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Highlights

•Classification science provides value to fields with large datasets (e.g., health).
•Ecosystem services classification systems (ES-CS), and their principles, exist.
•ES-CS are used mostly in environmental accounting, not ES efforts more broadly.
•ES-CS use provides 18 benefits, far outweighing the costs of transitioning to ES-CS.
•Actionable steps to begin the transition to using ES-CS are discussed.

Abstract

Ecosystem services (ES) practitioners (e.g., researchers, policy makers) have been working to
better define, measure, and value the ways that nature contributes to society. Because
measurement techniques follow the labeling or identification of ES, precise identification is
critical. This article reviews literature and consults experts in classification science and ES to
determine the expected benefits of using ES classification knowledge (classification
knowledge); ecosystem services classification systems (ES-CS) and their principles. An
informal analysis of the costs of transitioning from the current ad-hoc approach—based on
various ES lists—to using classification knowledge was conducted. 18 benefits of using
classification knowledge were found, including allowing ES to be defined more easily and
precisely, easing the transfer of knowledge among studies, and avoiding the need to recreate
ES identification systems. Collectively, these 18 benefits should allow for more accurate and
consistent definition of ES, thereby serving to improve communication and measurement of
ES. Moreover, the expected benefits of using ES-CS outweigh expected costs of the
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transition. Practitioners can use ES-CS in whole, or in parts, as their research or their
institutions warrant. Finally, a case study was conducted that shows how ES measures can be
organized using ES-CS, delivering benefits to practitioners.

Keywords: Ecosystem services; Final ecosystem services; Classification systems; NESCS;
CICES; Ecosystem services metrics

1. Introduction

The ecosystem services (ES) field depends on data and results being shared and readily
understood by several disciplines—principally: ecologists, economists, accountants, planners,
social scientists and policy makers. Driven by this need, ES practitioners (e.g., mappers,
modelers, researchers, data professionals, economists, policy makers, ecosystem managers)
have been exploring options for defining and measuring ES for years (Costanza et al., 2017).
Throughout this exploration, the Millennium Ecosystem Assessment (MA) four types—
supporting, provisioning, regulating, and cultural ES—have been the most common starting
point (Haines-Young and Potschin, 2018).

While the “MA four types” provided a common set of concepts and definitions, the ES field
has been advancing. Data needs and analytic approaches call for increased accuracy and
precision (Costanza et al., 2017). This accuracy and precision are not readily supported by the
MA four types because they fail to differentiate among the elements of ecological processes,
ecological end-products that humans use, and the uses and users of those end-products (Boyd
and Banzhaf, 2007, Haines-Young and Potschin, 2018, Rhodes et al., 2016, United States
Environmental Protection Agency, 2015).

This differentiation among elements is enabled by the concept of final ecosystem services
(FES) (Rhodes et al., 2016). FES defines when an ecological end-product transitions from
being predominately ecological to being either 1) a predominately economic input that will
often be combined with manmade capital to produce an economic benefit, or 2) something
directly used or appreciated (Boyd and Banzhaf, 2007). FES are therefore considered flows
from ecosystems to economic units (e.g., private companies, households) (Boyd and Banzhaf,
2007, United Nations, 2017).

For example, consider that for ocean fish to make it to market, a boat, fishing supplies, fuel,
and labor are needed. The transition point, or ecological end-product—fish in ocean for
harvest—occurs when the application of manmade capital makes the fish catchable by the
fisher. The transition point is determined by who is using the ecological end-product. To the
fisher, fish directly available for harvest is the FES, whereas to a tourist, fish for recreational
viewing is the FES.

The FES concept is gradually being integrated into various ES lists, tools, and applications.
In addition, coupling the FES concept with a hierarchical system for organizing data defined
by best practices in classification systems science, allows for consistent differentiation among
elements. The resulting ecosystem services classification systems (ES-CS) facilitate
improved identification and measurement of ES in individual studies (Rhodes et al., 2016),
and the interoperability of data and learning among practitioners (Villa et al., 2017). If a full
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ES-CS cannot be used, employing some of the classification knowledge provides some of
these benefits. Antecedents of classification knowledge dates to the 2004 release of the MA.

1.1. History of ecosystem services classification knowledge

Classification systems (CS) are hierarchical approaches for organizing information so that
data may be easily compared (Hancock, 2013, U.S. Bureau of Labor Statistics, 2019).
Examples include the Linnaean taxonomy (Bruno and Richmond, 2003), PhyloCode (Bruno
and Richmond, 2003), and the UN Food and Agriculture Organization’s Land Cover
Classification System (Di Gregorio and Jansen, 2000). Classification systems provide each
field with a common language that nests sub-groups in a hierarchy that is complete, mutually
exclusive, consistent, and relevant to the practical needs of users (e.g., balanced among users’
needs) and what they are defining and measuring, stable through time, and comparable to
other classifications (see Fig. 1 for example of a hierarchy) (Fu et al., 2011, Hancock, 2013,
Hoffmann and Chamie, 1999, Overhage and Suico, 2001, Wu, 1999). Classification systems
also all have a thesaurus, vocabulary, and a flexible structure that balances stability with the
needs of novel research (Hoffmann and Chamie, 1999, Overhage and Suico, 2001).

Fig. 1. CICES V5.1 hierarchical levels (Adapted from: Haines-Young and Potschin, 2018).

Without CS, more time would be devoted to understanding how other researchers define and
measure variables, and then to making these definitions appropriate to the research at hand
(Bagstad, 2018, Delphi Group, 2002, Hlava, 2018, IDC, 2003, Sujatha et al., 2011, Vernau,
2005). It has been estimated that “knowledge workers,” who manage large amounts of data,
spend 20–35 percent of their time searching for information, with a 50 percent success rate
(Bagstad, 2018).

Recognizing this, as early as 1987 leading thinkers were exploring categories of what we now
call ecosystem services (de Groot, 1987). These were refined in 1997 (Costanza et al., 1997,
Daily et al., 1997) and a more definitive list with four groups was published in 2002 (De
Groot et al., 2002). The MA proposed four types of ES—supporting, provisioning, regulating,
and cultural (Alcamo et al., 2003, Bolt et al., 2016). The MA four types improved on early
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ES work, but also cautioned against considering this a classification system (Alcamo et al.,
2003). Regardless, the MA four types gained widespread use in other assessments
(HaMAARAG, 2018, UK National Ecosystem Assessment, 2011).

As the MA was released, FES was being defined (Boyd and Banzhaf, 2007) and practitioners
began making distinctions in ES lists consistent with the FES concept. To start, The
Economics of Ecosystems and Biodiversity (TEEB) revised the MA four types, in part, by
separating ES from “benefits,” because benefits to humans routinely involve combining ES
with economically produced inputs (De Groot et al., 2010). A Common International
Classification of Ecosystem Services (CICES), developed by the European Environment
Agency, was the first hierarchical structure for classifying ES (Fig. 1) (Haines-Young and
Potschin, 2013). Later, the United States Environmental Protection Agency (USEPA)
published its Final Ecosystem Services Classification System (FEGS-CS) (Landers and
Nahlik, 2013) that added beneficiaries to hierarchies (Fig. 2) (Haines-Young and Potschin,
2018). Soon after, the USEPA released the National Ecosystem Services Classification
System (NESCS) (United States Environmental Protection Agency, 2015) that separated uses
from users (Fig. 3) (Sánchez, 2018). Presently, FEGS-CS and NESCS are being integrated
into “NESCS Plus” that will have an updated “environment” element and will allow for either
a splitting or combining of use and user.

Fig. 2. FEGS-CS hierarchical levels, elements, and codes (Adapted from: Sánchez, 2018).

Fig. 3. Simplified NESCS Plus hierarchical levels and elements (Adapted from: United States
Environmental Protection Agency, 2015).

In 2018, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES) developed a list. Similar to the MA, IPBES explicitly acknowledged the
multiple contributions nature makes to people, but argued that some valuation approaches
(e.g., single currency, single indicator, single benefit) often fail to capture this diversity.
IPBES defined 18 categories of Nature’s Contributions to People (NCP) and called for them
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to be understood through the local, cultural context as bundles that result from experiences,
places, or organisms that provide cultural or spiritual experiences. It seeks to consider
knowledge from western science, indigenous peoples, and the local context equally in
decision making (Díaz et al., 2018). Moreover, NCP embraces the diversity of ES lists and
categories (Kadykalo et al., 2019).

As these ES-CS and lists were advancing, the UK National Ecosystem Assessment produced
an analysis of the benefits that the natural environment provides to people and to economic
prosperity (UK National Ecosystem Assessment, 2011). The Assessment advanced
environmental accounting practices needed for this analysis, in part, by including FES in its
framework. This influenced other accounting efforts, such as those in Australia (CSIRO,
2012).

To consolidate all this innovation for use in environmental accounting, the United Nations
Statistical Division System of Environmental-Economic Accounting (SEEA) facilitated
numerous workshops. They included developing “Logic Chains” for ten frequently used ES.1

The exercise intended to create a more consistent application of terms (e.g. FES) among ES-
CS that will be refined for a final SEEA framework due for release in 2020.

Amidst this development, CICES and NESCS Plus stand out as the only true classification
systems. Other lists may include some learning from classification science, but do not follow
the rules of classification science (e.g. complete, mutually exclusive, consistent, relevant).
Each ES-CS has hierarchical levels containing unique elements with associated common
names and numeric codes (Table 1). Differences between the ES-CS reflect design choices or
biases (Hancock, 2013) that need to be appropriately considered (Jari  et al., 2019). As a
result of embodying this classification science, ES-CS organize a great deal of information.
They allow practitioners to traverse the hierarchy, define an FES by the context in which the
ecological end-product is being used, and by identifying elements of the FES.

Table 1. ES-CS terms used in this paper with example.

Specific ES-CS terms and examples
Terms used in this paper CICES NESCS Plus

(FEGS-CS is being used to
update
NESCS into NESCS Plus)

Hierarchical level
(each has nested sublevels)

Section, Division, Group,
Class, Class Type

Environment, Ecological End-
Products, Direct Use/Non-Use,
Direct User

Example elements of the FES
(element)

Provisioning, Biomass, Wild
Animals, Terrestrial, Nutrition

Forest, Fauna, Hunting for
Consumption, Households

Code 1.1.6.2 21.3.1106.2
Example of the FES the
system names

Food from wild animals Animals in forests as hunted
for household consumption

Practitioners have started employing ES-CS and their principles. By identifying ES with the
structures of ES-CS and applying metrics associated with elements of the ES-CS, the ES is
effectively turned into an FES (Bell et al., 2017, Jiang et al., 2015, Jiang and Ouyang, 2016).
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These principles, and the ES-CS themselves, can be understood as ES classification
knowledge (classification knowledge). This classification knowledge has not only impacted
lists, but also tools and applications.

For example, the European Environment Agency, USEPA, Chinese Academy of Sciences,
China’s Ministry of Ecology and the Environment, SEEA, and leaders in natural capital
accounting are now generating FES based tools and applications. Further, ES-CS and their
principles are being used to support implementation of the EU Biodiversity Strategy to 2020
(Pfisterer and Schmid, 2002), structure the USEPA’s EcoServices Model Library (United
States Environmental Protection Agency, 2019a, United States Environmental Protection
Agency, 2019b), help define beneficiaries for USEPA’s Superfund program (United States
Environmental Protection Agency, 2017), guide structure of the ESMERALDA database
(Union, 2019), and as a basis for exploring the creation of natural capital accounts. Finally,
researchers are increasingly using the term “final ecosystem services;” according to a Google
Scholar search, the term was used five times in 2007 (the year it was defined) 26 times in
2010, and 130 times in 2017.

However, there has not been a review of the barriers to and benefits from using classification
knowledge. Moreover, there has been no comparison of these benefits to the costs of
transitioning to using ES-CS. This article researches these questions, discusses the
implications of the results, and conducts a case study demonstrating the results found in the
online supporting material.

2. Method

To help understand why classification knowledge, ES-CS in particular, is rarely used, what
the impact of broad use would be, and how these benefits compare to the costs of transition,
the appreciative inquiry method (Stowell, 2013) was employed in six steps. This method is
effective at capturing knowledge where knowledge is well defined and accepted by a
community (Stowell, 2013). This is the case for experts in environmental accounting, who
have been developing and using ES-CS, and CS experts working outside the ES field.

In step one, literature was reviewed, and experts interviewed to determine the barriers to CS
use and the benefits of using CS in other fields (e.g., economics, health). Two practitioners in
classification systems were selected for their breadth of CS experience. These and all other
interviews included the same five questions: 1) What are the benefits to using CS, 2) What
are the barriers to using CS, 3) What are the costs of transitioning to using CS, 4) What
common mistakes are made when developing CS, and 5) What common mistakes are made
when transitioning to using CS? Follow up questions were asked for clarity, including request
for examples. The literature review included searches for gray publications and journal
articles. The following search terms were used in Google and Google Scholar: “classification
systems and benefits,” “classification systems and barriers,” “transitioning to using
classification systems,” and “classification systems and ecosystem services.” Relevant
publications from the first 100 results from each search were read. From these interviews and
literature review, two frameworks were combined into a table of the benefits of a CS (Table
2).
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Table 2. 18 benefits of using ES-CS, organized by generic and functional benefits.

Generic benefits
Defining data
(e.g., FES,
metrics,
valuation
techniques,
encoding data)

Discovering data
(e.g.,
repurposing,
integrating,
applying to
decision making,
building
datasets)

Avoid recreating
CS

Functional
benefits

1.Unifying
language

1.Improved
collaboration
within and
among
disciplines (e.g.,
ecologists,
economists,
accountants,
policy makers)

2.Increased recall
and precision
when searching
for research and
data
3.Improved
ability to
communicate
science

4.Eliminates need
to create
elements and
hierarchical
levels

2.Understanding
how all the
elements of the
CS interrelate

5.Quickly
identify
complementary
elements of an
FES
6.Quicker
identification of
research needs

7.Better
understanding of
what is left out of
an analysis

8.Easier
incorporation of
new learning into
the field

3.Improved
identification of
elements,
metrics and
analytical
techniques

9.Lower number
of mislabeled
FES, loose-fitting
metrics, and
weakly
appropriate
valuation
techniques
10.Reduced risk
of double
counting and no
FES “loss” in
accounting

11.Certainty that
FES and metrics
were properly
identified

4. Improved
knowledge
transfer

12.Greater
likelihood that
research will be
repurposed
13.Simplified
data encoding
(tagging)

14.Facilitated
data integration
among studies,
datasets, and
models

15.Greatly
reduces need for
creating systems
that integrate data
across studies
and datasets

5. Improved
knowledge
management

16.Reduced cost
of new employee
training

17.Reduced cost
associated with
employee loss

18.Likely
eliminates need
for organizations
to create ES-CS
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For the second step, candidate benefits for each cell of the table were identified by finding
examples from interviews, literature, and needs of practitioners in the primary ES
disciplines—mapping, modeling, valuation, policy, and accounting. Interviews were held
with sixteen ES practitioners. The questions mentioned in step one were asked, as well as
specific questions related to each experts knowledge (e.g., accounting, natural resource
damages). Benefits were verified by finding examples in the ES field from literature and
interviews. If examples could not be found, they were only included in the table if they could
be found in other fields (e.g., health) and professional judgement determined that the benefit
was likely to be realized in the ES field with broad use of ES-CS. Finally, drafts of the table
of benefits and narratives on the benefits were circulated to the sixteen experts that were
interviewed. Their input provided an iterative process verifying the benefits that is reflected
in this article.

In the third step, the cost of transitioning to an ES-CS was captured from the interviews and
literature review described in steps one and two. Professional judgment, including precedent
from other fields, was employed to qualitatively weigh costs of transition to the 18 benefits,
rather than attempting a quantitative valuation exercise. While a cost-benefit analysis was not
done between using ES-CS and using lists, the principle costs of not using lists were
identified and discussed along with mitigation strategies.

Fourth, ES-CS principles were derived from the literature and interviews. Key components or
antecedents of ES-CS (e.g., ecological end-products, beneficiaries) were summarized in a
working paper for review.

In the fifth step, a working paper was promoted by posting on ResearchGate and LinkedIn,
and presenting at A Community on Ecosystem Services 2018 conference. Feedback received
was incorporated into this article. This iterative, appreciative inquiry method allowed for an
increasingly refined understanding of 18 benefits, the barriers to using ES-CS, and the costs
of transition.

Finally, a case study was conducted that compared a survey of definitions and measures of
pollination to demonstrate how two ES-CS would define the FES and organize its measures.
The case study is presented in the Supporting Online Material.

3. Results

The literature review and expert responses found both pragmatic and philosophical barriers to
using classification knowledge. However, it was also found that by employing classification
knowledge, ES-CS in particular, ES will be more consistently identified, helping to avoid
common errors (e.g., poorly chosen metrics, double counting), improving the precision of
valuations, and delivering 18 total benefits. Moreover, the costs of transitioning to using ES-
CS are outweighed by the expected benefits.

3.1. Barriers to using classification knowledge

Despite increasing use of classification knowledge, the MA four types appears to be the most
frequently used list or ES-CS (Haines-Young and Potschin, 2018). Hesitance to adopt ES-CS
is likely caused by practitioners:
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1. Anticipating little impact from not adopting an ES-CS on the ability to receive
funding, publish research, or engage in policy discussions;

2. Perceiving few benefits to projects, as practitioners seem to believe they understand
FES or have grown accustomed to ambiguous definitions and measures of ES. As a
result, a study’s scope can influence the measures selected (Czúcz et al., 2018). While
there is an argument that with enough data and computing power, inferences can be
made (Clarke, 2018), many view ES as being more illustrative than empirical
(Ainscough et al., 2019). This is especially true with ES research focused on
ecological functions and processes (Czúcz et al., 2018).

3. Reading standards and guidance documents (e.g., IFC Performance Standard,
Natural Capital Protocol) as not promoting classification knowledge, nor specific ES-
CS, or providing little guidance on required rigor, helping render ES assessments as
insignificant;

4. Being unaware how to best integrate and scale ecological, economic, and social data
and measure ES (Preston and Raudsepp-Hearne, 2017), both of which are aided by
classification knowledge, ES-CS in particular;

5. Having passively adopted MA based lists through staff training, tools, systems
development, case studies, or marketing materials;

6. Seeking to deliver data and analysis that is readily recognized by local stakeholders
alone, rather than also aligning these with classification knowledge;

7. Finding value in understanding ES as “boundary objects” where flexible definitions
of ES are desired—the most dogmatic version of which may be seeing no utility in
using classification knowledge as a form of guided pluralism that can help bridge
different philosophical and normative views (Ainscough et al., 2019, Steger et al.,
2018);

8. Considering FES distinct from ES, rather than a refinement of the concept or an
optional subset, and therefore not consulting literature and guidance on classification
knowledge;

9. Confusing the identification of an FES with measurement or valuation of that FES
(Ainscough et al., 2019). This may lead a practitioner to incorrectly believe that
labeling an ES and using an ES-CS mandates a measurement or valuation technique
that limits understanding of the entire ES to a user. Or that if monetary valuation is
inappropriate, that the ES will be excluded from the assessments (Ainscough et al.,
2019).

10. Not understanding the advantages of “full spectrum” ES classification that
accommodates all FES;

11. Experiencing fatigue from engaging in similar efforts to standardize terms, systems,
and procedures such as satellite data, metrics, and monitoring and evaluation
procedures (Villa et al., 2017); and,

12. Perceiving the costs of implementation to be high. Costs could include: updating
research, tools, and techniques; learning how to numerically code ES with an ES-CS
(Wilkinson et al., 2016); sorting through inconsistent application of ES-CS by other
practitioners; or absorbing the costs of transition without clarity on the field’s
direction (Hlava, 2018).

Partly as a result, few practitioners are using classification knowledge, leaving the field to an
“ad-hoc approach” to defining, grouping, or classifying ES. This includes new research, but
also meta-analyses and interregional assessments that often seek to unify knowledge among
studies. Practitioners define, group, and measure ES differently (Bartholomée and Lavorel,
2019)—sometimes even within institutions—or even change the definitions of particular
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groupings (McDonough et al., 2017). Moreover, some research measures ES other than what
authors purport to measure (Czúcz et al., 2018).

Nevertheless, there has been progress integrating ES into decision making with the ad-hoc
approach that is built on various MA based lists (Costanza et al., 2017). Over time, the
continued use of the ad-hoc approach could help change social norms and practices. For
example, developing frameworks that embody classification knowledge without explicit
knowledge of their roots (Bartholomée and Lavorel, 2019), gradually incorporating them into
practices (Houdet, 2017) as standardization has clear benefits (Galler et al., 2016). It is also
possible that bringing a clearer understanding of the expected benefits from the use of ES-CS
will spur their broad use.

3.2. The benefits of classification systems

Classification systems offer five functional benefits including: 1) a unifying language
(Vernau, 2005); 2) an understanding of how all the elements (see Table 1) of the CS
interrelate (Bruno and Richmond, 2003); 3) an improved identification of elements, metrics,
and analytical techniques (Vernau, 2005); 4) an improved knowledge transfer among research
efforts (Vernau, 2005); and 5) improved knowledge management (Vernau, 2005). These
benefits stem from savings associated with defining data, discovering data, and with not
recreating systems (Clarke, 2018, Hlava, 2018). These three generic benefits—defining,
discovering, and not recreating—are cross referenced with each of the five functional benefits
with regards to ES-CS (Table 2).

3.2.1. Unifying language

A common set of readily understood terms improves collaboration within a discipline
(Benefit 1), increases recall and precision in data discovery by both people and machines
(Benefit 2) (Clarke, 2018), makes it easier to communicate science (Benefit 3), and reduces
incentives to remake vocabulary or invent new CS (Benefit 4).

Many have called for ES practitioners to advance a unifying set of terms (Benefit 1) that can
be easily recalled (Benefit 2) (Crossman et al., 2013, Guerry et al., 2015, Neale et al., 2018,
Seppelt et al., 2012, Wong et al., 2015), building on the touchstone that the MA four types
brought about. ES-CS are likely capable of extending this unifying language to each element
that together define an FES (see Table 1). The NESCS Plus example in Table 1 defines the
elements of forest, fauna, hunting, and household consumption. Each element is nested in a
formal hierarchy ensuring that each level of the hierarchy is complete, mutually exclusive,
and consistent with every other element in the hierarchy. Moreover, each element and its FES
has a unique numeric code, similar to the codes of the International Standard Industrial
Classification System (United Nations, 2002). This coding increases recall and precision
(Benefit 2) as is demonstrated by the UK e-Government Metadata Standards that sped access
to accurate information across the bureaucracy (Vernau, 2005).

Turning to communication, practitioners have long struggled to explain the ES paradigm and
its advantages (Goldman et al., 2016, Polasky et al., 2015). Even the terms “biodiversity”
(Meinard et al., 2019, Reyers et al., 2012) and “ecosystem services” have been called opaque
(Metz and Weigel, 2010, Reyers et al., 2012)—especially in regards to distinguishing
ecological functions from ES or FES. Some have opined that this confusion diminishes the
quality and quantity of media coverage on biodiversity (Legagneux et al., 2018). ES-CS can
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improve communication by increasing clarity and consistency in terms (Benefit 3), and may
yield surprising benefits. For example, policy makers in the UK gained an understanding of
the economic and health benefits that flow from ecosystems through their use of CICES, and
posed a question that scientists had not formulated—in a warming world, when does
additional urban green infrastructure no longer reduce the heat island effect (Haines-Young,
2018)?

ES-CS have also been beneficial in stakeholder engagement, helping communicate the
distinction between ecological functions and FES (Benefit 3) (MacNair et al., 2014). These
communication advantages hold better for trade off analysis (e.g., comparing land
management options) than they do for national accounting applications, where the scale is
larger and stakeholder interests are more diffuse (Posner et al., 2016). Moreover, it is the
quality of this communication and the way it incorporates multiple perspectives, rather than
the rigor of empirical science, that determines its influence on policy making (Posner et al.,
2016). Discussed below, linking the ES-CS structure with stakeholder understanding of ES is
powerful in framing decision making. Finally, with the adoption of ES-CS, practitioners can
avoid duplicating ES-CS or struggling to frame how elements of an ES-CS are related
(Benefit 4).

3.2.2. Understanding how all the elements in the CS interrelate

Use of CS should enable a quick understanding of how one element in a CS relates to all
other elements in that CS. This speeds the identification of key variables (Benefit 5),
highlights what is absent from a study (Benefit 7), helps identify research needs (Benefit 6),
and facilitates the incorporation of new learning back into the CS and research field itself
(Benefit 7).

An oversimplified example demonstrates how these same advantages apply to ES-CS. When
analyzing water use by industry, a researcher could start with an industrial facility and
identify the approximation of the ecological end-product, freshwater. The researcher could
then turn to an ES-CS and be guided to identify the ecosystems (e.g., river, forest, wetland;
Fig. 3) from which the water may be extracted (Benefit 5). Along with using the ES-CS to
identify the use and users (e.g., industrial manufacturing), it draws the researcher to a list of
other potential users from households to subsistence farmers (Benefit 6). The ES-CS, in this
case, helps speed identification and builds assurances that the identified FES is accurate.
Moreover, someone wishing to complement this study might quickly identify “analyzing
freshwater use for subsistence farming” as a research gap (Benefit 8). In the same way,
decision makers can more easily identify such a gap in reports and either consider a wider
range of benefits related to freshwater or request additional research. ES-CS supported gap
analysis can also be applied to tools such as ecological models, evidenced by one survey that
used ES-CS to identify needs for additional ecological models (Canfield, 2017).

ES-CS have already started integrating new learning (Benefit 8), similar to CS improvements
in other fields (Carlson and Dermer, 2016, de Carvalho et al., 2007, Murphy, 1998, Overhage
and Suico, 2001). CICES is in version 5.1, with recent changes being spurred in part by the
SEEA workshops (EEA, 2017). The USEPA ES-CS are in their third revision, as FEGS-CS
and NESCS are being integrated into NESCS Plus. At launch, NESCS Plus will have one
hierarchical level for the element ecological end-product. User input will guide development
of subgroups and refinement over time. This constant improvement reduces costs and errors
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across the field because any update to an ES-CS becomes the standard for all users of the ES-
CS.

3.2.3. Improved identification of elements, metrics, and analytical techniques

CS help practitioners define research items (Benefit 9) without inadvertently including
related items in that definition (Benefit 10), in part, because CS can be readily updated. This
specificity encourages the selection of quality metrics and analytical techniques for each
element (Benefit 10) and improves credibility of the metrics and analysis (Benefit 11).

EC-CS define FES to the element (Table 1), which carries through to the selection of metrics,
monitoring protocols, and valuation techniques (Benefit 10) acting like a funnel, guiding
practitioners from a general set of metrics to more specific ones. Using NESCS Plus as an
example (Fig. 3), starting with the environment “grasslands,” a large set of metrics and
monitoring protocols are available. If ducks are the end-product, the set of metrics and
monitoring protocols is reduced. Moving to the use side of this example, hunting, the number
of metrics are again large. Incorporating the user, household consumption in this example, the
best metrics and valuation techniques are more obvious. Similarly, recreational fishing has
one set of data and metrics associated with it, and commercial fishing another (Jiang et al.,
2015, Rhodes et al., 2018). These examples demonstrate that by using ES-CS, many mistakes
associated with selection can be eliminated (Benefit 10). In addition, it builds confidence that
FES and metrics were not selected in err (Benefit 11).

There are 5 common mistakes that proper application of an ES-CS can help eliminate:

1. Not identifying a direct user and therefore tending to label ecological processes as
FES (Benefit 10). A grassland may provide habitat for native pollinators, but without
a farmer or gardener planting specific pollination dependent species nearby, or the
existence value of the grassland or its species being recognized, it can only be
considered a potential ES (Bagstad et al., 2013).

2. Mistaking an economic input for an FES (Benefit 10). Crops require physical and
human capital such as seeds, farm equipment, and labor, and therefore, crops are
already incorporated in economic accounts.

3. Misidentifying an ecosystem characteristic, process, or function as an ecological end-
product (Benefit 10). The existence of grassland habitat, the degree of habitat
fragmentation, and the diversity of food sources for native bees are all part of an
ecological production function that enables the end-product of native bees.

4. Failing to distinguish between a use and a user (Benefit 10). The FES drinking water
does not sufficiently identify the user; the metrics, monitoring protocols, and analysis
differ for a hiker, subsistence resident, and municipal water system. This distinction
may not affect an individual study, but using an ES-CS helps other researchers
effectively reuse the data.

5. Choosing an FES without identified metrics (Benefit 10) because the ES chosen is not
being used by others.

In addition, use of ES-CS helps to:

6. Reduce the risk of double counting by ensuring that every FES is unique (Benefit 10).
ES practitioners have developed techniques to address double counting (Fu et al.,
2011). Use of ES-CS reduces the need for these techniques.
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7. Simplify natural capital accounting by helping ensure that ES are not “lost” in
accounting (Benefit 10). Accounting standards require that the supply and use of ES
be recorded as equal—they are credits and debits in an account. Because FES must
have a direct user, only the potential ES that are used are counted. This satisfies the
accounting rule that the supply of FES cannot be higher than the amount consumed or
used (United Nations, 2017), and no ES are “lost.”

These seven benefits follow from simply using an ES-CS (Benefit 9, 10), creating more
accurate definitions of ES, and building confidence in a study’s metrics (Benefit 11).

3.2.4. Improved knowledge transfer

Data and research can be more easily shared or repurposed (Benefit 12) because of the
functional benefits of a unified language; an understanding of how the elements in the CS
interrelate; and the improved identification of elements, metrics, and analytic techniques.
These functional benefits combine to make data easier to encode, tag, or semantically
annotate (Benefit 12); allow results to be more easily integrated among multiple studies,
datasets, and models (Benefit 14); and reduce the need to recreate systems for data
integration (Benefit 15) (Allen and Sriram, 2000, Würth, 2019).

The standardized codes and names of an ES-CS speed and simplify the process of
identifying, describing, and coding ES in a new study (Benefit 13) (Reyers et al., 2012). The
terms for standardized ES or ES elements are then more likely to be found when searched,
especially in the gray literature. Therefore, they are more readily incorporated into new
efforts (Benefit 14). ES-CS also serves as a basis for integrating research, even if studies
were not focused on ES, through the “concept matching” method (Benefit 14) (Czúcz et al.,
2018). Moreover, use of ES-CS over time reduces the need for these data integration methods
(Benefit 15).

This said, the greatest knowledge sharing benefits from using ES-CS are likely for scaling
exercises, long-term studies, regional assessments, and similar analytical techniques which
require interoperability of large datasets often from multiple studies, geographies, and
disciplines.

3.2.4.1. Interregional assessments

Integrating research across geographies (Schröter et al., 2018) is challenging because the ES
production, flow, and consumption may have been analyzed by different researchers, using
different ES definitions, metrics, measurement techniques, and even languages. An ES-CS
serves as a central set of definitions linking the production and consumption data from the
region (Benefit 14), while eliminating the need for researchers to develop such a system
(Benefit 15).

3.2.4.2. Benefit transfers

Use of ES-CS is likely to reduce error rates in benefit transfers (20–50 percent is presently
considered good) (Boyle and Parmeter, 2017) and drive greater similarity of characteristics
and methods related to the elements of an ES-CS (see Table 1) among reference and policy
sites (Sinha et al., 2018), improve reference site valuations over time that are used for
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transfers (Sinha et al., 2018), and enable better data management (described below under the
header “Dataset, models, and tools”).

The functional benefits of unifying language; understanding how all the elements of the CS
interrelate; and improved identification of elements, metrics, and analytical techniques
(Benefit 1, 2, 5, 6, 7, 12, 13) encourage similarity of characteristics—measurement and
valuation techniques used among reference and policy sites in benefit transfers. This is
accomplished by better delineation and consistency of in naming ES, beneficiaries,
measurements, and valuation techniques. For example, use of ES-CS would spur similar
definitions for the:

1. Environment or ecosystem type (e.g., water body versus freshwater rivers);
2. Ecological end-product (e.g., pollination versus native insects available for

pollination);
3. Ecosystem condition or ES metrics (e.g., soil carbon content versus yields as a

measure of soil health); and,
4. Uses and users (e.g., non timber forest products for collection for commercial sale

versus collection for household consumption).

In turn, this specificity spurs use of more similar metrics, measurement methods, and
valuation techniques as is described in Section 3.2.3 Improved identification of elements.
With the expanded use of ES-CS in primary research, over time these similarities will grow,
facilitating the accuracy of benefit transfer work (Benefit 13, 14).

3.2.4.3. Meta-analysis

Similar techniques are used beyond transferring economic values. Combining results from
several studies can yield insights on ecological and economic phenomenon so that better
generic production functions can be built (Howe et al., 2014, Olander et al., 2017, Woodward
and Wui, 2001, Worm et al., 2006). As with benefit transfers, the more uniform the
definitions and metrics for different elements of an FES are, the lower the need for complex
statistical solutions, and the more precise results will be (Benefit 13, 14) (Gerstner et al.,
2017, Popic et al., 2013, Wong et al., 2015).

3.2.4.4. Datasets, models, and tools

The advantages to individual studies can be extended to databases, datasets, models, and
related tools (Benefit 14). While inherently a gradual process, there is precedent from other
fields where data standards (e.g., Findable, Accessible, Interoperable, and Reusable [FAIR];
Linked Open Data) were implemented (Villa et al., 2017) and yielded unanticipated benefits
(Clarke, 2018, Martínez-López et al., 2019, Wilkinson et al., 2016). ES practitioners have
already seen similar benefits (Bartholomée and Lavorel, 2019). For example, the USEPA’s
EcoService Tools Library (United States Environmental Protection Agency, 2019a, United
States Environmental Protection Agency, 2019b) that used predefined ecological end-
products of an ES-CS (Newcomer-Johnson, 2018) for structure that helps users find
ecological models for specific end-products. Similarly, the USEPA’s EnviroAtlas (United
States Environmental Protection Agency, 2019a, United States Environmental Protection
Agency, 2019b) is pairing FES in ES-CS with metrics in EnviroAtlas (Neale et al., 2018).
The ARtificial Intelligence for Ecosystem Services (ARIES) (Martínez-López et al., 2019) is
a modeling platform being built to support the vision of a semantic web (Berners-Lee and
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Hendler, 2001). It allows for computer automated workflows that link models and data
without added knowledge from the user (Martínez-López et al., 2019). This process relies on
the organization and storage of data in both human and machine readable formats (OGC,
2019), which use of an ES-CS supports.

Such a transformation to FAIR standards of a semantic web could begin with encoding of
existing datasets (e.g., Environmental Valuation Reference Inventory, Natural Capital
Toolkit, Ecosystem Valuation Toolkit) (Canada, 2019, Economics, 2019, Natural Capital
Coalition, 2019) Terms in these databases could be tagged that reference the data concepts,
FES, and their elements (Neale et al., 2018). Next, tools such as the Integrated Biodiversity
Assessment Tool (IBAT) (UNEP-WCMC, 2019), USEPA’s EnviroAtlas (United States
Environmental Protection Agency, 2019a, United States Environmental Protection Agency,
2019b), InVEST, and MIMES (Neugarten et al., 2018) could add data tags and provide
outputs aligned with ES-CS. Finally, these data and models could be integrated into
ecological-economic models, analysis of the environmental impacts of trade flows, and other
more complex models (Benefit 13, 14).

3.2.4.5. Business environmental accounting

Adopting an ES-CS would support the integration of ES in both management and financial
accounting systems. Historically, these disciplines focused on the physical and monetary
dimensions of negative environmental impacts (e.g., solid waste, air emissions) and non-
product outputs (e.g., replacement costs of wasted raw materials) (Burritt et al., 2002,
Schaltegger et al., 2000). Using ES-CS, practitioners could save time and costs in exploring
the ES dependencies of companies, their suppliers, and clients. Notably, through the
development of integrated FES–financial accounts (Houdet et al., 2014), the importance of
ES in specific business accounts and associated transactions could be modelled, accounted
for, and disclosed (Benefit 13, 14).

3.2.4.6. Scaling

ES-CS organize information in ways that support scaling, the application of research from
one geographic or temporal scale to another, while also enabling the extraction of lessons
from analysis conducted at various scales (Czúcz et al., 2018). Specifically, they:

1. Drive greater accuracy in scaling analysis because the overall data are more accurate
and decomposable, or modular. Discussed above and detailed in the 3.2.4.2 Benefit
transfer section, ES-CS supports the consistent identification of FES and the selection
of metrics and analytical techniques for each element. Eventually, practitioners will
have a more powerful suite of research and data for scaling exercises.

2. Inform the selection of scales by directing users to locate ES production and
consumption (Raudsepp-Hearne and Peterson, 2016). These boundaries are likely to
define a study’s focal scale;

3. Encourage greater consistency in defining the appropriate scales for analysis over
time. With more unified FES and metrics, there is likely to be more consistent
definition of scales over time. The “breaking points” where spikes or rapid increases
in scale analyses (e.g., scale variance, hierarchical partitioning, spatial statistics)
should be consistent among FES within similar ecological systems (e.g., temperate
coastal marsh). Hence, the effort necessary to define scales should decrease;
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4. Help ensure that FES are not “lost” in scaling. Cultural FES, for example, can be
non-existent at coarse scales but the strongest FES at small ones (e.g., sacred grove).
With a local FES defined, practitioners are guided to analyze at that scale.

5. Improve communication with decision makers and stakeholders as ES production and
consumption are analyzed at the appropriate scale for decision making, especially
with regards to direct land management decisions (Raudsepp-Hearne and Peterson,
2016).

3.2.5. Improved knowledge management

The common pool of knowledge that CS create reduces the need for organizations to invest in
their own systems. Knowledge is transferred throughout the community of practice through
the CS. This reduces the learning curve for new employees who have fewer internal systems
to absorb and the cost to the organization when employees depart (Goldman et al., 2016,
Vernau, 2005). The complexity of not just ES research, but the broader ecosystem and natural
resources management field, has trained a cadre of experts steeped in techniques for
managing ecosystems for specific outcomes, such as wetlands for migratory birds. ES-CS
would enable universities, conservation organizations, land trusts, land managers, investors,
government agencies, and consultancies to share knowledge more efficiently (Benefit 16, 17,
18).

3.3. The cost of transitioning from an ad-hoc to an ES-CS approach

The 18 benefits of using an ES-CS approach will make ES easier to understand, reduce
research expenses, and expand the quality and quantity of ES research. These outweigh the
costs of transitioning away from the ES lists based, ad-hoc approach as many costs are sunk,
manageable with CS best practices, or dwarfed by the benefits from organizing knowledge in
ES-CS.

The most dramatic cost is the outright failure to standardize use of ES-CS. The more likely
scenario is a slow transition, rather than immobilization, as environmental accounting
depends on ES-CS and leading multilateral, EU, US, and Chinese state institutions have
endorsed ES-CS or its principles.

There are sunk costs (excluded from this cost-benefit analysis) (Boardman et al., 2018) in
development of ES-CS borne by the European Environment Agency, USEPA, SEEA, and
members of the environmental accounting community. However, stakeholder involvement in
these efforts reduces costs of promoting and updating ES-CS. ES-CS are already being
promoted in primary journals, international leadership institutions, and forums (e.g., A
Community on Ecosystem Services (Finisdore et al., 2016, Rhodes et al., 2106.), workshops
on natural capital accounting (Irwin and Schaltegger, 2015), and by the Natural Capital
Coalition (NCC, 2016). Nonetheless, promotion costs remain (Murphy, 1998).

Next, ES-CS need to be integrated into specific datasets and tools (e.g., defining ecological
end-products) (Hlava, 2018, Murphy, 1998). Data search and retrieval systems need to be
built and promoted (Hlava, 2018). While there are costs to updating the ES-CS and related
tools over time (e.g., recoding data), experience demonstrates they are outweighed by the
benefits (Murphy, 1998). The cost of transition will be easier with an ES-CS because the
majority of knowledge will already be organized.
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There are cultural, identity, and social issues related to the choices made in developing the
CS (Vernau, 2005). Biases can be managed by updating ES-CS in accordance with
ANSI/NICO Z39.19 and ISO 25964 standards that embody best practices for CS design
(Hlava, 2018). Updates to the ES-CS are supported because ES-CS were designed for
flexibility. Moreover, having more than one ES-CS helps accommodate for multiple
perspectives that can be reconciled among ES-CS with “concept matching” methods (Clarke,
2018, Czúcz et al., 2018, Fisher et al., 2009).

Finally, in some instances, CS have encouraged specialists to communicate among
themselves rather than with other specialists in a given field (Vernau, 2005). This appears
more relevant to CS such as the International Classification of Diseases (Carlson and Dermer,
2016), where specializations form around diseases. Discussions among practitioners are more
difficult to enter because of the sparse use of ES-CS (Goldman et al., 2016).

The primary cost—professional judgement of the authors suggests more than 90 percent—
lies in updating ongoing research, models, tools, datasets, and related ES infrastructure (Table
3).

Table 3. Costs of transitioning from ad-hoc to an ES-CS approach versus the 18 benefits.

Costs Benefits
Promotion through existing ES
networks and institutions;
Updating ongoing research, tools, and
databases;
Updating the ES-CS;
Building search systems for ES-CS
elements and FES;
Managing cultural, identity, and bias
issues (e.g., ISO process)

18 benefits (Table 2)

Beyond the scope of this paper is highlighting any costs of foregoing the use of other ES lists.
We review the primary costs below in Section 4. Discussion. They are beyond the
institutional costs of moving from using lists to ES-CS.

4. Discussion

Use of ES classification knowledge—ES-CS and their principles—delivers 18 benefits (Table
2). The more closely the rules of constructing CS are followed (e.g., consistent, complete),
the more likely the 18 benefits will fully manifest. The best pathway from using the ad-hoc
approach to using classification knowledge will vary for any one individual or institution.

Developing these pathways will be iterative and influenced by institutional practices.
Experiences from other fields shows that individual adoption of the CS relies on there being
clear demand from users and champions of the CS, such as government agencies or coalitions
(Hlava, 2018, Murphy, 1998). In their absence, the following actions are recommended:
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1. Integrate stakeholder understanding of the “benefits of nature” with ES-CS, ensuring
analysis and policy recommendations are technically strong and readily understood by
stakeholders.

a. It is constructive to appeal for the values and preferences of stakeholders to be
included in ES assessments (Ainscough et al., 2019). There are differences
among beneficiaries and practitioners whom have unique epistemological,
theoretical, and methodological perspectives on ES (Ainscough et al., 2019).
Because beneficiaries often resist analysis that refers to the value of nature if it
is divorced from its cultural context (Díaz et al., 2018), assessments need to
include these perspectives in a way that ensures stakeholders’ understanding
of the utility of natural systems (Maynard et al., 2015) is considered, not just
those of practitioners (Maynard et al., 2015).

b. Stakeholder understanding of the benefits of nature can be “matched” with an
ES-CS (Ainscough et al., 2019, Jiang and Ouyang, 2016). For example,
stakeholders may identify a forest as a source of water. Practitioners can help
stakeholders identify the use and users of the water as well as the underlying
ecological characteristics and processes. Use of the ES-CS can also exist in a
study’s technical appendices, for use in stakeholder engagement or policy
discussion when appropriate.

c. A similar process can be used among practitioners. One may want to value an
ES without consideration to any specific use. Others may encourage valuation
based on specific cultural and economic uses. ES-CS can be used to define
elements common in both valuation techniques. This serves as common
reference and increases the potential for data discovery and reuse.

2. Ensure biodiversity is appropriately embedded in research, analysis, and
communications. The totality of biodiversity conservation goals may not be
incorporated into ES or FES driven efforts (Bolt et al., 2016, Reyers et al., 2012). For
example, intrinsic values or important biodiversity unrelated to FES production may
be excluded. If this biodiversity information is relevant, it should be included
following emerging guidance documents (Bolt et al., 2016, Houdet et al., 2019). The
use of an ad-hoc or ES-CS approach need not impact the degree to which biodiversity
is considered.

3. Separate the identification of FES from all other aspects of the assessment. Failure to
recognize this separation can result in an inaccurate identification of an FES and the
erosion of the 18 benefits (Table 2). There are several ways this happens, and the
strategies for addressing these errors can help bridge divides among stakeholders with
different cultural, philosophical, or methodological perspectives.

a. The first mistake that is often made is letting the FES dictate the selection of
metrics, rather than informing them. For example, a researcher may be
experienced in measuring pollination based on the “marginal increase in yield
from improved pollinator habitat.” This could spur “increased yield” to be the
definition of the ES (Liss et al., 2013). In FES parlance, “increased yield” is a
measure of an economic benefit. Alternatively, defining the FES as “the
presence of fauna (pollinators) that support cultivation of farmer’s crops,”
does not limit a researcher from using “increased yield” as a proxy, should
resources for developing an ecological model for abundance of pollinators be
absent.

b. Second, the opposite mistake is made when practitioners avoid ES-CS,
assuming that a particular ES is ill suited. For example, a wetland’s ability to
filter water is an ecological condition or process in an ES-CS. As with all
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elements in an ES-CS, it can be measured and these measures are often critical
to stakeholders. The ES-CS reminds users, for example, that wetland water
filtration is not an FES, and that the marginal contribution of filtration to the
FES represents its value to users of the filtered water.

c. A third group of errors relate to practitioners viewing FES having a one-to-one
relationship to ES. In fact, several FES can be used to approximate one ES, or
vice versa (especially for regulating services in CICES). A beneficiary group
may understand the ES “viewing” salmon as one FES. However, the
ecological end-product, “the presence of salmon,” may relate to several uses
including “spiritual practices,” “aesthetic appreciation,” and “recreation,”
while still not being a complete representation. Moreover, measurement or
valuation can be done on the totality of these FES, or some combination of
individual FES.

d. The fourth error group relates to avoiding novel terms or conducting novel
research without using ES-CS. Because they are based on classification
science, ES-CS are inherently flexible. Their long-term, iterative development
processes accommodate new learning. For example, if researchers are
uncomfortable with the terms of an ES-CS, they can substitute their own while
maintaining the ES-CS structure. Feeling uneasy about labeling the Indigenous
Australian Tanderrum (Dempster, 2007) ceremony as a “spiritual ceremony,”
a researcher could identify it as a “welcoming ceremony” or “unique
experience.” The ES-CS terms for environment, end-product, and user would
remain unchanged. These new uses may later be standardized in an updated
ES-CS.

e. These examples show how proper definition of an FES makes research and
data more discoverable and interoperable. ES-CS are entirely consistent with
measurement of most cultural, ceremonial, and spiritual uses of the
environment, whether using qualitative, quantitative, or monetary valuation
techniques. They are each appropriate in different instances (Pascual et al.,
2017) and can be applied across elements of an FES.

4. When not using an ES-CS, clearly define the environment, ecological end-product (or
CICES equivalent), the use, and user (Wong et al., 2015). This will help nurture the
transition to ES-CS while facilitating data interoperability.

5. Where practical, use an ES-CS. Referencing an ES-CS is a quick process that yields
benefits to the researcher and other practitioners.

6. 6Promote the adoption of ES-CS among colleagues and leadership organizations (e.g.,
national governments, multilaterals, journals) to build momentum.

5. Conclusion

Similar to other disciplines, our ability to create ES information has outpaced our ability to
manage it, and the vernacular for the ES field is still being developed (Ainscough et al.,
2019). Ecological analyses are often opaquely linked to human use of the environment
(Johnston et al., 2013) and the use of past knowledge in new studies is often limited. In
addition, economic models and valuation techniques are rarely well linked to ecological
analysis (Olander et al., 2017, Preston and Raudsepp-Hearne, 2017). As a result, ES analyses
often fail to inform governments and business on their practical choices (Olander et al.,
2017).
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ES classification knowledge provides a language and structure to link ecological and
economic disciplines, advancing ES research and its application to decision making. With a
unifying language, researchers will be better prepared and capable of sharing research,
developing interoperable datasets and tools, and improving institutional knowledge.
Moreover, by making data, models, and tools using FAIR Data Principles and semantic
annotation, the data discovery benefits will grow in unexpected ways. As a result, decision
makers will have access to more comparable data and the ES field at large will develop
evidence linking public and private sector decision making to ecosystem change and on
through to human wellbeing more quickly. ES assessments will move from on-off exercises
toward being part of a stream of comparable information with greater utility.

However, a move toward standardization could risk polarizing practitioners (Ainscough et al.,
2019). We discussed a few strategies for managing these perspectives exists, and FES
identification is only one part of any assessment. Nonetheless, this identification, even if it is
only a reference point in a study, provides benefits to all practitioners. More research on how
multiple ES philosophies and methods can coexist with standardized ES identification is
needed. Use of the Linnaean taxonomy in conservation and the matching concept among
practitioners (Czúcz et al., 2018) may be instructive. Another starting point may be exploring
how NCP’s novel concepts (Kadykalo et al., 2019) can be addresses, at least partially, with
ES-CS.

Regardless of the speed with which practitioners adopt ES-CS or their principles, the
movement toward a common understanding of FES is underway. This trend has been
instilling precision in the distinction among biodiversity, ecological processes, ecological
end-products, FES, and the benefits associated with ES. Ultimately, simplified and more
unified CS and related tools for data management, modeling, and valuation will help ES
analysis ensure that ecological functions are better considered in decision making.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

Margie Hlava of Access Innovations Incorporated and Dave Clarke of Synapitica provided
background on classification systems and their benefits, informing this paper’s structure and
arguments. Dr. Ken Bagstad provided significant input on the interoperability of data,
semantic modeling, and FAIR/LOD data standards. Christina Wong provided guidance on
methods for developing FES in ES research. Anne Neale, Megan Mehaffey, and Jessica
Daniel of the USEPA’s EnviroAtlas Project provided insights on data management, tagging,
and integration. Anne Neale and Esther Kieboom provided input on the challenge and
limitations of FES. Tammy Newcomer-Johnson of the USEPA’s EcoService Model Library
provided guidance on how ES-CS support the Library’s development, model integration, and
the identification of needed models. Dr. Matthew Mitchell, Dr. Elena Bennett, and Dr.
Océane Bartholomée provided input to the case study on pollination metrics.

Reviewers of the white paper from which this article was written include Dr. Margie Hlava,
Dr. Christina Wong, Dr. Ken Bagstad, Dr. Jan-Erik Petersen, Dr. Joel Corona, Dr. Marc
Russell, Carl Obst, Anne Neale, Pieter Booth, Esther Kieboom, Dr. Alessandra La Notte,



21

Dave Clark, and Jennie Wang who all provided invaluable feedback reflected in this article.
Finally, the editors and staff Ecosystem Services and three anonymous reviewers provided
input.

References

Ainscough, J, de Vries Lentsch, A, Metzger, M, Rounsevell, M, Schröter, M, Delbaere, B, De
Groot, R S, Staes, J, 2019. Navigating pluralism: understanding perceptions of the ecosystem
services concept. Ecosyst. Serv. 36, 100892. doi: 10.1016/j.ecoser.2019.01.004.

Alcamo, J, Bennett, E M, Reid, V W, Capistrano, D, Carpenter, S R, Chopra, K, Cropper, A,
Daily, G C, Dasgupta, P, Hassan, R, Leemans, R, May, R M, Mooney, H A, Sampler, C,
Scholes, R, Watson, R T, Shidong, Z, 2003. Ecosystems and Human Well-being: A
Framework for Assessment. doi:10.5860/CHOICE.41-4645.

Allen, R H, Sriram, R D, 2000. The role of standards in innovation. Technol. Forecast. Soc.
Change. Bagstad, K.J., 2018. What is the semantic web, and why could it be a game changer
for ecosystem services_ _ ARIES – ARtificial Intelligence for Ecosystem Services.pdf
[WWW Document]. (accessed 10.21.19).

Bagstad, K J, Johnson, G W, Voigt, B, Villa, F, 2013. Spatial dynamics of ecosystem service
flows: a comprehensive approach to quantifying actual services. Ecosyst. Serv.
doi: 10.1016/j.ecoser.2012.07.012.

Bartholomée, O, Lavorel, S, 2019. Disentangling the diversity of definitions for the
pollination ecosystem service and associated estimation methods. Ecol. Indic.
doi: 10.1016/j.ecolind.2019.105576.

Bell, M D, Phelan, J, Blett, T F, Landers, D, Nahlik, A M, Van Houtven, G, Davis, C, Clark,
C M, Hewitt, J, 2017. A framework to quantify the strength of ecological links between an
environmental stressor and final ecosystem services. Ecosphere. doi: 10.1002/ecs2.1806.

Berners-Lee, T, Hendler, J, 2001. Publishing on the semantic web. Nature.
doi:10.1038/ 35074206.

Bolt, K., Cranston, G., Maddox, T., McCarthy, D., Vause, J., Vira, B., Balmford, A., Grigg,
A., Hawkins, F., Merriman, J.C., Olsen, N., Pearce-Higgins, J., 2016. Biodiversity at the
heart of accounting for natural capital: the key to credibility.

Boardman, A E, Greenberg, D H, Vining, A R, Weimer, D L, 2018. In: Boardman, A E (Ed.),
Cost-Benefit Analysis: Concepts and Practice, fifth ed. Cambridge University Press.

Boyd, J, Banzhaf, S, 2007. What are ecosystem services? The need for standardized
environmental accounting units. Ecol. Econ. doi: 10.1016/j.ecolecon.2007.01.002.

Boyle, K.J., Parmeter, C.F., 2017. Benefit transfer for ecosystem services 1–34.

Bruno, D, Richmond, H, 2003. The truth about taxonomies. Inf. Manage. J.



22

Burritt, R L, Hahn, T, Schaltegger, S, 2002. Towards a comprehensive framework for
environmental management accounting – Links between business actors and environmental
management accounting tools. Aust. Account. Rev.                                                          doi:
10.1111/ j.1835-2561.2002.tb00202.x.

Canada, D. of E. and R.A., 2019. Environmental Value Reference Inventory (EVRI) [WWW
Document]. URL (accessed 5.11.18).

Canfield, T, 2017. Aligning ecological models and ecosystem service endpoints. SETAC
North America 38th Annual Meeting.

Carlson, J, Dermer, S B, 2016. International Classification of Diseases (ICD). The SAGE
Encyclopedia of Marriage, Family, and Couples Counseling.

Clarke, D., 2018. Personal conversation.

Costanza, R, D’Arge, R, De Groot, R S, Farber, S, Grasso, M, Hannon, B, Limburg, K,
Naeem, S, O’Neill, R V, Paruelo, J, Raskin, R G, Sutton, P, Van Den Belt, M, 1997. The
value of the world’s ecosystem services and natural capital. Nature. doi:10.1038/ 387253a0.

Costanza, R, De Groot, R S, Braat, L, Kubiszewski, I, Fioramonti, L, Sutton, P, Farber, S,
Grasso, M, 2017. Twenty years of ecosystem services: how far have we come and how far do
we still need to go? Ecosyst. Serv. doi: 10.1016/j.ecoser.2017.09.008.

Crossman, N D, Burkhard, B, Nedkov, S, Willemen, L, Petz, K, Palomo, I, Drakou, E G,
Martín-Lopez, B, McPhearson, T, Boyanova, K, Alkemade, R, Egoh, B, Dunbar, M B, Maes,
J, 2013. A blueprint for mapping and modelling ecosystem services. Ecosyst. Serv.
doi: 10.1016/j.ecoser.2013.02.001.

CSIRO, 2012. Assessment of the ecological and economic benefits of environmental water in
the Murray – Darling Basin The final report to the Murray – Darling Basin Authority from
the CSIRO Multiple Benefits of the Basin Plan Project. Assessment 250.

Czúcz, B, Arany, I, Potschin-Young, M, Bereczki, K, Kertész, M, Kiss, M, Aszalós, R,
Haines-Young, R, 2018. Where concepts meet the real world: a systematic review of
ecosystem service indicators and their classification using CICES. Ecosyst. Serv. 29, 145–
157. doi: 10.1016/j.ecoser.2017.11.018.

Daily, G., Matson, P.A., Costanza, R., Nabhan, G.P., Lubchenco, J., 1997. Nature’s Services
Nature’s Services: Societal Dependence On Natural Ecosystems. Scientist.

de Carvalho, M R, Bockmann, F A, Amorim, D S, Brandão, C R F, de Vivo, M, de
Figueiredo, J L, Britski, H A, de Pinna, M C C, Menezes, N A, Marques, F P L, Papavero, N,
Cancello, E M, Crisci, J V, McEachran, J D, Schelly, R C, Lundberg, J G, Gill, A C, Britz, R,
Wheeler, Q D, Stiassny, M L J, Parenti, L R, Page, L M, Wheeler, W C, Faivovich, J, Vari, R
P, Grande, L, Humphries, C J, DeSalle, R, Ebach, M C, Nelson, G J, 2007. Taxonomic
impediment or impediment to taxonomy? A commentary on systematics and the
cybertaxonomic-automation paradigm. Evol. Biol. doi:10.1007/ s11692-007-9011-6.



23

de Groot, R S, 1987. Environmental functions as a unifying concept for ecology and
economics. Environmentalist 7, 105–109. doi:10.1007/BF02240292.

De Groot, R S, Fisher, B, Christie, M, Aronson, J, Braat, L, Gowdy, J, Haines-Young, R,
Maltby, E, Neuville, A, Polasky, S, Portela, R, Ring, I, Blignaut, J, Brondízio, E, Costanza,
R, Jax, K, Kadekodi, G K, May, P H, Mc Neely, J A, Shmelev, S, Kadekodi, G K, 2010.
Integrating the ecological and economic dimensions in biodiversity and ecosystem service
valuation. In: Kumar, P (Ed.), The Economics of Ecosystems and Biodiversity: Ecological
and Economic Foundations. Earthscan, London and Washington. pp. 9–40.
doi:10.4324/9781849775489.

De Groot, R S, Wilson, M A, Boumans, R M J, 2002. A typology for the classification,
description and valuation of ecosystem functions, goods and services. Ecol. Econ. 41, 393–
408. doi:10.1016/S0921-8009(02)00089-7.

Delphi Group, 2002. Taxonomy & Content Classification. Boston.

Dempster, E., 2007. Welcome to Country: Performing Rights and the Pedagogy of Place.
About Perform. 87–97. Di Gregorio, A., Jansen, L.J.M., 2000. Land Cover Classification
System (LCCS): Classification Concepts and User Manual. Fao.
https://doi.org/10.1017/CBO9781107415324. 004.

Díaz, S, Pascual, U, Stenseke, M, Martín-López, B, Watson, R T, Molnár, Z, Hill, R, Chan, K
M A, Baste, I A, Brauman, K A, Polasky, S, Church, A, Lonsdale, M, Larigauderie, A,
Leadley, P W, van Oudenhoven, A P E, van der Plaat, F, Schröter, M, Lavorel, S,
Aumeeruddy-Thomas, Y, Bukvareva, E, Davies, K, Demissew, S, Erpul, G, Failler, P,

Guerra, C A, Hewitt, C L, Keune, H, Lindley, S, Shirayama, Y, 2018. Assessing nature’s
contributions to people. Science 359 (6373), 270–272. doi:10.1126/science:aap8826.

Economics, E., 2019. Ecosystem Valuation Toolkit — Earth Economics [WWW Document].
URL (accessed 9.10.18).

EEA, E.E.A., 2017. CICES - Towards a common classification of ecosystem services
[WWW Document]. Struct. CICES.

Finisdore, J., Rhodes, C.R., Dvarskas, A., Houdet, J., Maynard, S., 2016. Improving
corporate performance with final ecosystem services, in: A Community on Ecosystem
Services. Conference Poster.

Fisher, B, Turner, R K, Morling, P, 2009. Defining and classifying ecosystem services for
decision making. Ecol. Econ. doi: 10.1016/j.ecolecon.2008.09.014.

Fu, B J, Su, C H, Wei, Y P, Willett, I R, Lü, Y H, Liu, G H, 2011. Double counting in
ecosystem services valuation: causes and countermeasures. Ecol. Res. 26, 1–14.
doi:10.1007/s11284-010-0766-3.

Galler, C, Albert, C, von Haaren, C, 2016. From regional environmental planning to
implementation: paths and challenges of integrating ecosystem services. Ecosyst. Serv. 18,
118–129. doi: 10.1016/j.ecoser.2016.02.031.

https://doi.org/10.1017/CBO9781107415324.


24

Gerstner, K, Moreno-Mateos, D, Gurevitch, J, Beckmann, M, Kambach, S, Jones, H P,
Seppelt, R, 2017. Will your paper be used in a meta-analysis? Make the reach of your
research broader and longer lasting. Methods Ecol. Evol.. doi:10.1111/ 2041-210X.12758.

Goldman, E., Hartley, C., Swanson, K., Preston, S., Hitzman, M., Olander, L., 2016. Closing
Plenary: Key Findings and Next Steps, in: A Community on Ecosystem Services.

Guerry, A D, Polasky, S, Lubchenco, J, Chaplin-Kramer, R, Daily, G C, Griffin, R,
Ruckelshaus, M, Bateman, I J, Duraiappah, A, Elmqvist, T, Feldman, M W, Folke, C,
Hoekstra, J, Kareiva, P M, Keeler, B L, Li, S, McKenzie, E, Ouyang, Z, Reyers, B, Ricketts,
T H, Rockström, J, Tallis, H, Vira, B, 2015. Natural capital and ecosystem services informing
decisions: from promise to practice. Proc. Natl. Acad. Sci. U. S.A.
doi:10.1073/pnas.1503751112.

Haines-Young, D.R., 2018. Personal conversation.

Haines-Young, R., Potschin, M., 2018. CICES V5. 1. Guidance on the Application of the
Revised Structure. Fabis Consult. vol. 53.

Haines-Young, R., Potschin, M., 2013. Revised report prepared following consultation on
CICES Version 4.

HaMAARAG, 2018. Israel - National Ecosystem Assessment Report [WWW Document].
URL (accessed 7.11.19).

Hancock, A., 2013. Best practice guidelines for Developing International Statistical
Classifications. Expert Gr. Meet. Int. Stat. Classif. New York, 13-15 May 2013 16.

Hlava, M.M.K., 2018. Personal conversation.

Hoffmann, E., Chamie, M., 1999. Standard statistical classifications: basic principles. In:
Statistical Commission 10 February 1999 Thirtieth Session New York, 1-5 March 1999 Items
8 of the Provisional Agenda. p. 35.

Houdet, J., 2017. mainstreaming biodiversity into the manufacturing and processing industry:
an initial compilation of reference documents, data and key actors.

Houdet, J., Addison, P., Deshmukh, P., Ding, H., Finisdore, J., Grigg, A., Quétier, F., O’-
Gorman, M., Vincentz, R., 2019. BIOLOGICAL DIVERSITY PROTOCOL Draft 1.1.

Houdet, J., Burritt, R., N. Farrell, K., Martin-Ortega, J., Ramin, K., Spurgeon, J., Atkins, J.,
Steuerman, D., Jones, M., Maleganos, J., Ding, H., Ochieng, C., Naicker, K., Chikozho, C.,
Finisdore, J., Sukhdev, P., 2014. What natural capital disclosure for integrated reporting?
Designing & modelling an Integrated Financial-Natural Capital Accounting and Reporting
Framework. In: Working Paper., Synergiz, African Centre for Technology Studies,
University of Pretoria – Albert Luthuli Centre for Responsible leadership, & Integrated
Sustainability Services.



25

Howe, C, Suich, H, Vira, B, Mace, G M, 2014. Creating win-wins from trade-offs?
Ecosystem services for human well-being: a meta-analysis of ecosystem service trade-offs
and synergies in the real world. Glob. Environ. Change.
doi:10.1016/ j.gloenvcha.2014.07.005.

IDC, 2003. High Cost of Not Finding Information: The Lifeblood of the Enterprise. IDC
Tech. Rep. 1–9.

Irwin, R., Schaltegger, S., 2015. Environmental and Sustainability Management Accounting
Network. In: International Sustainability Accounting Symposium 2015 Measuring
Sustainability Performance: Bridging Corporate and Academic Contributions Content and
Scope of Sustainability Accounting. The World Business Council for Sustainable
Development (WBCSD), the Environmental and Sustainability Management Accounting
Network (EMAN) and the Centre for Sustainability Management (CSM), pp. 1–124.

Jari , I, Quétier, F, Meinard, Y, 2019. Procrustean beds and empty boxes: On the magic of
creating environmental data. Biol. Conserv. doi: 10.1016/j.biocon.2019.07.006.

Jiang, B, Chen, Y Y, Rao, E M, Zhang, L, Ouyang, Z Y, 2015. Final ecosystem services
valuation of Bosten Lake. Chinese J. Ecol.

Jiang, W., Ouyang, L., 2016. Implementing Ecosystem Services for Inclusive Green Growth,
pp. 6–7

Johnston, R J, Schultz, E T, Segerson, K, Besedin, E Y, Ramachandran, M, 2013. Stated
preferences for intermediate versus final ecosystem services: disentangling willingness to pay
for omitted outcomes. Agric. Resour. Econ. Rev. 42, 98–118. doi:10.1017/
S1068280500007644.

Kadykalo, A N, López-rodriguez, M D, Ainscough, J, Droste, N, Ryu, H, Ávila-flores, G, Le,
S, Muñoz, M C, Rana, S, Sarkar, P, Sevecke, K J, Harmá ková, Z V, 2019. Disentangling
‘ecosystem services’ and ‘nature s contributions to people’. Ecosyst. People 15, 269–287.
doi:10.1080/26395916.2019.1669713.

Landers, D.H., Nahlik, A.M., 2013. Final Ecosystem Goods and Services Classification
System (FEGS-CS). Washington, DC. https://doi.org/EPA/600/R-13/ORD-004914.

Legagneux, P, Casajus, N, Cazelles, K, Chevallier, C, Chevrinais, M, Guéry, L, Jacquet, C,
Jaffré, M, Naud, M J, Noisette, F, Ropars, P, Vissault, S, Archambault, P, Bêty, J, Berteaux,
D, Gravel, D, 2018. Our house is burning: discrepancy in climate change vs. biodiversity
coverage in the media as compared to scientific literature. Front. Ecol. Evol..
doi:10.3389/fevo.2017.00175.

Liss, K N, Mitchell, M G E, Macdonald, G K, Mahajan, S L, Méthot, J, Jacob, A L, Maguire,
D Y, Metson, G S, Ziter, C, Dancose, K, Martins, K, Terrado, M, Bennett, E M, 2013.
Variability in ecosystem service measurement: a pollination service case study. Front. Ecol.
Environ. 11, 414–422. doi:10.1890/120189.

MacNair, D., Tomasi, T., Freeman, M., 2014. US EPA Classification System for Final
Ecosystem Goods and Services Implications for Corporations

https://doi.org/EPA/600/R-13/ORD-004914.


26

Martínez-López, J, Bagstad, K J, Balbi, S, Magrach, A, Voigt, B, Athanasiadis, I N, Pascual,
M, Willcock, S, Villa, F, 2019. Towards globally customizable ecosystem service models.
Sci. Total Environ. doi: 10.1016/j.scitotenv.2018.09.371.

Maynard, S, James, D, Davidson, A, 2015. Determining the value of multiple ecosystem
services in terms of community wellbeing: Who should be the valuing agent? Ecol. Econ.
doi: 10.1016/j.ecolecon.2014.02.002.

McDonough, K, Hutchinson, S, Moore, T, Hutchinson, J M S, 2017. Analysis of publication
trends in ecosystem services research. Ecosyst. Serv. doi:10.1016/j.ecoser.2017.03.022.

Meinard, Y., Coq, S., Schmid, B., 2019. The Vagueness of “Biodiversity” and Its
Implications in Conservation Practice. pp. 353–374.

Metz, D., Weigel, L., 2010. Key Findings From Recent National Opinion Research on
“Ecosystem Services.” Report 1–13. https://doi.org/10.1017/CBO9781107415324. 004.

Murphy, J B, 1998. Technical Note on introducing the North American Industrial Industry
Classiffication System. Mon. Labor Rev. 43–47.

Natural Capital Coalition, 2019. Natural Capital Toolkit [WWW Document]. URL (accessed
5.22.18).

NCC, 2016. Natural Capital Protocol. Nat. Cap. Coalit. Rep.

Neale, A.C., Daniel, J., Mehaffey, M., 2018. Personal conversation.

Neugarten, R A, Langhammer, P F, Osipova, E, Bagstad, K J, Bhagabati, N, Butchart, S H
M, Dudley, N, Elliott, V, Gerber, L R, Gutierrez Arrellano, C, Ivani , K-Z, Kettunen, M,
Mandle, L, Merriman, J C, Mulligan, M, Peh, S-H, Raudsepp-Hearne, K C, Semmens, D J,
Stolton, S, Willcock, S, 2018. Tools for measuring, modelling, and valuing ecosystem
services. Iucn. doi: 10.2305/IUCN.CH.2018.PAG.28.en.

Newcomer-Johnson, D.T., 2018. Personal conversations. OGC, 2019. OGC Standards | OGC
[WWW Document].

OGC Stand. URL (accessed 10.22.18).

Olander, L, Polasky, S, Kagan, J S, Johnston, R J, Wainger, L, Saah, D, Maguire, L, Boyd, J,
Yoskowitz, D, 2017. So you want your research to be relevant? Building the bridge between
ecosystem services research and practice. Ecosyst. Serv. 26, 170–182.
doi: 10.1016/j.ecoser.2017.06.003.

Overhage, J M, Suico, J G, 2001. Sorting things out: classification and its consequences.
Ann. Intern. Med. 135, 934. doi:10.7326/0003-4819-135-10-200111200-00030.

Pascual, U, Balvanera, P, Díaz, S, Pataki, G, Roth, E, Stenseke, M, Watson, R T, Ba ak
Dessane, E, Islar, M, Kelemen, E, Maris, V, Quaas, M, Subramanian, S M, Wittmer, H,
Adlan, A, Ahn, S E, Al-Hafedh, Y S, Amankwah, E, Asah, S T, Berry, P, Bilgin, A, Breslow,
S J, Bullock, C, Cáceres, D, Daly-Hassen, H, Figueroa, E, Golden, C D, Gómez-Baggethun,

https://doi.org/10.1017/CBO9781107415324.


27

E, González-Jiménez, D, Houdet, J, Keune, H, Kumar, R, Ma, K, May, P H, Mead, A,
O’Farrell, P, Pandit, R, Pengue, W, Pichis-Madruga, R, Popa, F, Preston, S, Pacheco-
Balanza, D, Saarikoski, H, Strassburg, B B, van den Belt, M, Verma, M, Wickson, F, Yagi,
N, 2017. Valuing nature’s contributions to people: the IPBES approach. Curr. Opin. Environ.
Sustainabliliy 26–27, 7–16. doi:10.1016/ j.cosust.2016.12.006.

Pfisterer, A B, Schmid, B, 2002. Diversity-dependent production can decrease the stability of
ecosystem functioning. Nature 416, 84–86. doi:10.1038/416084a.

Polasky, S, Tallis, H, Reyers, B, 2015. Setting the bar: standards for ecosystem services.
Proc. Natl. Acad. Sci. U. S. A. 112, 7356–7361. doi:10.1073/pnas.1406490112.

Popic, T J, Davila, Y C, Wardle, G M, 2013. Evaluation of common methods for sampling
invertebrate pollinator assemblages: net sampling out-perform pan traps. PLoS ONE.
doi: 10.1371/journal.pone.0066665.

Posner, S M, McKenzie, E, Ricketts, T H, 2016. Policy impacts of ecosystem services
knowledge. Proc. Natl. Acad. Sci. U. S. A. doi:10.1073/pnas.1502452113.

Preston, S.M., Raudsepp-Hearne, C., 2017. Completing and Using Ecosystem Service
Assessment for Decision-Making: An Interdisciplinary Toolkit for Managers and Analysts.
Issued, Springer Geography. Value of Nature to Canadians Study Taskforce Federal.
https://doi.org/10.1007/978-981-10-1884-8_19.

Raudsepp-Hearne, C, Peterson, G D, 2016. Scale and ecosystem services: how do
observation, management, and analysis shift with scale—lessons from Québec. Ecol. Soc.
doi:10.5751/ES-08605-210316.

Reyers, B, Polasky, S, Tallis, H, Mooney, H A, Larigauderie, A, 2012. Finding common
ground for biodiversity and ecosystem services. Bioscience 62, 503–507. doi:10.1525/
bio.2012.62.5.12.

Rhodes, C.R., Finisdore, J., Dvarskas, A., Houdet, J., Corona, J., Maynard, S., 2018. Final
Ecosystem Services for Corporate Metrics and Performance. https://doi.org/10.1007/ 978-3-
319-70899-7_7.

Rhodes, C.R., Landers, D., Petersen, J.-E., Haines-Young, R., 2016. Developing ecosystem
service classification (s) for ecosystem accounting–taking stock & moving forward. In:
Expert Workshop Organised by EEA and US-EPA, with Support from UNSD, University of
Wageningen and Nottingham University; Wageningen University, Nether lands, 17-18
November 2016; Summary Paper on Discussions as Input to SEEA EEA Expert Forum, Glen
Cove, NY.

Rhodes, C.R., Landers, D.H., Haines-Young, R., Petersen, J.-E., Nahlik, A.M., La Notte, A.,
2106. Classifying Ecosystem Services for Ecosystem Accounting and Research Purposes—
State of the Art and Key Challenges. In: A Community on Ecosystem Services.

Sánchez, L.E., 2018. Routledge handbook of ecosystem services. Impact Assess. Proj.
Apprais. https://doi.org/10.1080/14615517.2018.1445182.

https://doi.org/10.1007/978-981-10-1884-8_19.
https://doi.org/10.1007/
https://doi.org/10.1080/14615517.2018.1445182.


28

Schaltegger, S., Hahn, T., Burritt, R., 2000. Environmental Management Accounting -
Overview and Main Approaches 23.

Schröter, M, Koellner, T, Alkemade, R, Arnhold, S, Bagstad, K J, Erb, K H, Frank, K,
Kastner, T, Kissinger, M, Liu, J, López-Hoffman, L, Maes, J, Marques, A, Martín-López, B,
Meyer, C, Schulp, C J E, Thober, J, Wolff, S, Bonn, A, 2018. Interregional flows of
ecosystem services: concepts, typology and four cases. Ecosyst. Serv.
doi: 10.1016/j.ecoser.2018.02.003.

Seppelt, R, Fath, B, Burkhard, B, Fisher, J L, Grêt-Regamey, A, Lautenbach, S, Pert, P,
Hotes, S, Spangenberg, J, Verburg, P H, van Oudenhoven, A P E, 2012. Form follows
function? Proposing a blueprint for ecosystem service assessments based on reviews and case
studies. Ecol. Ind. doi: 10.1016/j.ecolind.2011.09.003.

Sinha, P, Ringold, P, Van Houtven, G, Krupnick, A, 2018. Using a final ecosystem goods and
services approach to support policy analysis. Ecosphere 9. doi:10.1002/ ecs2.2382.

Steger, C, Hirsch, S, Evers, C, Branoff, B, Petrova, M, Nielsen-Pincus, M, Wardropper, C,
van Riper, C J, 2018. Ecosystem services as boundary objects for transdisciplinary
collaboration. Ecol. Econ. doi: 10.1016/j.ecolecon.2017.07.016.

Stowell, F, 2013. The appreciative inquiry method-a suitable candidate for action research?
Syst. Res. Behav. Sci. doi:10.1002/sres.2117.

Sujatha, R, Bandaru, R, Rao, R, 2011. Taxonomy construction techniques–issues and
challenges. Indian J. Comput. Sci. Eng. 2, 661–671.

U.S. Bureau of Labor Statistics, 2019. Handbook of Methods: Classification Systems [WWW
Document]. URL (accessed 4.23.18).

UK National Ecosystem Assessment, 2011. UK National Ecosystem Assessment Synthesis of
the Key Findings. UNEP-WCMC. https://doi.org/10.1177/004057368303900411.

UNEP-WCMC, 2019. IBAT [WWW Document]. URL (accessed 5.21.18).

Union, E., 2019. ESMERALDA Database [WWW Document]. URL (accessed 5.18.18).

United Nations, 2017. SEEA Experimental Ecosystem Accounting: Technical
Recommendations 145.

United Nations, 2002. International Standard Industrial Classification of All Economic
Activities (ISIC) Rev. 3.1, Statistical Papers. New York.

United States Environmental Protection Agency, 2017. Ecosystem Services at Contaminated
Site Cleanups 1–15.

United States Environmental Protection Agency, 2015. National Ecosystem Services
Classification System (NESCS): Framework Design and Policy Application.

https://doi.org/10.1177/004057368303900411.


29

United States Environmental Protection Agency, 2019. EcoService Models Library [WWW
Document]. URL (accessed 5.24.18a).

United States Environmental Protection Agency, 2019. EnviroAtlas [WWW Document].
URL (accessed 5.21.18b).

Vernau, J., 2005. The Business Benefits of Taxonomy.

Villa, F., Balbi, S., Athanasiadis, I.N., Caracciolo, C., 2017. Semantics for interoperability of
distributed data and models: Foundations for better-connected information. F1000Research 6,
686. https://doi.org/10.12688/f1000research.11638.1.

Wilkinson, M D, Dumontier, M, Aalbersberg, Ij J, Appleton, G, Axton, M, Baak, A,
Blomberg, N, Boiten, J W, da Silva Santos, L B, Bourne, P E, Bouwman, J, Brookes, A J,
Clark, T, Crosas, M, Dillo, I, Dumon, O, Edmunds, S, Evelo, C T, Finkers, R, Gonzalez-
Beltran, A, Gray, A J G, Groth, P, Goble, C, Grethe, J S, Heringa, J, t Hoen, P A C, Hooft, R,
Kuhn, T, Kok, R, Kok, J, Lusher, S J, Martone, M E, Mons, A, Packer, A L, Persson, B,
Rocca-Serra, P, Roos, M, van Schaik, R, Sansone, S A, Schultes, E, Sengstag, T, Slater, T,
Strawn, G, Swertz, M A, Thompson, M, Van Der Lei, J, Van Mulligen, E, Velterop, J,
Waagmeester, A, Wittenburg, P, Wolstencroft, K, Zhao, J, Mons, B, 2016. Comment: The
FAIR Guiding Principles for scientific data management and stewardship. Sci. Data.
doi:10.1038/sdata.2016.18.

Wong, C P, Jiang, B, Kinzig, A P, Lee, K N, Ouyang, Z Y, 2015. Linking ecosystem
characteristics to final ecosystem services for public policy. Ecol. Lett. 18, 108–118.
doi:10.1111/ele.12389.

Woodward, R T, Wui, Y S, 2001. The economic value of wetland services: a meta-analysis.
Ecol. Econ. doi:10.1016/S0921-8009(00)00276-7.

Worm, B, Barbier, E B, Beaumont, N, Duffy, J E, Folke, C, Halpern, B S, Jackson, J B C,
Lotze, H K, Micheli, F, Palumbi, S R, Sala, E, Selkoe, K A, Stachowicz, J J, Watson, R,
2006. Impacts of biodiversity loss on ocean ecosystem services. Science (80-.).
doi:10.1126/science.1132294.

Wu, J, 1999. Hierarchy and scaling: Extrapolating information along a scaling ladder. Can. J.
Remote Sens. doi:10.1080/07038992.1999.10874736.

Würth, I.S., 2019. Fasteners Differences between DIN – EN – ISO standards.

https://doi.org/10.12688/f1000research.11638.1.

