ecosystem
service. While the Getis-Ord Gi* statistic (Getis and Ord 1992) utilizes a spatial
clustering method to delineate hotspots. This method identifies areas where high
value cells are highly concentrated within a specified distance/neighbourhood (i.e.
high values within a neighborhood of low values or vice versa) (Bagstad et al. 2016;
Lietal. 2017; Sylla et al. 2020), distinguishing hotspots and coldspots with varying
degrees of clustering (i.e. significance). The differences in these two approaches are
further detailed by Bagstad et al. (2017).

Areas of overlap between multiple ecosystem services, or ‘multiple service
hotspots’, can be identified by summing hotspots produced through a range of
methods, for individual services. The applications of both hotspot mapping and
aggregation and comparison of multiple services are diverse (Anderson et al. 2009;
Dou et al. 2020; Maes et al. 2012a; Mokondoko et al. 2018). Pan et al. (2020)
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assessed areas of overlap between several hydrological ecosystem services for
the integrated management of a river basin, while Bogdan et al. (2019) mapped
social values, delineating multiple service hotspots for cultural ecosystem services.
Bagstad et al. (2016), on the other hand, combined biophysical ecosystem service
values and social values, delineating multiple service hotspots for more inclusive
management of the Southern Rocky Mountains.

8.4 Data Sources and Uncertainty

One of the big challenges for ecosystem services mapping is the requirement for
data and the varieties of sources and principles by which they were created (Cross-
man 2017). The types of data sources can be distinguished into two categories,
primary and secondary data (Egoh et al. 2012; Martinez-Harms and Balvanera
2012; Crossman et al. 2013). Primary data are those derived from sampling in the
field, such as field measurements, surveys, and interviews, while secondary data are
defined as those derived from readily available information not typically verified in
the field including literature-based or modeled data (Martinez-Harms and Balvanera
2012). Along with the types of data sources, data can be classified as biophysical or
socioeconomic. Biophysical data are related to the natural and biophysical systems,
such as hydrological data, remote sensing, topographical, and land cover data.
Socioeconomic data are the data related to social and human activities, such as
crop production, population, road lines, and economic data (Martinez-Harms and
Balvanera 2012).

Among different type of datasets, land cover data are the most widely used.
Land cover change is one of the greatest drivers of changes in ecosystems and
their services and, as noted in Sect. 8.3, is commonly used as proxy for mapping
ecosystem services (Petter et al. 2013; Baral et al. 2013b; Nahuelhual et al. 2014;
Abram et al. 2014; Tolessa et al. 2016). Land cover spatial data can be acquired
through different ways. There are many well-established land use and land cover
database in many countries, which are acquired through particular land use and
cover mapping projects. For instance, the CORINE land cover database of Europe
(Haines-Young 2009; Burkhard et al. 2012) and the national land cover dataset
(NLCD) of USA (Lawler et al. 2014; Yoo et al. 2014) are widely used for
ecosystem services assessments. Where existing data is unavailable, land cover
changes can be mapped using remote sensing (Krishnaswamy et al. 2009; Tolessa
et al. 2016; Zaehringer et al. 2017). Besides land cover spatial data, other data
such as hydrological (Vigerstol and Aukema 2011; Terrado et al. 2014), topographic
(Sherrouse et al. 2011; Fernandez-Campo et al. 2017), and climate data (Bangash
et al. 2013; Jiang et al. 2017) are also are frequently utilized for ecosystem services
mapping.

Scale is always a critical issue in landscape ecology and geographic research
(Lechner et al. 2012a) and has a significant effect on ecosystem services mapping
(Nemec and Raudsepp-Hearne 2012; Di Sabatino et al. 2013). Some ecological
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processes are scale dependent (i.e., species environment relationships), while other
processes occur at multiple scales (Lechner et al. 2012b; Grét-Regamey et al. 2014).
Ecosystem services supply can also be mapped at different grain sizes and extents,
which include pixel, local, regional, national, and global scales (Martinez-Harms
and Balvanera 2012). Among them, local and regional scales are the most frequently
assessed in which the extents of a study are commonly defined by the boundaries
of a biogeographic or hydrologic system such as a mountain range (Grét-regamey
et al. 2012), watershed (Band et al. 2012), forest (Pohjanmies et al. 2017), or urban
area (McPhearson et al. 2013).

Mapping scale can influence the results of ecosystem service assessment. For
instance, Grafius et al. (2016) mapped ecosystem services at two different scales
in three urban areas of the UK, and found sensitivity to scale was dependent on
the type of service. Hou et al. (2017) assessed ecosystem service interactions at the
pixel and town scales through a case study in the central Loess Plateau of China,
which revealed that scale could apparently affect ecosystem services synergies and
interactions. Grét-Regamey et al. (2014) estimated the effects of scale on ecosystem
services mapping through four case studies of different countries and suggested a
four-step approach to address the scale issues. There are also many other studies
focusing on scales of ecosystem services mapping (Larondelle and Lauf 2016;
Raudsepp-Hearne and Peterson 2016; Calderén-Contreras and Quiroz-Rosas 2017;
Xu et al. 2017), which all demonstrate the scale dependency issue and emphasize
the importance of considering scale effects when mapping ecosystem services.

Beyond input data and spatial scale, several other sources of uncertainty affect
the quantification and mapping of ecosystem services, including the context and
framing of the assessment and, in the case of modeled data, the model structure,
parameters, and technical implementation (Hamel and Bryant 2017). Managing
these uncertainties involves understanding the potential use of ecosystem services
information, potentially through codevelopment approaches, and applying proved
analytical methods developed in the field of integrated environmental modeling
(Pappenberger and Beven 2006; Petersen et al. 2013; Hamilton et al. 2019; Hamel
and Bryant 2017),

8.5 Challenges for Quantifying Ecosystem Services

One of the primary goals for quantifying and mapping ecosystem service is for
integration into planning and management (Egoh et al. 2008; Raymond et al. 2009;
Potschin and Haines-Young 2012; Grét-Regamey et al. 2017). There are many
examples of mapping ecosystem services for urban planning focusing on the whole
urban area (Lauf et al. 2014; Kaczorowska et al. 2015; Albert et al. 2016; Larondelle
and Lauf 2016; Pickard et al. 2017; see Lourdes et al. 2021 for a regional review)
or particular parts such as urban green spaces (Pulighe et al. 2016; Engstrom and
Gren 2017). Also, ecosystem services have been mapped for conservation planning
and natural resource management (Tallis and Polasky 2009; Bottalico et al. 2015;
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Gunton et al. 2017) commonly together with biodiversity (Guerry et al. 2012;
Sumarga and Hein 2014).

Although studies on ecosystem services mapping and quantification are growing,
there are still a number of challenges. Some significant review papers have summa-
rized the multiple challenges and bottlenecks associated with ecosystem services
mapping (Crossman et al. 2013; Malinga et al. 2015; Brown and Fagerholm 2015)
and characterized the types of ecosystem services mapped for multiple purposes
(Willemen et al. 2015; Klein and Celio 2015; Drakou et al. 2015). Building on these
existing reviews, we outline four key research challenges and gaps, which need to
be considered and should be a focus for future research.

1. Gaps in Data Availability

Data availability can affect the quality of ecosystem services maps and the types
of ecosystem services mapping tools available. Where primary data is not used,
the application of proxy data is used, which can lead to uncertainties for mapping
outputs (Eigenbrod et al. 2010; Schégner et al. 2013). Little is known about how the
errors associated with proxy-based methods might affect the inferences drawn from
analyses because quantifying the impacts of such errors is difficult without compar-
isons to primary data (Vrebos et al. 2015). A major challenge for ecosystem services
mapping is to develop approaches, which adequately characterize ecosystems when
using limited available data. This is especially important for data poor regions in
the Global South where both primary data such as land cover maps may be of poor
quality or unavailable and basic biophysical information such as the properties of
soil may have never been measured or are highly uncertain, thus restricting the use
of process-based biophysical models.

2. Inconsistency in Mapping Approaches

Although there are various approaches applied to mapping ecosystem services,
there is still a need to understand the uncertainties and biases introduced by different
mapping methods (Crossman et al. 2013; Crossman 2017). Different indicators and
approaches have been used to map the same service, which can lead to apparent
differences in the outputs (Schulp et al. 2014). Also, the same service may be
mapped differently according to different research objectives such as mapping
only ecosystem supply versus quantifying flows and potential values of ecosystem
services. Additional guidance for ecosystem service mapping for decision-making
and interpreting outputs will help understand the differences between methods
and the implications for the development of decision-support tools (Bagstad et al.
2013; Hamel et al. 2020). Because different actors have different mandates and
motivations, understanding information needs will ensure that ecosystem services
information is used effectively (Bremer et al. 2020). It is important to note; there is
not one optimal method, but the approach taken should be adapted to the decision-
making context and uncertainty understood.
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3. Assessing Uncertainties in Ecosystem Services Mapping

Uncertainty assessments are commonly conducted in many disciplines from
hydrology (Benke et al. 2008), economics (Gilboa et al. 2008) to landscape
ecology (Lechner et al. 2012a) as uncertainty can seriously affect the outcome
of an analysis. Currently, few studies focus explicitly on analyzing uncertainty in
ecosystem services mapping (Grét-regamey et al. 2012, 2014; Schulp et al. 2014;
Hamel and Guswa 2015; Wang et al. 2018a, b). A recent special issue in the
journal Ecosystem Services in 2018 demonstrated best practices and challenges
for “transparent, feasible and useful uncertainty assessment in ecosystem services
modelling” (Bryant et al. 2018). Uncertainty was characterized for different models
(Maldonado et al. 2018) and different scenarios (Ashley et al. 2018; Monge et
al. 2018) and new methods were introduced for uncertainty assessment such as
through the application of machine learning (Willcock et al. 2018). However,
there are still a lot of challenges for successfully assessing uncertainties of
ecosystem services mapping. As ecosystem services mapping draws on methods
from a range of disciplines each with their own methods for assessing uncertainty
(e.g., social sciences to hydrology), these methods should be incorporated into
ecosystem services quantification approaches. It is important that any approach
which addresses uncertainty is effective without being so time-consuming that it
would be impractical to apply (Hamel and Bryant 2017).

As ecosystem service modeling methods become more complex, incorporating
and assessing multiple ecosystem services in more complex ways, can cause errors
and uncertainty to propogate and magnify. Approaches that incorporate multiple
ecosystem services remain limited in several ways. Many approaches identify only
high or low values of ecosystem services provision relative to a study area (i.e.,
top pixel values) or neighborhood (i.e., Getis-Ord Gi). However, the normalization
process ignores the absolute values of these ecosystem services from the societal
perspective. Not all ecosystem services are equivalent in their value to society and
thus not all high valued ecosystem services should be considered equal when it
comes to combining multiple ecosystem services.

4. Mapping Across Temporal Scale

While ecosystem services are commonly mapped across space, there are still
relatively few studies, which have mapped historical changes in ecosystem services
which have included high temporal resolution (i.e., numerous timesteps), even
though abiotic (i.e., rainfall) and biotic (i.e., phenology) systems are dynamic.
Although mapping future ecosystem service scenarios is relatively common, ecosys-
tem services hotspots, trade-offs, and priority areas will change in both time
and space. Mapping these temporally can add to the predictive capability of the
outcomes. Such an approach is especially important in highly dynamic landscapes
such as mining sites and agricultural and urban landscapes, which develop very
quickly, especially in the Global South.
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8.6 Conclusions

This chapter provided an introduction to the current tools for mapping and
quantifying ecosystem services supply. While ecosystem service approaches have
progressed rapidly in recent years, there are still many challenges. This is especially
the case in the Global South where there is rapid land use change, resulting in
the loss of biodiversity and ecosystem services. In urban landscapes, modelling
aproaches still need further development. For example, InVEST, one of the most
widely used ecosystem services modeling package, only recently released a suite
of tools for modeling urban ecosystem services. In addition, moving beyond the
realm of quantifying and mapping ecosystem services, consideration needs to be
given for how the outcomes will be used and by whom. This also poses challenges
in terms of how the outcomes should be represented including ways to clearly
communicate uncertainties of both the input and output data and the ways in
which the models have been validated. Knowledge gaps between practitioners and
stakeholders could be reduced by building collaborative connections and including
stakeholders early on in the mapping and decision-making process. This ensures
that the needs of the end users are met and the underlying questions to be mapped
are understood. Co-production of maps could result in output maps that are fit for
purpose, easily understood by relevant stakeholders or end users, and could lead to
better results around translating mapping outcomes into effective policy, planning,
and management.

References

Abram NK, Meijaard, E, Ancrenaz, M, Runting RK, Wells, JA, Gaveau, D, Pellier, A-S,
Mengersen, K. 2014. Spatially explicit perceptions of ecosystem services and land cover
change in forested regions of Borneo. Ecosyst Serv. 7:116-127.

Agropolis A, Cifor J, Program GC, Rica C. 2013. Synergies and trade-offs between ecosystem
services in Costa Rica. The journal for Agropolis is Environmental Conservation (Cambridge
University Press) 41:27-36.

Albert C, Galler, C, Hermes, J, Neuendorf, F, Von Haaren, C, Lovett, A. 2016. Applying ecosystem
services indicators in landscape planning and management: The ES-in-Planning framework.
Ecol Indic. 61:100-113.

Ament JM, Moore, CA, Herbst M, Cumming, GS. 2017. Cultural Ecosystem Services in Protected
Areas: Understanding Bundles, Trade-Offs, and Synergies. Conserv Lett. 10:439-449.

Anderson, BJ, Armsworth, PR, Eigenbrod, F, Thomas, CD, Gillings, S, Heinemeyer, A, Roy,
DB, Gaston, KJ 2009. Spatial covariance between biodiversity and other ecosystem service
priorities. Journal of Applied Ecology, 46(4), 888—896.

Ashley, R, Gersonius, B, Digman, C, Horton, B, Smith, B, & Shaffer, P. 2018. Including uncertainty
in valuing blue and green infrastructure for stormwater management. Ecosyst Serv. 33: 237—
246.

Bagstad, KJ, Reed, JM, Semmens, DJ, Sherrouse, BC, & Troy, A. 2016. Linking biophysical
models and public preferences for ecosystem service assessments: a case study for the Southern
Rocky Mountains. Regional Environmental Change, 16(7), 2005-2018.



8 Tools for Mapping and Quantifying Ecosystem Services Supply 185

Band LE, Hwang T, Hales TC, Vose J, Ford C. 2012. Ecosystem processes at the watershed scale:
Mapping and modeling ecohydrological controls of landslides. Geomorphology. 137:159-167.

Bagstad, KJ, Semmens, DJ, Ancona, ZH, & Sherrouse, BC. 2017. Evaluating alternative methods
for biophysical and cultural ecosystem services hotspot mapping in natural resource planning.
Landscape Ecology, 32(1), 77-97.

Bagstad, KJ, Semmens, DJ, Waage, S, Winthrop, R. 2013. A comparative assessment of decision-
support tools for ecosystem services quantification and valuation. Ecosyst. Serv. 5: 27-39.
Bai, Y, Zhuang, C, Ouyang, Z, Zheng, H, & Jiang, B 2011. Spatial characteristics between
biodiversity and ecosystem services in a human-dominated watershed. Ecological Complexity,

8(2), 177-183.

Bangash RF, Passuello, A, Sanchez-Canales, M, Terrado, M, Lopez, A, Elorza, FJ, Ziv G, Acuiia,
V, Schuhmacher, M. 2013. Ecosystem services in Mediterranean river basin: Climate change
impact on water provisioning and erosion control. Sci Total Environ. 458-460:246-255.

Baral H, Keenan, RJ, Fox, JC, Stork, NE, Kasel, S. 2013a. Spatial assessment of ecosystem goods
and services in complex production landscapes: A case study from south-eastern Australia.
Ecol Complex. 13:35-45.

Baral H, Keenan, RJ, Stork, NE, Kasel, S. 2013b. Measuring and managing ecosystem goods and
services in changing landscapes: a south-east Australian perspective. J Environ Plan Manag.
57:961-983.

Bremer LL, Hamel, P, Ponette-Gonzdlez, AG, Pompeu, PV, Saad, SI, Brauman, KA. 2020. Who
Are we Measuring and Modeling for? Supporting Multilevel Decision-Making in Watershed
Management. Water Resour Res. 56(1):1-17.

Benke KK, Lowell KE, Hamilton AJ. 2008. Parameter uncertainty, sensitivity analysis and
prediction error in a water-balance hydrological model. Math Comput Model. 47:1134—-1149.

Blattert C, Lemm R, Thees O, Lexer MJ, Hanewinkel M. 2017. Management of ecosystem services
in mountain forests: Review of indicators and value functions for model based multi-criteria
decision analysis. Ecol Indic. 79:391-409.

Bogdan, SM, Stupariu, I, Andra-Toparceanu, A, & Nastase, II. 2019. Mapping social values for
cultural ecosystem services in a mountain landscape in the Romanian Carpathians. Carpathian
Journal of Earth and Environmental Sciences, 14(1): 199-208. https://doi.org/10.26471/cjees/
2019/014/072

Bottalico F, Pesola L, Vizzarri M, Antonello L, Barbati A, Chirici G, Corona P, Cullotta S, Garfi V,
Giannico V, et al. 2015. Modeling the influence of alternative forest management scenarios on
wood production and carbon storage: A case study in the Mediterranean region. Environ Res.
144:72-87.

Braat, L.C., de Groot, R., 2012. The ecosystem services agenda: bridging the worlds of natural
science and economics, conservation and development, and public and private policy. Ecosyst.
Serv. 1(1): 4-15.

Brown G, Fagerholm N. 2015. Empirical PPGIS / PGIS mapping of ecosystem services: A review
and evaluation. Ecosyst Serv. 13:119-133.

Brown G. 2013. The relationship between social values for ecosystem services and global land
cover: An empirical analysis. Ecosyst Serv. 5:58—68.

Bryan BA, Higgins A, Overton IC, Holland K, Lester RE, King D, Nolan M, MacDonald DH,
Connor JD, Bjornsson T, Kirby M. 2013. Ecohydrological and socioeconomic integration for
the operational management of environmental flows. Ecol Appl. 23:999-1016.

Bryan BA, Raymond CM, Crossman ND, King D. 2011. Comparing spatially explicit ecological
and social values for natural areas to identify effective conservation strategies. Conserv. Biol.
25 (1): 172-181.

Bryan BA, Raymond CM, Neville DC, MacDonald, DH. 2010. Targeting the management of
ecosystem services based on social values: where, what and how? Landscape Urban Plan. 97:
111-122.

Bryant, BP, Borsuk, ME, Hamel, P, Oleson, KLL, Schulp, CJE. 2018. Transparent and feasible
uncertainty assessment adds value to applied ecosystem services modeling. Ecosyst. Serv. 33:
103-109.



 23351 31795 a 23351 31795 a
 
http://doi.org/10.26471/cjees/2019/014/072

186 Z. Wang et al.

Burkhard, B, & Maes, J. 2017. Mapping Ecosystem Services. In B. Burkhard & J. Maes (Eds.),
Advanced Books (Vol. 1). Pensoft Publishers. https://doi.org/10.3897/ab.e 12837

Burkhard, B, Kandziora, M, Hou, Y, Miiller, F, 2014. Ecosystem Service Potentials, Flows and
Demands-Concepts for Spatial Localisation, Indication and Quantification. Landsc. Online, 34:
1-32.

Burkhard B, Kroll F, Nedkov S, Miiller F. 2012. Mapping ecosystem service supply, demand and
budgets. Ecol Indic. 21:17-29.

Calderén-Contreras R, Quiroz-Rosas LE. 2017. Analysing scale, quality and diversity of green
infrastructure and the provision of Urban Ecosystem Services: A case from Mexico City.
Ecosyst Serv. 23:127-137.

Castro AJ, Verburg PH, Martin-16pez B, Garcia-llorente M, Cabello J, Vaughn CC, Lépez E. 2014.
Landscape and Urban Planning Ecosystem service trade-offs from supply to social demand : A
landscape-scale spatial analysis. Landsc Urban Plan. 132:102-110.

Chung MG, Kang H. 2013. A Review of Ecosystem Service Studies: Concept, Approach and
Future Work in Korea. J Ecol Environ. 36:1-9.

Cord AF, Bartkowski B, Beckmann M, Dittrich A, Hermans-Neumann K, Kaim A, Lienhoop N,
Locher-Krause K, Priess J, Schroter-Schlaack C, et al. 2017. Towards systematic analyses
of ecosystem service trade-offs and synergies: Main concepts, methods and the road ahead.
Ecosyst Serv. 28:264-272.

Crossman, ND. 2017. Uncertainties of ecosystem services mapping. In: Burkhard B, Maes J (Eds.)
Mapping Ecosystem Services. Advanced Books (Vol. 1). Pensoft Publishers.

Crossman ND, Burkhard B, Nedkov S, Willemen L, Petz K, Palomo I, Drakou EG, Martin-Lopez
B, McPhearson T, Boyanova K, et al. 2013. A blueprint for mapping and modelling ecosystem
services. Ecosyst Serv. 4:4—14.

Dai EF, Wang XL, Zhu JJ, Xi WM. 2017. Quantifying ecosystem service trade-offs for plantation
forest management to benefit provisioning and regulating services. Ecol Evol. 7:7807-7821.

Daily GC, Matson PA. 2008. Ecosystem Services: From Theory to Implementation. Proc Natl Acad
Sci. 105:9455-9456.

De Groot, R., Moolenaar, S., van Weelden, M., Konovska, I., de Vente, J. 2018. The ESP Guidelines
in a Nutshell. FSD Working Paper 2018-09 (29 pp), Foundation for Sustainable development,
Wageningen, The Netherlands.

de Groot RS, Alkemade R, Braat L, Hein L, Willemen L. 2010. Challenges in integrating the
concept of ecosystem services and values in landscape planning, management and decision
making. Ecol Complex. 7:260-272.

Delphin S, Escobedo FJ, Abd-Elrahman A, Cropper W. 2013. Mapping potential carbon and timber
losses from hurricanes using a decision tree and ecosystem services driver model. J Environ
Manage. 129:599-607.

Di Sabatino A, Coscieme L, Vignini P, Cicolani B. 2013. Scale and ecological dependence of
ecosystem services evaluation: Spatial extension and economic value of freshwater ecosystems
in Italy. Ecol Indic. 32:259-263.

Dou, H, Li, X, Li, S, Dang, D, Li, X, Lyu, X, Li, M & Liu, S. 2020. Mapping ecosystem services
bundles for analyzing spatial trade-offs in inner Mongolia, China. J. of Clean. Prod., 256:
120444.

Drakou EG, Crossman, ND, Willemen, L, Burkhard, B, Palomo I, Maes, J. 2015. A visualization
and data-sharing tool for ecosystem service maps : Lessons learnt, challenges and the way
forward. Ecosyst Serv. 13:134-140.

Egoh, B, Drakou, EG, Dunbar, MB, Maes, J. 2012. Indicators for mapping ecosystem services :
a review. Luxembourg: Institute for Environment and Sustainability, Joint Research Centre,
European Commission.

Egoh B, Reyers, B, Rouget, M, Richardson, DM, Le Maitre, DC, van Jaarsveld, AS. 2008. Mapping
ecosystem services for planning and management. Agric Ecosyst Environ. 127:135-140.

Eigenbrod, F, Armsworth, PR, Anderson, BJ, Heinemeyer A, Gillings, S, Roy DB, Thomas
CD, Gaston, KJ. 2010. The impact of proxy-based methods on mapping the distribution of
ecosystem services. J Appl Ecol. 47:377-385.



 16756 800 a 16756 800 a
 

8 Tools for Mapping and Quantifying Ecosystem Services Supply 187

Engstrom G, Gren A. 2017. Capturing the value of green space in urban parks in a sustainable
urban planning and design context: Pros and cons of hedonic pricing. Ecol Soc. 22(2): 21.
Feld CK, Da Silva PM, Sousa JP, De Bello F, Bugter R, Grandin U, Hering D, Lavorel S, Mountford
O, Pardo I, et al. 2009. Indicators of biodiversity and ecosystem services: A synthesis across

ecosystems and spatial scales. Oikos. 118:1862-1871.

Fernandez-Campo M, Rodriguez-Morales B, Dramstad WE, Fjellstad W, Diaz-Varela ER. 2017.
Ecosystem services mapping for detection of bundles, synergies and trade-offs: Examples from
two Norwegian municipalities. Ecosyst Serv. 28:283-297.

Fisher B, Turner RK, Burgess, ND, Swetnam, RD, Green, J, Green RE, Kajembe, G, Kulindwa, K,
Lewis, SL, Marchant R, et al. 2011. Measuring, modeling and mapping ecosystem services in
the Eastern Arc Mountains of Tanzania. Prog Phys Geogr. 35:595-611.

Fredriksson, HA, Weil, C, Ronnberg, N. 2020. On the usefulness of map-based dashboards for
decision making. TechRxiv. Preprint. https://doi.org/10.36227/techrxiv.12738683.v1

Frith-Miiller, A, Hotes, S, Breuer, L, Wolters, V, Koellner, T. 2016. Regional Patterns of Ecosystem
Services in Cultural Landscapes. Land. 5:17.

Getis, A & Ord, JK. 1992. The Analysis of Spatial Association by Use of Distance Statistics.
Geographical Analysis, 24(3), 189-206.

Gilboa I, Postlewaite AW, Schmeidler D. 2008. Probability and Uncertainty in Economic Model-
ing. J Econ Perspect.22 (3):173-188.

Grafius DR, Corstanje R, Warren PH, Evans KL, Hancock S, Harris JA. 2016. The impact of land
use/land cover scale on modelling urban ecosystem services. Landsc Ecol. 31: 1509-1522.
Grét-Regamey A, Altwegg J, Sirén EA, van Strien MJ, Weibel B. 2017. Integrating ecosystem
services into spatial planning—A spatial decision support tool. Landsc Urban Plan. 165:206—

219.

Grét-regamey A, Brunner SH, Kienast F. 2012. Mountain Ecosystem Services: Who Cares ? Mt
Res Dev. 32:523-34.

Grét-Regamey A, Celio E, Klein TM, Wissen Hayek U. 2013. Understanding ecosystem services
trade-offs with interactive procedural modeling for sustainable urban planning. Landsc Urban
Plan. 109:107-116.

Grét-Regamey A, Weibel B, Bagstad KJ, Ferrari M, Geneletti D, Klug H, Schirpke U, Tappeiner
U. 2014. On the effects of scale for ecosystem services mapping. PLoS One. 9:1-26.

Guerry AD, Ruckelshaus MH, Arkema KK, Bernhardt JR, Guannel G, Kim C-K, Marsik M,
Papenfus M, Toft JE, Verutes G, et al. 2012. Modeling benefits from nature: using ecosystem
services to inform coastal and marine spatial planning. Int J Biodivers Sci Ecosyst Serv Manag.
8:107-121.

Gunton RM, Marsh CJ, Moulherat S, Malchow AK, Bocedi G, Klenke RA, Kunin WE. 2017.
Multicriterion trade-offs and synergies for spatial conservation planning. J Appl Ecol. 54:903—
913.

Haase D, Schwarz N, Strohbach M, Kroll F, Seppelt R. 2012. Synergies, Trade-offs, and Losses
of Ecosystem Services in Urban Regions: an Integrated Multiscale Framework Applied to the
Leipzig- Halle Region, Germany. Ecol Soc. 17.

Haines-Young R, Potschin-Young M. 2018. Revision of the Common International Classification
for Ecosystem Services (CICES V5.1): A Policy Brief. One Ecosystem 3: €27108.

Haines-Young R, Potschin M, Kienast F. 2012. Indicators of ecosystem service potential at
European scales: Mapping marginal changes and trade-offs. Ecol Indic. 21:39-53.

Haines-Young R. 2009. Land use and biodiversity relationships. Land use policy. 26: S178-S186.

Hamel, P, Bremer, LL, Ponette-Gonzdlez, AG, Acosta, E, Fisher, JRB, Steele, B, Cavassani, AT,
Klemz, C, Blainski, E, Brauman, KA. 2020. The value of hydrologic information for watershed
management programs: The case of Camborid, Brazil. Sci. Total Environ. 705.

Hamel, P, Blundo-Canto, G, Kowal, V, Bryant, B. P, Hawthorne, P L, & Chaplin-Kramer, R.
2019. Where should livestock graze? Integrated modeling and optimization to guide grazing
management in the Caiete basin, Peru. Socio-Env. Sys. Model. 1: 16125.

Hamel P, Bryant BP. 2017. Uncertainty assessment in ecosystem services analyses: Common
challenges and practical responses. Ecosyst Serv J. 24:1-33.



 13510 12977 a 13510 12977
a
 

188 Z. Wang et al.

Hamel P, Guswa AJ. 2015. Uncertainty analysis of a spatially explicit annual water-balance model :
case study of the Cape Fear basin, North Carolina. Hydrol Earth Syst Sci. 19:839-853.

Hamilton SH, Fu B, Guillaume JHA, et al. 2019. A framework for characterising and evaluating
the effectiveness of environmental modelling. Environ Model Softw. 118(August 2018):83-98.

Hao R, Yu D, Wu J. 2017. Relationship between paired ecosystem services in the grassland
and agro-pastoral transitional zone of China using the constraint line method. Agric Ecosyst
Environ. 240:171-181.

Herndndez-Morcillo M, Plieninger T, Bieling C. 2013. An empirical review of cultural ecosystem
service indicators. Ecol Indic. 29:434-444.

Hou Y, Lii Y, Chen W, Fu B. 2017. Temporal variation and spatial scale dependency of ecosystem
service interactions: a case study on the central Loess Plateau of China. Landsc Ecol. 32:1201-
1217.

Jia X, Fu B, Feng X, Hou G, Liu Y, Wang X. 2014. The tradeoff and synergy between ecosystem
services in the Grain-for-Green areas in Northern Shaanxi, China. Ecol Indic. 43:103-111.
Jiang C, Zhang H, Tang Z, Lbzovskii L. 2017. Evaluating the coupling effects of climate variability
and vegetation restoration on ecosystems of the Loess Plateau, China. Land use policy. 69:134—

148.

Jacobs S, Burkhard B, Van Daele T, Staes J, Schneiders A. 2015. “The Matrix Reloaded”: A review
of expert knowledge use for mapping ecosystem services. Ecol Modell. 295:21-30.

Jopke, C, Kreyling, J, Maes, J & Koellner, T 2015. Interactions among ecosystem services across
Europe: Bagplots and cumulative correlation coefficients reveal synergies, trade-offs, and
regional patterns. Ecological Indicators, 49, 46-52.

Kaczorowska A, Kain J-H, Kronenberg J, Haase D. 2015. Ecosystem services in urban land use
planning: Integration challenges in complex urban settings—Case of Stockholm. Ecosyst Serv.
22:1-9.

Kareiva P, Tallis H, Ricketts T, Daily G, Polasky S, editors. 2011. Natural capital: theory and
practice of mapping ecosystem services. Cambridge (UK): Oxford University Press.

Keith H, Vardon M, Stein JA, Stein JL, Lindenmayer D. 2017. Ecosystem accounts define explicit
and spatial trade-offs for managing natural resources. Nat Ecol Evol. 1:1683-1692.

Klein TM, Celio E. 2015. Ecosystem services visualization and communication : A demand
analysis approach for designing information and conceptualizing decision support systems.
Ecosyst Serv. 13:173-183.

Kragt ME, Robertson MJ. 2014. Quantifying ecosystem services trade-offs from agricultural
practices. Ecol Econ. 102:147-157.

Krishnaswamy J, Bawa KS, Ganeshaiah KN, Kiran MC. 2009. Quantifying and mapping biodi-
versity and ecosystem services: Utility of a multi-season NDVI based Mahalanobis distance
surrogate. Remote Sens Environ. 113:857-867.

La Notte A, Maes J, Grizzetti B, Bouraoui F, Zulian G. 2012. Spatially explicit monetary valuation
of water purification services in the Mediterranean bio-geographical region. Int J Biodivers Sci
Ecosyst Serv Manag. 8:26-34.

Landers DH and Nahlik AM. 2013. Final Ecosystem Goods and Services Classification System
(FEGS-CS). EPA/600/R-13/ORD-004914. U.S. Environmental Protection Agency, Office of
Research and Development, Washington, D.C.

Larondelle N, Lauf S. 2016. Balancing demand and supply of multiple urban ecosystem services
on different spatial scales. Ecosyst Serv. 22:18-31.

Lauf S, Haase D, Kleinschmit B. 2014. Linkages between ecosystem services provisioning, urban
growth and shrinkage - A modeling approach assessing ecosystem service trade-offs. Ecol
Indic. 42:73-94.

Lavorel S, Grigulis K, Lamarque P, Colace MP, Garden D, Girel J, Pellet G, Douzet R. 2011. Using
plant functional traits to understand the landscape distribution of multiple ecosystem services.
J Ecol. 99:135-147.

Lawler JJ, Lewis DJ, Nelson E, Plantinga AJ, Polasky S, Withey JC, Helmers DP, Martinuzzi S,
Pennington D, Radeloff VC. 2014. Projected land-use change impacts on ecosystem services
in the United States. Proc Natl Acad Sci U S A. 111:7492-7.



8 Tools for Mapping and Quantifying Ecosystem Services Supply 189

Lechner AM, Verbrugge, LNH, Chelliah, A, Ang, MLE, Raymond, CM. 2020. Rethinking tourism
conflict potential within and between groups using participatory mapping. Landsc. Urban Plan.
203: 1-11.

Lechner AM, Langford WT, Bekessy SA, Jones SD. 2012a. Are landscape ecologists addressing
uncertainty in their remote sensing data? Landsc Ecol. 27:1249-1261.

Lechner, AM, Langford, WT, Jones, SD, Bekessy, SA, & Gordon A. 2012b. Investigating species—
environment relationships at multiple scales: Differentiating between intrinsic scale and the
modifiable areal unit problem. Ecological Complexity, 11, 91-102.

Leh MDK, Matlock, MD, Cummings, EC, Nalley, LL. 2013. Quantifying and mapping multiple
ecosystem services change in West Africa. Agric Ecosyst Environ. 165:6-18.

Levin, N, Lechner, AM, Brown, G. 2017. An evaluation of crowdsourced information for assessing
the visitation and perceived importance of protected areas. App. Geogr. 79 :115-126.

Li, Y, Zhang, L, Yan, J, Wang, P, Hu, N, Cheng, W & Fu, B 2017. Mapping the hotspots
and coldspots of ecosystem services in conservation priority setting. Journal of Geographical
Sciences, 27(6), 681-696.

Lourdes, KT, Gibbins, CN, Hamel, P, Sanusi, R, Azhar, B, & Lechner, AM. 2021. A Review of
Urban Ecosystem Services Research in Southeast Asia. Land. 10(1): 40.

Lourdes, K. T., Hamel, P., Gibbins, C. N., Sanusi, R., Azhar, B., & Lechner, A. M. 2022. Planning
for green infrastructure using multiple urban ecosystem service models and multicriteria
analysis. Landsc Urban Plan. 226, 104500.

MA (Millennium Ecosystem Assessment). 2005. Ecosystems and human well-being: synthesis.
Washington (DC): Island Press.

Maes J, Egoh B, Willemen L, Liquete C, Vihervaara P, Schigner JP, Grizzetti B, Drakou EG, Notte
A La, Zulian G, et al. 2012a. Mapping ecosystem services for policy support and decision
making in the European Union. Ecosyst Serv. 1:31-39.

Maes J, Paracchini ML, Zulian G, Dunbar MB, Alkemade R. 2012b. Synergies and trade-offs
between ecosystem service supply, biodiversity, and habitat conservation status in Europe. Biol
Conserv. 155:1-12.

Maldonado, AD, Aguilera, PA, Salmerén, A, & Nicholson, AE. (2018). Probabilistic modeling of
the relationship between socioeconomy and ecosystem services in cultural landscapes. Ecosyst.
Serv. 33: 146-164.

Malinga R, Gordon LJ, Jewitt G, Lindborg R. 2015. Mapping ecosystem services across scales and
continents — A review. Ecosyst Serv. 13:57-63.

Mandle, L., Wolny, S, Bhagabati, N, Helsingen, H, Hamel, P, Bartlett, R, Dixon, A, Horton, R,
Lesk, C, Manley, D, Mel, M. De, Bader, D, Myint, SNW, Myint, W, Mon, MS. 2017. Assessing
ecosystem service provision under climate change to support conservation and development
planning in Myanmar. PLOS ONE, 12(9): e0184951.

Martinez-Harms MJ, Balvanera P. 2012. Methods for mapping ecosystem service supply: a review.
Int J Biodivers Sci Ecosyst Serv Manag. 8:17-25.

McPhearson T, Kremer P, Hamstead ZA. 2013. Mapping ecosystem services in New York City:
Applying a social-ecological approach in urban vacant land. Ecosyst Serv. 5:11-26.

Mokondoko, P, Manson, RH, Ricketts, TH, & Geissert, D 2018. Spatial analysis of ecosystem
service relationships to improve targeting of payments for hydrological services. PLOS ONE,
13(2), €0192560.

Monge, JJ, Daigneault, AJ, Dowling, LJ, Harrison, DR, Awatere, S, Ausseil, AG. 2018. Implica-
tions of future climatic uncertainty on payments for forest ecosystem services: The case of the
East Coast of New Zealand. Ecosyst Serv. 33: 199-212.

Mouchet MA, Paracchini ML, Schulp CJE, Stiirck J, Verkerk PJ, Verburg PH, Lavorel S. 2017.
Bundles of ecosystem (dis)services and multifunctionality across European landscapes. Ecol
Indic. 73:23-28.

Miiller F, de Groot R, Willemen L. 2010. Ecosystem services at the landscape scale: The need for
integrative approaches. Landsc Online. 23:1-11.



190 Z. Wang et al.

Nahuelhual L, Carmona A, Aguayo M, Echeverria C. 2014. Land use change and ecosystem
services provision: A case study of recreation and ecotourism opportunities in southern Chile.
Landsc Ecol. 29:329-344.

Natural Capital Project. 2020. Natural Capital Project. https://viz.naturalcapitalproject.org/.
Accessed 26 Aug 2020

Nelson, E, Mendoza, G, Regetz, J, Polasky, S, Tallis, H, Cameron, Dr, Chan, KM, Daily, GC,
Goldstein, J, Kareiva, PM, Lonsdorf, E, Naidoo, R, Ricketts, TH, & Shaw, Mr. 2009. Modeling
multiple ecosystem services, biodiversity conservation, commodity production, and tradeoffs
at landscape scales. Front. Ecol. Environ. 7(1): 4-11.

Nemec KT, Raudsepp-Hearne C. 2012. The use of geographic information systems to map and
assess ecosystem services. Biodivers Conserv. 22:1-15.

Oniatibia GR, Aguiar MR, Semmartin M. 2015. Are there any trade-offs between forage provision
and the ecosystem service of C and N storage in arid rangelands ? Ecol Eng. 77:26-32.

Orsi, F, Ciolli, M, Primmer, E, Varumo, L & Geneletti, D 2020. Mapping hotspots and bundles of
forest ecosystem services across the European Union. Land Use Policy, 99.

Ortolani C, Vitale M. 2016. The importance of local scale for assessing, monitoring and predicting
of air quality in urban areas. Sustain Cities Soc. 26:150-160.

Palomo I, Martin-Lépez B, Potschin M, Haines-Young R, Montes C. 2013. National Parks, buffer
zones and surrounding lands: Mapping ecosystem service flows. Ecosyst Serv. 4:104-116.
Pan, J, Wei, S & Li, Z. 2020. Spatiotemporal pattern of trade-offs and synergistic relationships
among multiple ecosystem services in an arid inland river basin in NW China. Ecological

Indicators, 114, 106345.

Pang X, Nordstrom EM, Béttcher H, Trubins R, Mortberg U. 2017. Trade-offs and synergies
among ecosystem services under different forest management scenarios — The LEcA tool.
Ecosyst Serv. 28:67-79.

Pappenberger F, Beven. 2006. Ignorance is bliss: Or seven reasons not to use uncertainty analysis.
42 (December 2005): 1-8 https://doi.org/10.1029/2005WR004820.

Paracchini ML, Zulian G, Kopperoinen L, Maes J, Schéigner JP, Termansen M, Zandersen M,
Perez-Soba M, Scholefield PA, Bidoglio G. 2014. Mapping cultural ecosystem services: A
framework to assess the potential for outdoor recreation across the EU. Ecol Indic. 45:371-
385.

Petersen, A.C., Janssen, PH.M., van der Sluijs, J.P., Risbey, J.S., Ravetz, J.R., Wardekker, J.A.,
Hughes Martinson, H. 2013. Guidance for Uncertainty Assessment and Communication, 2nd
edition.

Petter M, Mooney S, Maynard SM, Davidson A, Cox M, Horosak I. 2013. A Methodology to Map
Ecosystem Functions to Support Ecosystem. Ecol Soc. 18:31.

Petz K, van Oudenhoven APE. 2012. Modelling land management effect on ecosystem functions
and services: a study in The Netherlands. Int J Biodivers Sci Ecosyst Serv Manag. 8:135-155.

Petz K. 2014. Mapping and modelling the effects of land use and land management change on
ecosystem services from local ecosystems and landscapes to global biomes. Wageningen:
Wageningen University.

Pickard BR, Van Berkel D, Petrasova A, Meentemeyer RK. 2017. Forecasts of urbanization
scenarios reveal trade-offs between landscape change and ecosystem services. Landsc Ecol.
32:617-634.

Pohjanmies T, Eyvindson K, Trivifio M, Monkkoénen M. 2017. More is more? Forest management
allocation at different spatial scales to mitigate conflicts between ecosystem services. Landsc
Ecol. 32:2337-2349.

Posner SM. 2015. The impact of ecosystem services knowledge on decisions. The University of
Vermont.

Potschin M, Haines-Young R. 2012. Landscapes, sustainability and the place-based analysis of
ecosystem services. Landsc Ecol. 28:1053-1065.

Pulighe G, Fava F, Lupia F. 2016. Insights and opportunities from mapping ecosystem services of
urban green spaces and potentials in planning. Ecosyst Serv. 22:1-10



 21131 3014 a 21131 3014
a
 

 9242 28474 a 9242 28474
a
 

8 Tools for Mapping and Quantifying Ecosystem Services Supply 191

Qiu J, Turner MG. 2013. Spatial interactions among ecosystem services in an urbanizing
agricultural watershed. Proc Natl Acad Sci U S A. 110:12149-54.

Raudsepp-Hearne C, Peterson GD, Bennett EM. 2010. Ecosystem service bundles for analyzing
tradeoffs in diverse landscapes. Proc Natl Acad Sci U S A. 107:5242-7.

Raudsepp-Hearne C, Peterson GD. 2016. Scale and ecosystem services: How do observation,
management, and analysis shift with scale-lessons from Québec. Ecol Soc. 21.

Raymond CM, Bryan B, MacDonald DH, Cast A, Strathearn S, Grandgirard A, Kalivas T. 2009.
Mapping community values for natural capital and ecosystem services. Ecol Econ. 68:1301—
1315.

Reed MS, Allen K, Attlee A, Dougill AJ, Evans KL, Kenter JO, Hoy J, McNab D, Stead SM,
Twyman C, et al. 2017. A place-based approach to payments for ecosystem services. Glob
Environ Chang. 43:92-106.

Rodriguez JP, Beard TD, Bennett EM, Cumming GS, Cork SJ, Agard J, Dobson AP, Peterson GD.
2006. Trade-offs across Space, Time, and Ecosystem Services. Ecol Soc. 11:28.

Runting RK. 2017. Managing natural capital assets and ecosystem services under global change.
Brisbane, Australia: The University of Queensland.

Séanchez-Canales M, Lopez-Benito A, Acufia V, Ziv G, Hamel P, Chaplin-Kramer B, Elorza FJ.
2015. Sensitivity analysis of the sediment dynamics in a Mediterranean river basin: global
change and management implications. Sci Total Environ. 502:602-610.

Schigner JP, Brander L, Maes J, Hartje V. 2013. Mapping ecosystem services’ values: Current
practice and future prospects. Ecosyst Serv. 4:33-46.

Schmitt LHM, Brugere C. 2013. Capturing Ecosystem Services, Stakeholders’ Preferences and
Trade-Offs in Coastal Aquaculture Decisions: A Bayesian Belief Network Application. PLoS
One. 8(10): €75956.

Schroter, M & Remme, RP 2016. Spatial prioritisation for conserving ecosystem services:
comparing hotspots with heuristic optimisation. Landscape Ecology, 31(2), 431-450.

Schulp CJE, Burkhard B, Maes J, Vliet J Van, Verburg PH. 2014. Uncertainties in Ecosystem
Service Maps : A Comparison on the European Scale. PLoS One. 9:¢109643.

Seppelt R, Dormann CF, Eppink F V., Lautenbach S, Schmidt S. 2011. A quantitative review of
ecosystem service studies: approaches, shortcomings and the road ahead. J Appl Ecol. 48:630-
636.

Sharp, R., Tallis, H.T., Ricketts, T., Guerry, A.D., Wood, S.A., Chaplin-Kramer, R., Nelson, E.,
Ennaanay, D., Wolny, S., Olwero, N., Vigerstol, K., Pennington, D., Mendoza, G., Aukema, J.,
Foster, J., Forrest, J., Cameron, D., Arkema, K., Lonsdorf, E., Kennedy, C., Verutes, G., Kim,
C.K., Guannel, G., Papenfus, M., Toft, J., Marsik, M., Bernhardt, J., Griffin, R., Glowinski,
K., Chaumont, N., Perelman, A., Lacayo, M. Mandle, L., Hamel, P, Vogl, A.L., Rogers, L.,
Bierbower, W., Denu, D., and Douglass, J. 2020, InVEST 3.8.0 User’s Guide. The Natural
Capital Project, Stanford University, University of Minnesota, The Nature Conservancy, and
World Wildlife Fund.

Sherrouse BC, Clement JM, Semmens DJ. 2011. A GIS application for assessing, mapping, and
quantifying the social values of ecosystem services. Appl Geogr. 31:748-760.

Shoyama K, Yamagata Y. 2016. Local perception of ecosystem service bundles in the Kushiro
watershed, Northern Japan - Application of a public participation GIS tool. Ecosyst Serv.
22:139-149.

Staes J, Broekx S, Van Der Biest K, Vrebos D, Olivier B, De Nocker L, Liekens I, Poelmans
L, Verheyen K, Jeroen P, Meire P. 2017. Quantification of the potential impact of nature
conservation on ecosystem services supply in the Flemish Region: A cascade modelling
approach. Ecosyst Serv. 24:124-137.

Sumarga E, Hein L. 2014. Mapping ecosystem services for land use planning, the case of central
kalimantan. Environ Manage. 54:84-97.

Surfleet CG, Tullos D. 2013. Uncertainty in hydrologic modelling for estimating hydrologic
response due to climate change (Santiam River, Oregon). Hydrol Process. 27:3560-3576.

Swetnam RD, Fisher B, Mbilinyi BP, Munishi PKT, Willcock S, Ricketts T, Mwakalila S, Balmford
A, Burgess ND, Marshall AR, Lewis SL. 2011. Mapping socio-economic scenarios of land



192 Z. Wang et al.

cover change: a GIS method to enable ecosystem service modelling. J Environ Manage.
92:563-74.

Sylla, M, Hagemann, N & Szewrariski, S 2020. Mapping trade-offs and synergies among peri-
urban ecosystem services to address spatial policy. Environmental Science & Policy, 112, 79—
90.

Tallis H, Polasky S. 2009. Mapping and valuing ecosystem services as an approach for conservation
and natural-resource management. Ann N'Y Acad Sci. 1162:265-83.

TEEB. 2010. The Economics of Ecosystems and Biodiversity: Mainstreaming the Economics of
Nature: A synthesis of the approach, conclusions and recommendations of TEEB.

Terrado M, Acufia V, Ennaanay D, Tallis H, Sabater S. 2014. Impact of climate extremes on
hydrological ecosystem services in a heavily humanized Mediterranean basin. Ecol Indic.
37:199-209.

Tolessa T, Senbeta F, Abebe T. 2016. Land use/land cover analysis and ecosystem services
valuation in the central highlands of Ethiopia. For Trees Livelihoods. 8028:1-13.

Trodahl MI, Jackson BM, Deslippe JR, Metherell AK. 2017. Investigating trade-offs between
water quality and agricultural productivity using the Land Utilisation and Capability Indicator
(LUCI)-A New Zealand application. Ecosyst Serv. 26:388-399.

Turner KG, Odgaard MV, Bgcher PK, Dalgaard T, Svenning JC. 2014. Bundling ecosystem
services in Denmark: Trade-offs and synergies in a cultural landscape. Landsc Urban Plan.
125:89-104.

Vigerstol KL, Aukema JE. 2011. A comparison of tools for modeling freshwater ecosystem
services. J Environ Manage. 92:2403-9.

Vihervaara P, Kumpula T, Ruokolainen A, Tanskanen A, Burkhard B. 2012. The use of detailed
biotope data for linking biodiversity with ecosystem services in Finland. Int J Biodivers Sci
Ecosyst Serv Manag. 8:169-185.

Villamagna, AM, Angermeier, PL, Bennett, EM. 2013. Capacity, pressure, demand, and flow: A
conceptual framework for analyzing ecosystem service provision and delivery. Ecol. Complex.
15:114-121.

Villa F, Ceroni M, Bagstad K, Johnson G, Krivov S. 2009. ARIES (ARtificial Intelligence for
Ecosystem Services): a new tool for ecosystem services assessment, planning, and valuation.
Venice, Italy: 11th Annual BIOECON Conference on “Economic Instruments to Enhance the
Conservation and Sustainable Use of Biodiversity”’; 2009 Sep 21-22.

Vrebos D, Staes J, Vandenbroucke T, D’Haeyer T, Johnston R, Muhumuza M, Kasabeke C, Meire P.
2015. Mapping ecosystem service flows with land cover scoring maps for data-scarce regions.
Ecosyst Serv. 13:28-40.

Weil CG. 2017. http://www.charlotteweil fr/masterthesis/docs/toolbox.html. Accessed 12 Aug
2020

Wang Z, Lechner AM, Baumgartl T.2018a. Ecosystem Services Mapping Uncertainty Assessment :
A Case Study in the Fitzroy Basin Mining Region. Water. 10 (1): 88.

Wang Z, Lechner AM, Baumgartl T. 2018b. Mapping cumulative impacts of mining on sediment
retention ecosystem service in an Australian mining region. Int J Sustain Dev World Ecol. 25:
69-80.

Wang Z, Lechner AM, Yang Y, Baumgartl T, Wu J. 2020. Mapping the cumulative impacts of
long-term mining disturbance and progressive rehabilitation on ecosystem services. Sci Total
Environ. 717:137214.

Willcock, S, Martinez-Lopez, J, Hooftman, DAP, Bagstad, KJ, Balbi, S, Marzo, A, Prato, C,
Sciandrello, S, Signorello, G, Voigt, B, Villa, F, Bullock, JM, Athanasiadis, IN. 2018. Machine
learning for ecosystem services. Ecosyst Serv. 33: 165-174.

Willemen L, Burkhard B, Crossman N, Drakou EG, Palomo I. 2015. Editorial : Best practices for
mapping ecosystem services. Ecosyst Serv. 13:1-5.

Williams A, Hedlund K. 2014. Indicators and trade-offs of ecosystem services in agricultural soils
along a landscape heterogeneity gradient. Appl Soil Ecol. 77:1-8.

Witt A, Frank S, Fu C, Koschke L, Makeschin F. 2014. Making use of the ecosystem services
concept in regional planning — trade-offs from reducing water erosion. : 1377-1391.



 4837 38437 a 4837 38437
a
 

8 Tools for Mapping and Quantifying Ecosystem Services Supply 193

Xu S, Liu Y, Wang X, Zhang G. 2017. Scale effect on spatial patterns of ecosystem services and
associations among them in semi-arid area: A case study in Ningxia Hui Autonomous Region,
China. Sci Total Environ. 598:297-306.

Yoo J, Simonit S, Connors JP, Kinzig AP, Perrings C. 2014. The valuation of off-site ecosystem
service flows: Deforestation, erosion and the amenity value of lakes in Prescott, Arizona. Ecol
Econ. 97:74-83.

Zaehringer JG, Schwilch G, Andriamihaja OR, Ramamonjisoa B, Messerli P. 2017. Remote
sensing combined with social-ecological data: The importance of diverse land uses for
ecosystem service provision in north-eastern Madagascar. Ecosyst Serv. 25:140-152.



	8 Tools for Mapping and Quantifying Ecosystem Services Supply
	8.1 Introduction
	8.2 Quantifying Ecosystem Services
	8.2.1 Primary Data
	8.2.2 Causal Relationships
	8.2.3 Expert-Based Model Knowledge
	8.2.4 Participatory Mapping
	8.2.5 Biophysical Models

	8.3 Comparing Ecosystem Service Supply
	8.3.1 Comparison of Multiple Services
	8.3.2 Identifying Priority Areas

	8.4 Data Sources and Uncertainty
	8.5 Challenges for Quantifying Ecosystem Services
	8.6 Conclusions
	References


