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ABSTRACT

Comprehensive mapping of Ecosystem Services (ES) is necessary to understand the impact of global change on crucial ES and to find strategies to sustain human
wellbeing. Economic valuation of ES further translates their biophysical values into monetary values, which are then comparable across different ES and easily
understandable to decision makers. However, a comprehensive synthesis of methods to measure ES indicators in grasslands, a central element of many landscapes
around the globe, is still lacking, hampering the implementation of grassland ES-multifunctionality surveys. To identify suitable and recommendable methods, we
reviewed the literature and evaluated labor intensiveness, equipment costs and predictive power of all methods. To facilitate the translation of biophysical ES into
monetary terms, we further provide an overview of available methods for the economic valuation of ES.

This review resulted in a toolbox comprising 85 plot-scale methods for assessing 29 different ES indicators for 21 provisioning, regulating, supporting or cultural
ES. The available methods to measure ES indicators vary widely in labor intensiveness, costs, and predictive power. Based on this synthesis, we recommend 1) to
choose direct over indirect methods and ES indicators, 2) to use the most accurate methods to estimate ES indicators, 3) to take into account that one ES indicator can
have implications for more than one final ES, and 4) to utilize the wealth of available methods and indicators to assess as many ES for ES-multifunctionality studies as
possible, especially including cultural ES. Moreover, the overview of approaches that can be used for the economic valuation of different grassland ES shall facilitate
economic ES-multifunctionality assessments. Thus, this methodological guidance will considerably support researchers and stakeholders in setting up ES compre-
hensive assessments and monitoring schemes in grasslands and shall ultimately help overcome incomplete or superficial surveys based on single or few ES only.

1. Introduction
1.1. Monitoring ecosystem services — A crucial task

Humans depend on well-functioning ecosystems for vital resources,
protection from natural hazards and general well-being. This is
acknowledged and explored by the concept of Ecosystem Services (ES),
describing the multiple ways people benefit from ecosystems (MA,
2005). Given the great importance of ES for human welfare, it is
essential to guarantee their provision in a changing future. On-going
global change, i.e. climate and environmental change, land use change
and biodiversity loss, affects the functioning of ecosystems and therefore
the delivery of many ES (Leemans and Eickhout 2004; Metzger et al.
2006; Gosling 2013; Lawler et al. 2014). Closing knowledge gaps in
understanding how ES respond to these drivers is a crucial task for re-
searchers and stakeholders around the world (Staudinger et al. 2012;
Gosling 2013; Pedrono et al. 2016; Giling et al. 2019). Mapping and
measuring ES is required to identify mechanisms of ES change and
enable us to find strategies to actively support ES with targeted man-
agement decisions and well-informed policymaking (Mooney et al.
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2009; European Commission 2011).

To capture the degree of human benefits from ES, a number of ES
valuation concepts have been put forward. These can be grouped into
ecological, sociocultural and economic valuation concepts (Gomez-
Baggethun et al. 2016). Of these three, the economic valuation of ES has
been recognized as an important tool for developing strategies for the
sustainable management of ecosystems (Costanza 2006; Morse-Jones
et al. 2011; Costanza et al. 2014), albeit a rather challenging one. The
lack of economic assessments limits the possibilities to use existing
ecological and sociocultural ES assessments. Nevertheless, the moneti-
zation of ES can contribute to increase public concern about ES (Cheng
et al. 2019). If successful, it enables the easier integration of these ser-
vices in public decision-making (Brauman et al. 2007; Sekercioglu 2010;
Pascual et al. 2012) and especially helps policy-makers to better un-
derstand the trade-offs in the use of ecosystems (Lazo 2002). However,
economic valuations of grassland ES, and especially those considering
multiple services, are scarce. This paper contributes to close this gap.

In the following, we will refer to the CICES ES typology as defined by
Haines-Young and Potschin (2018), because studies applying the ES
concept greatly outnumber the few publications considering Nature's
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Contributions to People (NCP) (Pascual et al. 2017). Nevertheless,
methods used for assessing ES can also be applied in NCP research.

Specifically, the CICES typology for ES is a hierarchical and
comprehensive ES classification framework (Haines-Young and Potschin
2018). As such it serves as an important standardized basis for inde-
pendent ES assessments (Maes et al. 2016), and this is why we chose to
adopt the CICES ES typology in this review.

1.2. Grasslands — Ecosystems with High ES-Multifunctionality

Grasslands cover almost one-third of the terrestrial Earth surface and
are important for a wide range of provisioning, supporting, regulating
and cultural ES (Bengtsson et al. 2019), making grasslands highly
multifunctional ecosystems (Lemaire et al. 2011; Honigova et al. 2012;
Egoh et al. 2016). ES-multifunctionality according to Manning et al.
(2018) describes the degree to which one ecosystem can provide mul-
tiple ES at once. Grasslands for example regulate water flow, prevent soil
erosion, sequester carbon, contain medicinal plants, and provide habitat
for non-plant organisms such as insects needed for crop pollination,
besides playing an important role for food security by facilitating effi-
cient ruminant conversion of grass biomass to milk and meat (O’Mara
2012; Erb et al. 2018; Bengtsson et al. 2019). Further, permanent natural
and semi-natural grasslands can be of great nature conservation value,
supporting high species diversity of vascular plants and other organism
groups (Veen et al. 2009; Habel et al. 2013; Dengler et al. 2014).
Nevertheless, studies assessing ES-multifunctionality of on-farm per-
manent grasslands in most cases assessed only few to up to ten ES
(Zavaleta et al. 2010; Allan et al. 2015; Van Vooren et al. 2018), while
especially in grassland-based biodiversity-ecosystem functioning ex-
periments a larger number of functions was studied (Allan et al. 2013;
Meyer et al. 2018). Areview by Holting et al. (2019) for instance showed
that a majority of studies quantitatively assessing ecosystem function or
service multifunctionality considered only up to six services or func-
tions, which is considerably below the numbers of ES detailed by the
framework “Common International Classification of Ecosystem Ser-
vices” (CICES) (Haines-Young and Potschin 2018) . Thus, a compre-
hensive assessment of all ES provided by a land use type is needed to
inform policy-making and take land-use decisions (Tasser et al. 2020).

Despite their high multifunctionality, natural and managed grass-
land areas are being lost to e.g. degradation, conversion to other land
uses, and expanding settlements (Rounsevell et al. 2005; Wright and
Wimberly 2013). Additionally, grasslands are subject to changes in ES
delivery due to climate change and land use intensification (Hopkins
and Del Prado 2007; Tscharntke et al. 2012), further increasing the
uncertainty of future grassland ES-multifunctionality. Thus, efforts to
map and understand grassland ES and their environmental and man-
agement drivers are essential to understand processes leading to changes
in grassland ES-multifunctionality and potential feedbacks to human
wellbeing.

1.3. Need for a robust set of indicators and corresponding methods for ES
assessments

The assessment of an ES is conceptually based on two steps. First, one
or more field and lab methods can be used to measure an ES indicator.
Second, one or more ES indicators estimate one individual, final ES
(Tasser et al. 2020; Fig. 1). Thus, one final ES is usually assessed by one
or more ES indicators. The term “indicators” is understood here as a
proxy for an ecosystem’s capacity to provide a certain ES. These ES in-
dicators describe the ecosystem‘s biological, chemical or physical
characteristics and have a specific direction (for instance high or low) to
indicate the desired outcome and to make clear, in what way an increase
or decrease of an indicator‘s value will influence the final ES (Reyers
et al. 2010; Tasser et al. 2020). For example, field measurements using
the method of standard litter decomposition estimate the indicator high
litter and feces decomposition, which is used for the ES Decomposition and
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CICES Ecosystem  Decomposition and fixing processes and their effect on
Service: soil quality (2.2.4.1)

.

[ Indicators: I A) High litter and feces decomposition ]

+

Methods: A1) Standardized hm.”.
bags: tea, straw, or similar

Fig. 1. For a given ES, more than one indicator exists that can be used to assess
the ES. The indicators themselves can be measured with different field and plot
level methods. This is illustrated here with the CICES ES Decomposition and
fixing processes and their effect on soil quality (CICES 2.2.4.1) (Haines-Young
and Potschin 2018).

fixing processes and their effect on soil quality (CICES 2.2.4.1) (Fig. 1).

Adequate and robust indicators are needed to reliably assess single
ES and ES-multifunctionality to inform policy-making (Manning et al.
2018). Valuable steps in this direction have already been made, by
identifying and evaluating indicators for ES and multifunctionality as-
sessments (Meyer et al. 2015; Maes et al. 2016; Tasser et al. 2020;
Garland et al. 2021).

Furthermore, one ES indicator can relate positively to one ES and
negatively to another: e.g. microbial activity and litter decomposition
have positive impacts on nutrient cycling, but negative impacts on
carbon sequestration (Prescott 2010). Similarly, the presence of so-
called weeds in agroecosystems might lower food or fodder produc-
tion, but these at the same time also present a good habitat for polli-
nators and provide other ecological benefits (Bretagnolle and Gaba
2015). Thus, an overview of relevant ES indicators pointing at positive
and negative implications for the different ES is urgently needed to
effectively assess ES-multifunctionality.

In addition, in many cases, numerous different methods exist for
measuring one specific ES indicator in the field and/or in the lab, often
with poor comparability among the results. Finding the method best
suited in a given situation can be challenging and time consuming, as it
is difficult to oversee the vast diversity of available methods. These
methods differ strongly in properties such as labor force requirements
and equipment costs as well as in their predictive power for a given ES
(Griffiths et al. 2016).

1.4. Objectives

The overarching goal of this review is to provide guidance for effi-
cient ES assessment and valuations in grasslands and grassland-like
ecosystems. To that end, we conducted a literature review to 1) iden-
tify the multiple positive and negative links between ES indicators and
the final ES (according to CICES version 5.1). We further 2) provide a
comprehensive overview of field and lab methods to measure ES in-
dicators resulting in a versatile toolbox for grassland ES assessments
including an evaluation of the methods with regard to costs and effort
required. To facilitate economic ES valuation, we 3) provide an over-
view of methods available for the economic valuation of grassland ES for
each ES category (provisioning, regulating and supporting, cultural)
separately. Finally, we discuss implications for mapping and valuing
grassland ES-multifunctionality to support policy- and decision-making
in the future.
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2. Methods

Our study is based on the ES nomenclature proposed by CICES
version 5.1 (Haines-Young and Potschin 2018) to identify ES relevant for
grassland systems. When reviewing the existing literature (online
available back to 1930ies), we excluded 1) ES not applicable to grass-
lands (e.g. services 1.1.4.1 to 1.1.4.3 concerning aquaculture), 2) ES not
especially relevant or hardly studied in grasslands (e.g. 2.1.2.2 noise
attenuation, 2.2.2.2 seed dispersal), and 3) ES provided only under
specific circumstances such as bioremediation of toxic wastes. From the
59 biotic ES included in CICES, we identified 21 as particularly impor-
tant ES in grassland ecosystems and included those in our study. The
final review of ES indicators and the methods for measuring these in-
dicators, a literature review was conducted in Web of Science and Google
scholar, using search strings containing either “Ecosystem* Service*”
(OR “multifunctionality”) or an individual ES or ES-indicator (e.g.
“carbon sequestration”, “carbon stock*”), with and without keywords
for grassland (e.g. “grassland*”, “pastur*”, “meadow™”, “rangeland*").
This way, papers not explicitly focusing on grasslands, but giving useful
insight in specific methods were also included. Here, the list of in-
dicators compiled by Maes et al. (2016) provided helpful orientation and
starting point for the search. For the compilation and evaluation of
methods for measuring ES indicators, we finally included 223 papers,
book chapters, and reports dating from 1934 to 2021 and describing or
evaluating methods to measure ES indicators. These contributions
ranged from studies focusing on one method to compilations of methods,
and from papers assessing a few ES to assessments of multiple ES, at
different spatial scales. From this literature, we extracted specific,
recommendable methods for assessing the final ES. Next, we grouped
the methods into indicators, if the methods essentially measured the
same process or ecosystem property and thus roughly formed a homo-
geneous set of information to indicate a final ES. This approach was
chosen because many papers did not use an indicator-framework but
directly used a method to assess an ES. To account for the vast amount of
literature on single ES, we further condensed information about the
widely used methods per indicator in a table evaluating labor inten-
siveness, equipment costs and predictive power for ES for each method.

For the evaluation of the indicators, we compared different methods
per indicator, resulting in relative rankings of the methods for one in-
dicator concerning the labor intensiveness, equipment costs, and the
predictive power for ES. For labor intensiveness, we considered estimated
person hours of the methods; equipment costs refer to costs for instru-
mentation and consumables needed for analyses. These two variables
correspond to e.g. “installation and maintenance efforts”, “equipment
and running costs” or “instrument and maintenance costs”, respectively
(e.g. Eugster and Merbold 2015; Halbritter et al. 2020). For predictive
power, we evaluated the methods concerning information value pro-
vided for estimating or measuring the respective ES indicator. This
included 1) precision of the method (e.g. erosion estimates using
surface-runoff measurements can detect smaller differences in erosion
than erosion sticks), 2) whether more than one aspect of an indicator is
captured, i.e. comprehensiveness of the method (e.g. estimating inver-
tebrate and fungal damage on plants provides more information than
estimating unclassified damage), and 3) how strongly the method con-
tributes to explaining the ES in question (e.g. surface runoff experiments
measure water infiltration for the ES water cycling at a larger and thus
more relevant scale than infiltrometers or disc permeameters).

This means, that “predictive power” depicts a ranking of the methods
based on the above-mentioned points, to guide readers in finding the
optimal method, which available labor force and budget allow.

For these rankings, we relied on existing method reviews where
possible (e.g. Griffiths et al. 2016) or estimated labor intensiveness,
equipment costs and predictive power based on the literature reviewed,
own experience and expert knowledge. We also recorded whether a
method directly or indirectly measures the indicator in question (e.g.
plant biomass quality can be directly measured with different methods,
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but also estimated more coarsely on the basis of sward composition and
harvest time (Tasser et al. 2020)) as well as whether an indicator as-
sesses the ES directly or indirectly.

For the general overview of the approaches available for the eco-
nomic valuation of ES, we conducted a second review and searched the
existing literature independently of whether it dealt with grassland or
any other ecosystem type. This was because papers on economic valu-
ation of ES specifically from grassland were extremely scarce. In a first
step, relying on i) the comprehensive introduction and overview pro-
vided by Pascual et al. (2012), which was the starting point of our re-
view, and on ii) further general methodological literature on ES
valuation such as Fisher et al. (2008) or Morse-Jones et al. (2011), we
compiled frequently used valuation methods and address important
methodological issues regarding ES valuation. In a second step, we
searched for empirical applications of these methods from the grassland
literature. Since the type of approach that can be used for the economic
valuation of ES strongly depends on the category of the ES to be valued
(provisioning, regulating and supporting, cultural ES), the search was
performed separately for each ES category and the overview is presented
accordingly.

3. Toolbox for grassland ES assessment
3.1. Relationship between Indicators and ES

Our literature review revealed the relationships between ES in-
dicators and final ES do not describe a straightforward one-to-one
relationship, but rather a multi-faceted network of positive and nega-
tive relationships (Fig. 2). It became evident that several indicators can
be used to adequately estimate one ES, as pointed out by Manning et al.
(2018) stating that ES with several components also need several in-
dicators. A good example for this is the ES Decomposition and fixing
processes and their effect on soil quality (CICES 2.2.4.1), which has
many facets and for which we identified eight frequently used indicators
(Fig. 2). On the other hand, one indicator can also simultaneously act as
an indicator for several ES, as illustrated by Paul and Helming (2019) for
different soil functions and their connection to ES. Soil nutrient avail-
ability for instance represents the ES Decomposition and fixing processes
and their effect on soil quality (CICES 2.2.4.1) as well as some provi-
sioning services by influencing the production potential. Similarly, the
indicator plant diversity provides information not only for the ES
Nursery populations and habitat (CICES 2.2.2.3), but also for Pollination
(CICES 2.2.2.1), Education (CICES 3.1.2.2) and Existence (CICES
3.2.2.1). These two examples show that careful consideration is neces-
sary in setting up an ES assessment, as multicollinearity of ES can
become a problem when using indicators providing information on
several ES (Tasser et al. 2020). If on the other hand many indicators are
used to quantify one ES (as e.g. for Decomposition and fixing processes
(CICES 2.2.4.1), an ES with many indicators), these must be weighted
less than indicators for ES represented by less indicators, to guarantee
equal weighting of indicators for individual ES (Manning et al. 2018).

3.2. ES indicators and assessment methods

In total, we reviewed 29 indicators for assessing ES in grasslands
with 85 most commonly used methods, with more than half of the
methods measuring indicators for regulating and supporting ES (Table 1,
S1). The outcomes of the literature review are presented in a compre-
hensive table (Table 1) and a guide, i.e. an extensive text document (S1),
which gives a more detailed overview over the different methods
pointing at their strengths and weaknesses. In the following sections,
this guide is summarized, and the most important results are high-
lighted, sorted by ES categories.

3.2.1. Provisioning services
The ES Cultivated and wild plants for nutrition (CICES 1.1.1.1
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ES Indicators
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Final ES (CICES 5.1)

High abundance/usage of edible and medicinal wild plants 1.1.1.1+ 1.1.5.1 Cultivated and wild plants for nutrition ]

High aboveground biomass quantity

High aboveground biomass quality

High abundance/usage of game species

1.1.1.3+1.1.5.3
Cultivated and wild plants as a source of energy

High abundance of crop wild relatives

1.1.3.1+1.1.6.1
Reared and wild animals for nutrition

High root biomass Low erosion rates

1.2.1.2 Higher and lower plants used
to breed new strains or varieties

Low soil High water

Water and
erosion

compaction infiltration

High abundance/activity of
pollinators

High pollination success

:~[ 2.2.1.1 Control of erosion rates ]

2.2.1.3
Hydrological cycle

(incl. flood prevention)

pollination

Many resources for
pollinators

Diversity and

High plant diversity

Low invertebrate

2223

herbivory and abundance &
of fungal pathogens

4 Low abundance of weeds

Nursery populations
and habitat (including
gene pool protection)

and invasive species
High abundance/activity

kore®” o 2.2.4.1
& Decomposition and

of natural pest enemies \ \
( High aggregate stability

fixing processes

High abundance of
Earthworms

and their effecton

High litter + feces
decomposition Y
High High .

Nitrogen nutrient s
fixation availabili

High microbial abundance
and activity

Soil functions

High degree of mycorrhization

Low nutrient Low nutrient
concentr. in concentr. in
soil water

—

High soil organic carbon

High CH,
oxidation

Low CO; and
CHj fluxes

soil qualit

2.2.5.1
Chemical composition
of freshwaters

2.2.6.1 )

Chemical composition of
the atmosphere

J

3:1.3°1
Active recuperation,
enjoyment (recreation)

3.1.2.2 Educational
‘” 3.1.2.3 Heritage, culture ]

5
Many signs of traditional use =

High flower and

High human visual

color abundance appreciation

High abundance of symbolic/flagship species

\ _—-’I 3.1.2.4 Aesthetic I

3.2.1.1 Symbolic

3.2.2.1 Existence

Fig. 2. Relationships between grassland ES indicators (left), according to Tasser et al. (2020), and final ES (right) following “Common International Classification of
Ecosystem Services” (CICES) nomenclature v.5.1 (Haines-Young and Potschin 2018). Provisioning ES and corresponding ES indicators displayed in brown, regulating
and supporting ES in blue, cultural ES in dark yellow. Solid green arrows indicate positive relationships, with strong positive relationships in dark green and weaker
positive relationships in light green. Dotted red arrows show negative relationships. This visualization cannot capture the entirety of all relationships but attempts to
give an overview of the most important and most frequently studied connections. Most ES indicators reveal information concerning more than one ES and some can
be positively related to one ES and negatively to another ES. Note that usually several different field and lab methods exist to measure a single ES indicator

(see Table 1).

and 1.1.5.1) can be assessed by different methods estimating the indi-
cator High abundance and usage of edible and medicinal plants and fungi
(S1.1.1). More indirect methods use the abundance, i.e. cover and/or
biomass, of the plants or fungi in question, while more direct methods
grasp the actual use by the local population, which is best assessed via
interviews and questionnaires. Ideally, both approaches are combined to
acquire the full picture, though methods are quite labor-intensive. In
addition, this indicator for a provisioning ES can also be regarded as
belonging to the cultural ES Active recuperation, enjoyment (recreation)
(CICES 3.1.1.1) and Heritage, culture (CICES 3.1.2.3). Which ES it is
finally assigned to depends strongly on the region under study, as in
some parts of the world wild food still contributes substantially to food
security (Lulekal et al. 2011; Ju et al. 2013), while in others the

recreational, heritage and gourmet aspects of gathering wild food is of
greater importance today (Tardio et al. 2006; Abbet et al. 2014; Schulp
et al. 2014).

Cultivated and wild plants as a source of energy (CICES 1.1.1.3.
and 1.1.5.3) and Reared animals for nutrition (CICES 1.1.3.1): High
aboveground biomass production and High biomass quality (forage value)
(S1.1.2 and S1.1.3) are the most significant indicators for the ES
Cultivated and wild plants as a source of energy (CICES 1.1.1.3. and
1.1.5.3) and Reared animals for nutrition (CICES 1.1.3.1), as only the
interplay between amount and quality of aboveground biomass, the
quality-adjusted yield, allows to directly assess the amount of livestock
that can be fed for dairy and/or meat production or the amount of bio-
energy and/or raw material (fibers) that can be generated. Thus, these
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Table 1
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Overview of the most commonly used methods for measuring a given ES indicator; grouped by the ES. Note that some indicators have predictive power for more than
one ES (see Fig. 2), but they only appear in the table once. Number of symbols denote the suitability of the method considering the different criteria, from small & to
high & & & labor force needed, low $ to high $ $ $ equipment costs, and low * to high * * * predictive power. This evaluation is relative and compares methods for the
same indicator. The ES are color coded as in Fig. 2.

ES-indicator Direct or Direct or Field/Lab Method Labor Equipment Predictive References
Indirect Indirect Force Costs Power
Indicator Method
Cultivated and wild plants for nutrition (1.1.1.1 and 1.1.5.1)

High abundance/usage of D I Actual use: interviews and e e $ (Juetal. 2013; Abbet et al.
edible and medicinal questionnaires 2014; Vitalini et al. 2015)
plants and fungi I Cover/biomass of edible and L) $ i (Schulp et al. 2014)

medicinal plants and fungi
Biomass for energy + reared animals for nutrition (1.1.1.3, 1.1.3.1 and 1.1.5.3)
High aboveground biomass D D Biomass harvest ) $ * ok (Singh et al. 1975; Ni
quantity 2004)
1 Sward height @ $ * (Marshall et al. 1998)
1 Estimation with rising plate & $$ o (Dale 2015)
meter
I Remote sensing techniques @ $$ * (Wachendorf et al. 2018)
(ultrasonic distance sensors, etc.)
High aboveground biomass D D Metabolizable substance in vivo L) $ ok (Holecheck et al. 1982)
quality D Metabolizable substance in vitro ) $$ * (Tilley and Terry 1963;
Schubiger et al. 2001)

D NIRS, C-N Analyzer and similar & $$ * (Kleinebecker et al. 2011)
methods

I Mean pastoral feed value index L) $ i (Daget and Poissonet
based on species specific 1971; Briemle and
indicator values Dierschke 2002)

1 Estimate quality from @ $ * (Daccord et al. 2007)
information on sward
composition and harvest time
Wild animals for nutrition (1.1.6.1)

High abundance/use of wild D D Statistics on game hunted & $ wode (Remme et al. 2014)

game species (national statistics, hunters

associations etc.)

D Questionnaire/interview surveys ) $$ wow (Knoche and Lupi 2007;

Garcia-Nieto et al. 2013)

1 Abundance of species from @ $ wx (Schulp et al. 2014; Ala-
databases with species Hulkko et al. 2016)
occurrence data

I Recording game with remote ) $$ o (Williams et al. 2018)
cameras

Higher and lower plants used to breed new strains or varieties (1.2.1.2)
High abundance of crop wild D D Vegetation survey (see also ® @ $ R (Haner et al. 2010; Jarvis
relatives 2.2.2.3) et al. 2015)
Control of erosion rates (2.2.1.1)
Low soil erosion rates D D Sediment in surface runoff - $ o (Merz et al. 2009; Pulley and Collins 2019)
$ *

D  Erosion sticks ) $ o (Trogisch et al. 2017)

D Apparent signs of erosion (gullies, rills etc.) 'y} $ * (Fernandez-Ugalde et al. 2017; Xu et al. 2019)

I Visual estimation of vegetation cover/bare L) $ * ok (Floyd and Anderson 1982; Murphy and Lodge 2002; Suter et al.

soil 2007; Patrignani and Ochsner 2015)
High belowground plant 1 D Root biomass via soil cores ') $ * (do Rosario G. Oliveira et al., 2000; Ni 2004)
biomass
D Root biomass via soil monoliths ) $ * % (Ni 2004)
L)
Hydrological cycling (incl. Flood prevention) (2.2.1.3)
High water infiltration D D Infiltrometer ) $ w (Naeth et al. 1991; Ford et al. 2012; Griffiths et al. 2016)
L)
D Disc permeameter L) $ x % (Fiedler et al. 2002; Eldridge et al. 2015)
@ $
D Surface runoff measurement (with or without 'y} $ w % (Fiedler et al. 2002; Halvorson et al. 2003; Thierfelder et al. 2005;
artificial rain treatment) ) $ * Leitinger et al. 2010; Qi et al. 2015)
Low soil compaction 1 D Soil penetration resistance - $ * (Halvorson et al. 2003; Thierfelder et al. 2005; Qi et al. 2015)
$
D Bulk density L) $ * (Halvorson et al. 2003; Leitinger et al. 2010)
Pollination (2.2.2.1)
High abundance/activity
of pollinators
D D Pan traps ) $ * % (Westphal et al. 2008)
D Transect catching methods ) $ w % (Westphal et al. 2008)
L]
D Visitation rates $ x % (Santos Oleques et al. 2017; Bartholomée and Lavorel 2019)

(continued on next page)
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Table 1 (continued)
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High pollination success D
Many resources for I
pollinators

Amount of pollen on insects

Phytometer or crop seed/fruit production

Measure of flower abundance in the field
(transect or plot)

Nectar and pollen provision from trait
databases following vegetation survey

Nursery populations and habitat (incl. Gene pool protection) (2.2.2.3)
Vegetation survey: point-intercept methods

High plant diversity D

Vegetation survey: visual estimation

R R

(Bartholomée and Lavorel 2019)

(Albrecht et al. 2007; Orford et al. 2016; Bartholomée and Lavorel
2019)

(Ricou et al. 2014; Kiitt et al. 2016; Bartholomée and Lavorel
2019; Villoslada Pecina et al. 2019)

(Kwaiser and Hendrix 2008; Weiner et al. 2011; Binkenstein et al.
2013; Lucas et al. 2017; Santos Oleques et al. 2017)

(Floyd and Anderson 1982; Tracy et al. 2004)

(Knop et al. 2006; Socher et al. 2013)

Low invertebrate herbivory and

abundance of fungal pathogens

Low abundance of weeds and
invasive species

High abundance/activity of
natural pest enemies

Decomposition and fixing processes and their effect on soil quality (2.2.4.1)

High aggregate stability

High Earthworm abundance
(individuals or biomass per
area)

High microbial abundance and

activity: unspecific

High microbial abundance and
activity: organism-/activity-
specific

High soil nutrient availability

D

I

D

D

D
D

—

Visual estimation of damage

Herbivore numbers from traps

Field records: percent cover, transects

UAV based detection
Abundance via netting, traps,
observation (see also: abundance of

pollinators)

Activity via sentinel prey removal

Laboratory test

Field test
Pit with hand sorting

Extraction with expellant (mustard,
electricity etc.)
Combination of both of the above

Microbial biomass: fumigation
extraction and substrate induced
respiration

Basal respiration

PLFAs

Quantification of enzyme activity

PCR based: quantification of functional

genes, organism groups etc.
N, P, K availability (soil sampling)
Plant Root Simulator probes

Cation exchange capacity, soil
electronic conductivity

Pest control (2.2.3.1)

$

$s$

(Scherber et al. 2006; Fischer et al. 2012; Loranger et al. 2014;
Rottstock et al. 2014; Liu et al. 2016; Egorov et al. 2017;
Capelli et al. 2019)

(Woodcock and Pywell 2010)

(Suter et al. 2007; Goodall et al. 2010; Pywell et al. 2010;
Martin-Forés et al. 2017)

(Binch et al. 2018; Valente et al. 2019; Petrich et al. 2020)
(Werling et al. 2011; Werling et al., 2014; Kim et al. 2017)

(Bennett and Gratton 2012; Meehan et al. 2012; Meyer et al.
2015; Kim et al. 2017)

(Diaz-Zorita et al. 2002)

(Herrick et al. 2001)

(Didden 2001; Schmidt 2001)

(Pelosi et al. 2009; Singh et al. 2016)
(Pelosi et al. 2009; Singh et al. 2016)
(Winding et al. 2005)

(Cabral et al. 2017)

(Winding et al. 2005)

(Griffiths et al. 2016)

(Griffiths et al. 2016; Schloter et al. 2018)

(Mallarino et al., 2005)
(Qian and Schoenau 2005)

(Halbritter et al. 2020), protocol 1.4

Decomposition and fixing processes and their effect on soil quality (2.2.4.1) continued

High nitrogen fixation

High litter and dung
decomposition

High degree of mycorrhization

I
D

Cover of legumes

Evaluation of nodulation

15N natural abundance methods

Local litter

Standardized litter (bait lamina)

Standardized litter bags (tea,

straw, or similar)
Visual root scanning

Spore isolation and identification

3 @ 3 3 B

$ * (Maseyk et al. 2017)

$ **  (Peoples et al. 1989)

$$ * ok (Carranca et al. 1999; Kleinebecker et al.

$ * 2014)

$ *%  (Knops et al. 2001)
¥*

$$  **  (Griffiths et al. 2016)

$ %

$ w (Carranca et al. 1999; Kleinebecker et al.

2014)

$ o (Giovannetti and Mosse 1980; Cavagnaro et al.
* 2015)

$$ * (Robinson-Boyer et al. 2009)

w (Robinson-Boyer et al. 2009)

(continued on next page)
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Table 1 (continued)
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qPCR of soil or rhizosphere @ $$
samples L) $
Chemical composition of
freshwaters (2.2.5.1)
Low nutrient (N and P) D D Water intercepting troughs @ $$ **  (Heathwaite and Dils 2000)
concentration in surface or ® *
soil water )
D Macropore samplers or suction ® $$ **  (Heathwaite and Dils 2000; Cooper 2016)
lysimeters ®
D Lysimeters L $$ **  (Haygarth et al. 1998; Djodjic et al. 2004;
» $ * Andersson et al. 2013)
L)
D Laboratory leaching of soil @ $ * (de Vries et al. 2012)
columns )
L)
I Ion-exchange resin methods @ $$ **  (Binkley and Matson 1983; Langlois et al.
) $ 2003; Klaus et al. 2018)
Low nutrient (N and P) 1 D (Sub-)Soil concentrations ) $ * (Bliithgen et al. 2012; Newell-Price 2020)
concentration in soil ®
I Quantity of fertilizer applied/ ) $ * (Heckrath et al. 1995; Haygarth et al. 1998;
stocking density Bhogal et al. 2000; Maguire and Sims 2002;
Risch et al. 2019)
Chemical composition of the atmosphere (2.2.6.1)
High uptake of CO, and other D D Fluxes via Eddy covariance (long Fy $$ x (Ammann et al. 2007; Merbold et al. 2014)
greenhouse gases term) ) $ *
L]
D Fluxes via Flux chambers (long @ $$ **  (Pumpanen et al. 2009)
term) )
L)
I Potential methane oxidation rates ) $$ (Hiitsch et al. 1993; Shrestha et al. 2012;
(PMOR) ) Zhang et al. 2019)
High organic carbon storage 1 D Dry combustion (fine soil @ $$ **  (Nelson and Sommers 1996)
(replicated measurements) samples) ) *
D Walkley-Black method (fine soil ® $ **  (Walkley and Black 1934)
samples) ®
L)
D Optical sensing techniques @ $$ **  (O’Rourke and Holden 2011; Stevens et al.
(infrared spectroscopy) (fine soil 2013)
samples)
D Thickness of peat layer @ $ **  (Webster and Oliver 1990)
Active recuperation, enjoyment (recreation) (3.1.1.1)
High abundance/ D Listed as indicator for provisioning (Schulp
usage of edible and services, above. Equally important for et al.
medicinal plants cultural services, as argued in reference 2014)
and fungi given on the right. Especially economic
evaluation methods differ.
High abundance/use D  Listed as indicator for provisioning services,  (Schulp et al. 2014)
of wild game above. Equally important for cultural
species services, as argued in reference given on the
right. Especially economic evaluation
methods differ.
Heritage, culture and Education (3.1.2.3 + 3.1.2.2)
Many signs of D D Assessing elements via field survey L) $ ¥ (Tieskens et al. 2017)
traditional usage *
*
D Assessing elements via satellite/aerial Y $ * (Spulerova et al. 2015; Kusar
images * and Komac 2019)
*
D Cultural/natural monuments or presence - $ * (Marsoner et al. 2018; Thiele
of grazers from specific databases * et al. 2020)
*
D Existence and age of shepherding @ $ (Razquin Lizarraga et al.
treaties/regulations * 2012)
*
Aesthetic (3.1.2.4)
High human visual D D Off-site interviews (with photographs) ) $ * (Lindemann-Matthies et al.
appreciation * 2010a; Zoderer et al. 2016)
D On-site interviews L) $ * (Southon et al. 2017; Hoyle
* et al. 2018; Miiller et al. 2019)
*
1 Online geo-tagged photographs on social & $ * (Figueroa-Alfaro and Tang
media platforms 2017; Le Clec’h et al., 2019)
Flower abundance I I Flower size and color from trait databases L) $

and diversity

calculated after vegetation survey

(continued on next page)
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Table 1 (continued)

Ecosystem Services 52 (2021) 101376

D Measure of flower abundance in the field ) $
(transect or plot) *

Symbolic and Existence (3.2.1.1 4 3.2.2.1)
(Root-Bernstein and Armesto 2013;
Schirpke et al. 2018)

High abundance of D  Includes the identification of target species
symbolic/flagship (e.g. via interviews and questionnaires) and
species the subsequent mapping. For latter, see

abundance of game species, edible/medicinal
plant species, abundance of pollinators and
plant diversity for assessment methods;
references on the right for identification of
symbolic species

(Lindemann-Matthies et al.
2010b; Hoyle et al. 2018; Kiitt
et al. 2018)

* (Kwaiser and Hendrix 2008;

Weiner et al. 2011;

* Binkenstein et al. 2013; Lucas
et al. 2017; Santos Oleques
et al. 2017)

two indicators need to be used in concert, since using only the amount of
biomass produced is potentially misleading (e.g. Zavaleta et al. 2010;
Allan et al. 2015; Kohler et al. 2017; Tasser et al. 2020). Besides a direct,
ideally temporally repeated harvest of biomass, various less labor-
intensive methods exist for estimating High aboveground biomass pro-
duction — from sward height measurements to remote sensing tech-
niques. For High biomass quality, several indirect methods exist providing
quick estimates, besides the more direct but quite laborious and
expensive laboratory methods (§1.1.3). It is also crucial to note, that
natural grasslands and sown grasslands can differ very strongly in their
provisioning services, calling for a differentiated choice of indicators.
For example, for extensively grazed natural grasslands, using forage
value indices from the vegetation relevé can be more insightful due to
stronger selection by animals whereas on intensively used and/or sown
grasslands standard laboratory techniques are better suited for assessing
forage quality. However, the information content of all production and
quality indicators could be compromised in situations or locations, in
which the grasslands are hard to reach (in difficultly accessible terrain),
very steep, or without access to water. These kinds of limitations can
decrease the provisioning services and would have to also be factored in
when they apply.

Furthermore, Maes et al. (2016) include livestock densities as an
indicator of actual forage provision. However, the number of livestock
units is highly dependent on the respective grazing management such as
supplementary feed from other sources, making this indicator only
useful for farm level studies such as in life cycle analyses (e.g. Kohler
et al. 2017). In cases or areas where livestock feed is not supplemented,
assessing livestock numbers and even livestock product quality and/or
market prices can be informative (Farruggia et al. 2014).

Wild animals for nutrition (CICES 1.1.6.1) are assessed via the
indicator High abundance/use of wild game species (S1.1.4). As for High
abundance/usage of edible and medicinal plants and fungi (S1.1.1), indi-
rect methods measure abundance of species, and direct methods target
the number of hunted animals. Furthermore, just like mentioned above,
this indicator can also be an important indicator for the assessment of
cultural services, depending on the study area and focus of the study.

Higher and lower plants used to breed new strains or varieties
(CICES 1.2.1.2) are assessed via High abundance of crop wild relatives
(CWR; S 1.1.5). CWR are receiving increasing attention and are vital in
the face of a depletion of genetic diversity of crops, stresses on crops
from climate change, and new opportunities for the use of genes from
CWR with modern biotechnological and genome-editing methods (Ford-
Lloyd et al. 2011). They are best quantified using standard vegetation
assessments (see High plant diversity for discussion of methods).

3.2.2. Regulating and supporting services
The regulating ES Control of erosion rates (CICES 2.2.1.1) can be
assessed by measuring potential Low soil erosion rates targeting bare soil

cover or realized soil erosion - with the most revealing but labor-
intensive of the three methods measuring sediment in surface runoff
(S 1.2.1). A further indirect indicator for soil erosion is High belowground
plant biomass ($1.2.2), as plant roots play a large role in stabilizing the
soil.

For the ES Hydrological cycling (CICES 2.2.1.3), the indicators
High water infiltration and Low soil compaction are commonly used (S
1.2.3). The methods for measuring water infiltration are all either quite
laborious or require specialized equipment, making this indicator rather
challenging to measure. On the contrary, soil compaction is assessed with
more rapid and cheap methods, but only investigates the soil aspect of
the hydrological cycle.

The ES Pollination (CICES 2.2.2.1) can be assessed in three ways:
measuring the indicators High abundance/activity of pollinators, high
pollination success, and Many resources for pollinators (S 1.2.4). Of these,
high pollination success is probably the indicator best reflecting this ES as
supporting service, but it is also the most challenging to measure and
usually requires the involvement of crops and are rather landscape-scale
methods. Methods to measure abundance/activity of pollinators tend to be
labor-intensive but are cheap. Methods involving catching or trapping of
insects can yield additional insights concerning other ES, such as Pest
control (CICES 2.2.3.1) and Symbolic species (CICES 3.2.1.1). Resources
for pollinators can be assessed by either directly assessing flower abun-
dances or estimating them from vegetation surveys, both methods with
comparable workloads, except that a vegetation survey might have
already been conducted to measure other indicators, such as High plant
diversity.

Nursery populations and habitat (CICES 2.2.2.3): High plant di-
versity (S1.2.5) itself is the indicator of choice for the ES Nursery pop-
ulations and habitat (including gene pool protection) (CICES 2.2.2.3).
Vascular plants provide habitat and food for higher trophic levels and
are thus the most often used indicator for this service also regarding non-
plant taxa. The two main methods here are visual estimates of ground
cover and the point-intercept method, the first one requiring more
experienced surveyors (Halbritter et al. (2020) protocol 4.8, Plant
community composition, Supporting Information S4) and the latter
being more time consuming.

For the ES Pest control (CICES 2.2.3.1), three indicators exist, each
measuring a different aspect of pest control. Low invertebrate herbivory
and fungal pathogens (S1.2.6) are most often assessed by visually esti-
mating damage to plant organs, but in the case of estimating herbivory,
herbivore numbers from traps can also be used as an indirect method.
For assessing High abundance of “weeds” and invasive species (S1.2.7),
automated detection methods (for instance using unmanned aerial ve-
hicles) are being developed and can increasingly present an alternative
for conventional methods such as vegetation surveys. These two previ-
ous indicators are on the one hand important regulators of yield and
palatability for livestock and modulate pesticide inputs, but on the other
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hand, invertebrate herbivores, phytoparasitic fungi and so-called weeds
can also contribute substantially to biodiversity and pollination (Goss-
ner et al. 2014). Thus, depending on the ES considered or the focus of the
assessment, this trade-off needs to be integrated in multifunctionality
assessments accordingly. Concerning the third indicator High abundance
and activity of natural pest enemies (S1.2.8), measuring abundances of
predatory or parasitoid species in question can be used as an indirect
method, while the activity of natural pests can also be measured
directly, in most cases via sentinel prey removal. For all three indicators,
methods tend to be labor-intensive but comparatively cheap, similar to
the cluster of indicators assessing the ES Pollination (CICES 2.2.2.1)
(Meyer et al. 2015).

A great variety of processes and organisms influence Decomposition
and fixing processes and their effect on soil quality (CICES 2.2.4.1),
and consequently many indicators exist to capture these as comprehen-
sively as possible. Like High aggregate stability, High earthworm abundance
(81.2.9) provides information about how well the soil is structured, but
also sheds light on decomposition processes, which can in turn also be
assessed via High litter and feces decomposition (S1.2.12). High Nitrogen
fixation and High soil nutrient availability (§1.2.11) are indicators focusing
on the atmospheric Ny fixing processes and their contribution to soil
fertility. High degree of mycorrhization (§1.2.13) contributes to supplying
grassland plants with nutrients, making this another valuable indicator for
processes enhancing plant growth. And as microorganisms are major
agents of decomposition and Ny fixing processes in the soil, High microbial
abundance and activity (S1.2.10) is a further important indicator (Griffiths
et al. 2016). Here, methods exist for measuring biomass and activity
together, compared to methods investigating organismic composition and
enzyme activities separately and thus measuring specific processes or
potentials for processes. Methods for measuring these indicators of
Decomposition and fixing processes and their effect on soil quality (CICES
2.2.4.1) for the most part tend to be laboratory methods which are either
quite labor-intensive or require expensive equipment as for instance
neither microbes nor arbuscular mycorrhiza or soil nutrients are visible to
the naked eye. Some cheap and comparatively easy methods do exist
though, such as measuring the cover of legumes for N, fixation, the use of
standardized litter for decomposition, and extracting earthworms for
subsequent counting with an expellant (Meyer et al. 2015).

The ES Chemical composition of freshwaters (CICES 2.2.5.1) is
most comprehensively assessed by measuring the indicator Low nutrient
concentrations in surface or soil water (S1.2.14). Methods for collecting
water from different soil depths and analyzing its nutrient concentrations
often require specialized equipment, are labor-intensive, and thus are
typically restricted to a limited number of spatial observations. Therefore,
Low nutrient concentrations in soil (S1.2.14) and soil water samples are used
as an indicator for this service instead, with information on nutrient inputs
from management being an indirect method to estimate this (if applicable,
e.g. quantities of fertilizer applied and stocking densities (Bliithgen et al.
2012); § 1.2.14).

The last regulating service, Chemical composition of the atmo-
sphere (CICES 2.2.6.1), is most accurately assessed via the Fluxes of CO»
and other greenhouse gases (S 1.2.15). These measurements (especially
using the eddy covariance technique) require expensive equipment and at
best continuous measurements (Pumpanen et al. 2009; Eugster and Mer-
bold 2015). Much easier and less expensive than the latter are methods for
measuring High soil organic carbon (51.2.16), but these must be temporally
repeated to assess an increase or decrease in carbon stocks over time,
typically decades (Post and Kwon 2000). Comparing single time point
measurements of soil organic carbon reveals insight in differences in carbon
storage only if sites are environmentally absolutely similar, and still, this
does not inform about the actual change in soil carbon.

3.2.3. Cultural services

Active recuperation, enjoyment (recreation) (CICES 3.1.1.1):
Hunting wild game and gathering wild plants and fungi are regarded in
many regions as recreational activities (Schulp et al. 2014), and thus
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High abundance/usage of edible and medicinal plants and fungi ($1.1.1) as
well as High abundance/usage of wild game species (S1.1.4) are mean-
ingful indicators for the ES Active recuperation, enjoyment (recreation)
(CICES 3.1.1.1). Alternatively, these indicators are important for
assessing provisioning services, as discussed above. Hiking or biking are
also widely practiced in grassland areas, but depend very much on
available infrastructure and other factors related to the landscape. The
presence of nature trails has been suggested as an indicator (Newell-
Price 2020), but this indicator is only to a very small extent dependent
on small-scale characteristics and is thus not well suited for plot-level
assessments.

For the ES Heritage, culture (CICES 3.1.2.3), most studies assess
the indicator Many signs of traditional usage (S1.3.1) in a given area.
Which buildings, installations or old shepherding contracts are to be
taken into account is dependent on the traditions and culture in the
region studied, but can be assessed with different methods: via field
surveys, satellite and/or aerial images or from databases, where avail-
able, or interviews with local experts.

To assess the ES Aesthetics (CICES 3.1.2.4), an ES especially impor-
tant in the landscape context, the most straightforward indicator is High
human visual appreciation (S1.3.2), which estimates how beautiful humans
find an area. This is either directly assessed by interviewing people on-spot
or indirectly inferred via photographs e.g. on social media. As humans
have been shown to appreciate diverse and flower-rich plant assemblages
(Lindemann-Matthies et al. 2010b), High flower abundance and diversity
(S1.3.2), which could be extracted from vegetation records, can also be a
useful indicator for aesthetics. Here too, direct and indirect measures exist
(Table 1). All reviewed methods for measuring the indicators assessing
aesthetics are relatively low-cost methods, but tend to be labor-intensive,
especially when on-site interviews are performed.

The ES Symbolic value (CICES 3.2.1.1) can be assessed with the
indicator High abundance of symbolic/flagship species (S1.3.3). For every
nation and region, the species that have a symbolic cultural importance
differ and need to be identified by expert interviews or searching cultural
history archives (e.g. collections of poems; (Hiron et al. 2018)). After
identifying the species in question, depending on the organism group,
different methods of assessing their presence can be used. For butterflies, a
frequently used group of species, methods described for the service
Pollination (CICES 2.2.2.1) can be used; for plants, methods described for
the services Nursery populations and habitat or Pest control (CICES
2.2.2.3) are applicable.

4. Economic valuation of ES
4.1. Concept, classification of value types and valuation approaches

The economic value of an ES attempts to assess the contribution of the
respective ES to human well-being (Costanza 2020). According to the
well-established Total Economic Value (TEV) Framework, the economic
value of an ecosystem is made up of two components: the (total) output
value and the insurance value (Pascual et al. 2012). Whereas the output
value relates to the benefits provided by the services from an ecosystem in
a given (biophysical) state, the insurance value refers to the ecosystem
resilience, i.e. to its capacity to maintain a sustained flow of services
(Pascual et al. 2012). In this work, we focus on the ES benefits and thus on
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the output value because we concentrate on the service flows from the
ecosystem in its current state and do not address the ecosystem’s ability to
maintain its flow of services under disturbance. Within the output value,
we focus on the use value', and more precisely on the actual value” (see
Fig. 3), which encompasses direct and indirect use values. The direct use
value describes the benefits that are obtained from directly using an ES
(Kaval et al., 2013). It encompasses both extractive use (e.g. consumption
of food or timber) and non-extractive use (e.g. recreational benefits;
Pascual et al. 2012). The indirect use value refers to the value derived
from regulating services provided by the ecosystem such as air quality
regulation or erosion prevention (Kaval et al., 2013). Whereas provi-
sioning and cultural ES only generate direct use benefits, regulating ES
provide by contrast only indirect use ones (Pascual et al. 2012). The
supporting ES, defined as the services required for the production of other
types of ES (MA, 2005), are usually not valued directly but indirectly
through their contribution to other ES categories (Hein et al. 2006;
Pascual et al. 2012). For instance, soil biodiversity may be valued with
respect to its contribution to provisioning ES, in which case the direct
benefits in terms of agricultural production or, more precisely, crop pro-
duction is the object of the valuation. Soil biodiversity may also be valued
in terms of its contribution to regulating ES services or, more precisely, to
(i) Hydrological cycling (CICES 2.2.1.3) and (ii) climate regulation
through Chemical composition of the atmosphere (CICES 2.2.6.1)
(Pascual et al. 2015).

For valuation purposes, Fisher et al. (2009) recommend using a
classification scheme dividing ES into intermediate services, final ser-
vices, and benefits. Benefits can be basically derived from intermediate
and final services (Fisher and Turner 2008). For the sake of ES economic
valuation, the several interlinkages among ES and especially between
intermediate services and final services should be identified to avoid any
double counting. Only the benefits derived from final services (for
example food consumption), to which the intermediate services
contribute (e.g. pollination), should be the object of the economic
valuation (Fisher et al. 2008; Morse-Jones et al. 2011). Whether an ES is
considered as an intermediate service or a final service depends on the
benefits of interest and is linked to social systems and social decisions
(Fisher et al. 2009). It must therefore be defined before any economic
valuation in each specific case.

The available methods used to value a specific ES can be divided into
direct and indirect market valuation approaches depending on the
availability of market price information (Pascual et al. 2012; see Fig. 4)°.
The direct market valuation derives the value of ES directly from
available market price information. It encompasses four main ap-
proaches: (i) the market price-based approaches, (ii) the cost-based
approaches, (iii) the net factor income approach, and (iv) approaches
based on production functions (Pascual et al. 2012; Ojea et al. 2017).
The indirect market valuation can be divided into the revealed- and

! Non-use values reflect “the preference towards an ES without having to use it or
experience it” (Naime et al. 2020). They encompass the bequest, altruist, and
existence values (Pascual et al. 2010). Since they relate to moral, ethical, or
religious properties, their economic valuation is particularly challenging.

2 The use value encompasses the actual value and the option value. The op-
tion value relates to the future use value of an ES (Naime et al. 2020) and is a
value that results from uncertainty about the future demand of ES (Bartkowski
2017). Since the present work focuses on the actual provision and use of
grassland ES, the option value is not further considered in our review.

3 For the sake of completeness, we would like to mention that another clas-
sification of the methods for the monetary valuation of ES can be found in the
statistical standard SEEA-EA (System of Environmental-Economic Accounting —
Ecosystem Accounting) developed by the United Nations for the integration of
ecosystem services in the System of National Accounts (SNA) at macro-level
(United Nations, 2021). As our review focuses on a lower analysis scale (plot
or field level) and do not relate to SNA, we do not elaborate on the SEAA-EA
classification and rely in lieu thereof on the more generic and comprehensive
classification proposed by Pascual et al. (2012).
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[ Actual value ] [ Option value ]

; .
i ’ ) L
[ Direct use ] i[ Indirect use ] Regulating and supporting ES i i
| [

] Cultural ES

| [ Non-extractive

Fig. 3. Value types within the output value (modified after Pascual et al. 2012;
Kaval et al., 2013).

the stated-preference approach, depending on whether market trans-
actions associated indirectly with the respective ES are available or not
(Pascual et al. 2012). Whereas the revealed-preference approach esti-
mates the value of services by analyzing how people act (i.e. by
revealing the value they implicitly attribute to a service through their
observable choices in the surrogate market), the stated-preference
approach relies on the analysis of what people say (i.e. what people
explicitly state about their preference within a survey; Lazo 2002;
Pascual et al. 2012).

When collecting primary data for the economic valuation of ES by
means of one of the previously mentioned approaches is not feasible due
to resource or time constraints, it is possible to use the benefit transfer
approach (Mishra et al. 2019). This approach consists of transferring the
ES value (for instance, the unit value of fertilizer reduction per kg ni-
trogen) that has been estimated at one or more study site(s), i.e. the site
(s) where the study and primary data collection were originally con-
ducted, to a policy site, i.e. the site that is of interest and whose ES
should be valued, with similar characteristics (Mishra et al. 2019). The
so-called correspondence, which is the degree to which the character-
istics of the study site(s) are similar to those of the policy site, de-
termines the validity and accuracy of the benefit-transfer (Plummer
2009).

To allow for a deeper insight in this topic, a detailed overview of the
different methods available for direct and indirect market valuation as
well as fr benefit transfer is provided in supplementary material 2.

4.2. Economic valuation of grassland ES

Even though an extensive body of literature exists on the biodiversity
of grassland and on experiments relating for example plant diversity to
ecosystem functioning, literature on the economic valuations of ES of
grasslands (besides production yields and yield quality) is scarce as
compared to forests, croplands and wetlands (Frélichova et al. 2014)
(Frélichova et al. 2014). Based on the existing literature, this section
provides an overview of the most commonly used methods for the
economic valuation of provisioning, regulating and cultural ES. As
explained in section 4.1, supporting services are valued through their
contribution to other ES categories. The methods available for their
valuation thus depend on the ES categories (provisioning, regulating
and cultural) to which they contribute. The overview provided in this
section is illustrated with application examples relevant to grassland
ecosystems.

4.2.1. Provisioning services

Provisioning services of grasslands comprise mainly the production
of fodder for roughage consuming animals with the final services being
principally the production of milk and meat for human consumption. As
provisioning services are harvested and provide direct use values,
market price-based approaches are commonly used for their economic
valuation (de Groot et al. 2012). This valuation should rely on quality-
adjusted forage yields derived from the ES indicators assessment as
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Is information from market transactions directly related to the ecosystem service (ES) available? ]
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Fig. 4. Categorization of the available techniques to valuate ES based on market information availability (Source: own representation based on Pascual et al. 2012).
Further information on the single approaches mentioned can be found in supplementary material 2.

not only the quantity of grass but also its quality (i.e. its nutritional
characteristics) is important for the conversion of grass into meat and
milk (see for instance Schaub et al. 2020b; Schaub et al., 2020a). To
derive the market revenues from the forage produced, milk production
potential yields must be multiplied by milk and/or meat prices, which
are usually available from international or national statistical offices.
When selecting the appropriate market price, the raw product use,
which is closely related with the product characteristics especially in
terms of quality, need to be considered as they additionally affect the
market price. For instance, raw milk can be used for the production of
drinking milk or cheese and destined for different markets such as
organic or conventional markets. The prices used for the economic
valuation have to be selected accordingly.

4.2.2. Regulating services

A meta-analysis of the studies assessing the economic value of
regulating services at global scale shows the highest number of studies
dealing with climate regulation services, followed by water regulation,
erosion, air quality regulation and natural hazard regulation (Balasu-
bramanian 2019). This meta-analysis shows furthermore that only few
studies valued specifically regulating ES of grasslands. The study addi-
tionally revealed a wide range of different methods being used for the
economic valuation of regulating services, inhibiting a standardized way
of valuing theses ES. However, cost-based approaches are especially well
suited and therefore frequently used for valuing regulating ES (Martin-
Lopez et al. 2009; de Groot et al. 2012). An illustration of this type of
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approach can be found in Keeler and Polasky (2014), who valued the
regulating services provided by grassland in terms of groundwater
protection from nitrate contamination in Southeastern Minnesota. The
authors used two different valuation techniques in combination, namely
the costs of replacement or remediation measures (e.g. to install a
filtration system), and the costs of avoidance behaviors, defined as the
costs of purchasing bottled water for drinking and cooking to avoid
exposure to elevated nitrate concentrations in the water (Keeler and
Polasky 2014).

A further example of the use of cost-based approaches for the eco-
nomic valuation of regulating ES in grassland can be found in Paletto
et al. (2015). This case study uses the replacement cost approach to
value the protection against natural hazards such as soil erosion, land-
slides, rockfalls and avalanches. The total costs incurred by replacing
(permanent) grasslands with an artificial substitute with a lifetime of 15
years, was used to calculate an annual cost per hectare grassland
(Paletto et al. 2015).

Some regulating ES can also be valued using market-price based
approaches. This applies for example for carbon sequestration. The tons
of carbon stored in soil can be multiplied by the market price for
greenhouse gas emissions in carbon equivalents (e.g. Kay et al. 2019).
Market prices in such a case can be provided by the State of the
Voluntary Carbon Market (e.g. Donofrio et al. 2019), the Emission
Trading Scheme of the European Union (EU ETS) or other regional,
national or subnational trading schemes (Stern 2007; World Bank and
Ecofys, 2017).
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Benefit transfer methods relying on primary data from cost-based
approaches can also be used to valuate regulating ES. For example,
Gascoigne et al. (2011), who assessed the environmental and economic
trade-offs of different future land use scenarios in the Prairie Pothole
Region of the Dakotas, United States, used the benefit transfer approach
to monetize the carbon sequestration services provided by native prai-
rie. The transfer relied on the central value of the four estimates of the
so-called social cost of carbon from the Social Cost of Carbon (SCC)
working group, a US governmental interagency working-group (Gas-
coigne et al. 2011). The social cost of carbon was defined as the marginal
cost resulting from the expected economic damages associated with an
increase in carbon dioxide emissions in a particular year (Gascoigne
et al. 2011).

4.2.3. Cultural services

In a meta-analysis of the willingness to pay for cultural ES from
grassland in Europe, Huber and Finger (2020) found that the economic
valuation of cultural services usually relies on stated-preference tech-
niques, which encompass contingent valuation methods and discrete
choice experiments. Hedonic pricing and the travel cost method, which
both belong to the revealed-preference approaches, can also be used for
the economic valuation of cultural services (de Groot et al. 2012; Huber
and Finger 2020). However, according to Huber and Finger (2020),
these methods have not yet been applied to grassland. An example of
application of the discrete choice technique to grasslands can be found
in Barkmann and Zschiegner (2010), who assessed the willingness of
local citizens to pay for grassland conservation management with cattle
and sheep for two regions in Germany.

5. Discussion and general insights

This review describes a wealth of plot-scale ES indicators and
respective methods, but before diving into these it must be kept in mind,
that the demand for an individual ES can vary strongly from location to
location depending on the respective geographical or cultural circum-
stances (Wei et al. 2017; Root-Bernstein and Jaksic 2017; Mehring et al.
2018). For instance, the demand for flood regulation depends strongly
on the location where people live and on the associated flooding risk
(Wei et al. 2017). This context dependency in turn means that indicators
and methods to assess the respective ES, as well as valuation methods,
should be chosen according to the local conditions, so that less
demanded ES can be assessed and valued with less effort or precision
than highly demanded ES. The spatial variability of ecosystem services
demand is furthermore a crucial valuation issue that should be
accounted for in order to reduce the risk of an over- or underestimation
of ecosystem services values (Morse-Jones et al. 2011). This is especially
relevant when using the benefit transfer approach.

For most ES indicators, several different methods exist for their
assessment, especially for the regulating and supporting ES. On the
contrary, for cultural ES, plot-scale indicators are less numerous, as
many studies consider these services on spatial scales larger than plot or
field level (Blicharska et al. 2017). A further challenge concerning cul-
tural services is the inevitable close tie to the local stakeholders and their
needs, perceptions and values that differ from stakeholder group to
stakeholder group (Daniel et al. 2012; Kosanic and Petzold 2020). This
implies that the choice and the exact nature of the cultural services and
corresponding indicators must be made after considering these specific
needs and values (Blicharska et al. 2017). Tools for economic valuation
of cultural services have been, on the other hand, readily available for
quite a long time. Due to the inevitable involvement of the public in
assessing cultural ES, revealed- and stated-preference methods are rec-
ommended for the economic valuation of these services.

Concerning the technical aspect of measuring ES indicators, some
methods directly measure an indicator, whereas others provide esti-
mates or proxies and thus only indirectly assess the indicator in question
(as indicated in Table 1). However, one level higher, the indicators
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themselves can also either directly measure an ES (e.g. High pollination
success for Pollination (CICES 2.2.2.1), High human visual appreciation
for Aesthetics (CICES 3.1.2.4)), while others indirectly assess the ES by
measuring vital ecological processes and attributes reflecting the state of
the ecosystem (e.g. Many resources for pollinators, High flower abundance
and diversity) (Layke et al. 2012; Tasser et al. 2020). As this indirect
approach can accumulate inaccuracy in estimating a final ES, direct
methods and indicators are generally preferred over indirect ones.
However, using an indirect method or indicator is in most cases still far
better for a robust measure of ES-multifunctionality than ignoring an ES
when time or economic resources are limited.

In many cases, trade-offs become apparent concerning the equip-
ment costs and labor force needed for different methods, with some
methods using cheap equipment but being labor-intensive or vice versa,
also described by Griffiths et al. (2016) for soil diversity and related ES.
For instance, using local or standard litter for decomposition measure-
ments is cheaper but more labor-intensive than using expensive pre-
manufactured bait lamina. Similarly, isolating and identifying fungal
spores is more laborious, but uses less costly equipment than qPCR
techniques for estimating the degree of mycorrhization. Additionally,
cheap and quick methods often have a lower predictive power for an ES
than more costly and work intensive methods, presenting a further
trade-off. Thus, we recommend using direct methods with high predic-
tive power, whenever this is economically feasible.

Similarly, the economic valuation of ES involves a trade-off between
valuation accuracy and costs. The benefit-transfer approach is —
compared to the other valuation methods that rely on primary data
collection - significantly less expensive and time consuming (Rose-
nberger and Loomis 2000). This explains its popularity in conservation
planning and ecosystem management (Morrison and Bennett 2004;
Plummer 2009). However, a greater potential inaccuracy often results
from using benefit transfer compared to generating original estimates
(Morrison and Bennett 2004). For this reason, economists have devel-
oped guidelines aiming at improving the validity and accuracy of ES
values estimated using this specific approach (Plummer 2009).

In choosing indicators, it is important to keep in mind the possibility
of one ES indicator influencing multiple ES, as well as (in some cases) the
necessity to measure several indicators to assess different aspects of a
given ES while avoiding multicollinearity. This complexity underlines
the need to economically value final ES in order to avoid any double
counting (Morse-Jones et al. 2011). This is especially true for economic
valuations conducted within multifunctionality assessments, in which
multiple ES are considered. The literature review on the economic
valuation of ES showed that a wide range of approaches exist. It
furthermore revealed that there are so few studies on the economic
valuation of more than one ES in grasslands that we cannot review the
suitability of single ES field assessment methods and related biophysical
ES indicators for economic valuation. In order to promote the valuation
of ES in grasslands, the development of a comprehensive framework
providing detailed practical guidance and recommendations on how to
economically value each final ES depending on the available ES in-
dicators would be needed.

6. Conclusions

A plethora of methods to measure ES-indicators exists, ranging from
expensive and laborious to cheap and easy methods. Using these latter
ones in the case of limited resources is much more advisable than not
assessing an ES at all, but the higher uncertainty associated with cheap
and easy methods also needs to be acknowledged. Especially cultural ES,
that only recently received increasingly attention and whose assessment
methods are less established than those for provisioning and supporting
ES, must not be neglected, since many useful and easy indicators have
been developed to date. The trade-off between costs and efforts on the
one hand and accurateness or information content on the other hand
become apparent for both assessing and economically valuing ES. Thus,
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outcomes from seemingly comprehensive but rather inaccurate multi-
functionality assessments can also pose a threat to policy-advice and
decision-making. To improve this situation, we recommend 1) to choose
direct over indirect methods and indicators and 2) to use the most ac-
curate methods; 3) take into account that one indicator can have im-
plications for more than one ES, and that these implications can be
positive or negative; and 4) to assess as many ES as possible for multi-
functionality studies and especially to include cultural services. In order
to promote the economic valuation of grassland ES, especially within
multifunctionality assessments, we see the urgent need to develop a
comprehensive framework on how to value each final ES depending on
the available (biophysical) ES indicator(s).

Besides assisting researchers and stakeholders in identifying a robust
set of indicators and methods to use for grassland ES assessments, our
work calls for using comparable sets of indicators and methods to
facilitate synthesis of ES and multifunctionality studies. By assigning
methods to indicators and identifying the positive and negative relations
of the respective indicators to the final ES, this study represents an
important first step in this direction. By providing an overview of the
approaches available for the economic valuation of ES in grassland, we
further acknowledge the importance of economic valuations and, above
all, of interdisciplinary research for the sustainable management of
grasslands. We believe that our work can add structure and clarity to the
essential but complex field of applied ES-multifunctionality research,
which is needed to assure human well-being in the future.
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