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The United States and European Union (EU) face common challenges in managing natural capital and balancing
conservation and resource use with consumption of other forms of capital. This paper synthesizes findings from
11 individual application papers from a special issue of Ecosystem Services on natural capital accounting (NCA)
and their application to the public and private sectors in the EU and U.S. NCA is inherently a data-integration
centered exercise, aiming to draw new insights by realigning environmental and economic data into a consis-
tent framework. Drawing primarily on papers from the special issue and other key NCA literature, we identify
lessons learned and gaps remaining for NCA’s development and application to decision making. In doing so, we
identify eight key similarities and three major differences in NCA development, status, and application between
the U.S. and EU. NCA can be highly policy relevant: special issue papers address critical issues including agri-
culture, water, conservation/land-use planning, climate, and corporate decision making. In both the U.S. and EU,
further application is needed to drive demand for the accounts’ production. Based on these experiences, the U.S.
and EU can be important leaders in cross-sector, international collaboration toward next-generation environ-
mental economic accounts that advance global NCA practice.

Progress on natural capital accounting (NCA) is more recent; European
countries began work on environmental accounts 30 years ago’ with a
focus on ecosystem accounts in the last 10 years, while the most recent
efforts to develop NCA for the U.S. began in 2016. Natural capital refers

1. Introduction

The United States and European Union (EU) share much in common.
They form the world’s largest developed economies built on highly

diverse ecosystems that occupy large extents of land and water. Both are
scientifically advanced, data-abundant environments that led the early
development of national economic accounts from the 1930s to 1950s.

* Corresponding author.
E-mail address: kjbagstad@usgs.gov (K.J. Bagstad).

to the stock of renewable and nonrenewable natural resources that are
used by economic units (i.e., industries, households, and government),
including flows of nonrenewable resources like energy and minerals as

1 The System of Environmental-Economic Accounting 1993 was the first effort to harmonize NCA approaches, although earlier experimental work on NCA took
place in the 1970s and 1980s in countries including France, Norway (Smith, 2007), and the Netherlands.
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well as ecosystem services (United Nations, 2020). NCA provides
physical and economic measurements of stocks of natural capital,
including information on the extent and condition of ecosystems. NCA
also provides information about the flows of ecosystem services that are
used by various economic units. NCA—specifically the System of
Environmental-Economic Accounting (SEEA) described below—allows
environmental data to consistently link with the System of National
Accounts, which provides guidance on how to produce conventional
economic measures like Gross Domestic Product, expenditures, and
asset values (United Nations et al., 2009). Limited treatment of natural
capital within the System of National Accounts is one of its long-
understood limitations (National Research Council, 1999).> NCA thus
provides critical and systematized information needed to manage nat-
ural capital. The structure of NCA allows it to be used to assess tradeoffs
between natural capital and other forms of wealth (e.g., built and human
capital; Hein et al., 2020a; Boyd et al., 2018) through structured and
consistent outputs. This gives it an advantage over the outputs of more
generalized applications of ecosystem services modeling, mapping,
valuation, and prioritization, although these methods themselves are
often used in NCA. This paper highlights recent NCA advances in the U.
S. and EU that are described in the Ecosystem Services special issue titled,
“Accounting for Natural Capital: Lessons learned from applications in
Europe and the United States.” Drawing lessons from these examples, we
compare the various approaches and applications, identify continuing
challenges, and suggest next steps for developing and using NCA most
effectively.

Several approaches exist to systematically report the value of natural
capital in physical and monetary terms, over time, and across industries
and nations (Fig. 1). The SEEA is the only system explicitly designed to
extend the System of National Accounts, integrating natural capital by
applying consistent accounting rules and structure to environmental
information. It is also the only NCA approach developed through
extensive international collaboration and endorsed by the U.N. Statis-
tical Commission, with the intent to provide comparability of results

Wealth
accounting
Ecosystem System of
services SEEA Central National
assessments Framework & Accounts

. Ecosystem Accounts

Private-sector
accounting (e.g.,
Natural Capital
Protocol)

Natural capital
accounting

Fig. 1. The relationships between natural capital accounting frameworks,
ecosystem services assessments, and the System of National Accounts.

2 Although the System of National Accounts includes ‘“non-produced
assets”—forests, land, water, fish, minerals, and sub-soil energy resources—on
the National Balance Sheet, this is only a partial view of natural capital (Obst
and Vardon, 2014) and many countries do not compile a complete National
Balance Sheet. The production boundary defines which components related to
economic production are included and excluded in an accounting system. In the
System of National Accounts, the above components of natural capital are
included in the production boundary while other key elements of natural
capital, such as regulating and cultural services, are not. Implementation of the
existing system boundaries can be challenging enough for many national sta-
tistical offices.
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across nations and over time. The SEEA explicitly aims to assess and
value ecosystems and their goods and services based on principles from
the System of National Accounts. The SEEA Central Framework (SEEA
CF, United Nations et al., 2014a) is an international statistical standard
that documents links between the environment and the economy by
quantifying stocks of environmental assets, environmental flows into
and out of the economy, and economic activity related to the environ-
ment. Information about resources such as land (Wentland et al., 2020),
water (Bagstad et al., 2020a), agriculture, fisheries, and forestry (Cerilli
et al., 2020), minerals, and unintended production outputs such as
pollution and waste (termed “residuals” in the SEEA) are combined into
a coherent system that is fully compatible with the System of National
Accounts. The SEEA Ecosystem Accounting framework (SEEA EA)
quantifies ecosystems’ (1) extent and (2) condition plus the (3) supply
and use of ecosystem services in both physical and (4) monetary terms,
and finally (5) asset accounts that quantify the net present value of
stocks of ecosystem assets (United Nations et al., 2014b, United Nations,
2017, United Nations, 2021a). Previously termed “Experimental
Ecosystem Accounting,” SEEA EA underwent a revision process from
2019-2021 that culminated in its approval by the U.N. Statistical Com-
mission in March 2021 (Edens et al., this issue, United Nations, 2021a).>
Five papers in this special issue compile SEEA EA accounts (Capriolo
et al., 2020, Hein et al., 2020b, Heris et al., 2021, Petersen et al., this
issue, Vallecillo et al., 2020, Warnell et al., 2020a; Section 1.2). SEEA EA
also includes thematic accounts covering specific topics that aid in the
interpretation of ecosystem accounts, which include accounts for land,
water, carbon, and biodiversity (United Nations, 2017); the recent SEEA
EA revision (United Nations, 2021a) also describes thematic accounting
approaches for oceans and urban areas (e.g., Heris et al., 2021).

Beyond the SEEA, wealth accounting assesses the value of natural
capital assets (i.e., the present value of natural capital stocks), alongside
built capital assets already included in the System of National Accounts,
and human capital assets excluded from national accounts (Lange et al.,
2018, UNEP, 2018). Private-sector approaches to measuring, valuing,
and integrating natural capital into business decision making (e.g.,
Natural Capital Coalition, 2016) and NCA efforts are also diverse and
growing, and may incorporate data and methods from both SEEA and
ecosystem service assessments more generally (Houdet et al., 2020,
Ingram et al., this issue). Unlike the SEEA, they need not be bound by the
accounting rules of the System of National Accounts and may align with
private accounting standards. Private-sector approaches typically have
attempted to navigate the tradeoff between simplicity and ease of
compilation on one hand and providing analytically meaningful data on
the other, and have generally followed a company-by-company, bottom-
up approach rather than the more top-down SEEA approach. Discussions
are underway about how to develop data and tools that will assist
private-sector efforts, providing the “glue” between public- and private-
sector NCA (i.e., Capitals Coalition, 2020). For example, the Transparent
Project has been funded by the EU to standardize natural capital ac-
counting principles for the private sector (Natural Capital Coalition,
2020).

1.1. Why build natural capital accounts? the promise of better decision
making

Building on the success of the System of National Accounts in
informing policy and public dialogue around how nations manage their
economies (and private-sector companies manage their assets), NCA

3 The U.N. Statistical Commission approved the chapters of the SEEA EA
covering biophysical accounting (ecosystem extent, condition, and physical
supply and use) as a statistical standard. It simultaneously recognized the less
mature state of monetary supply and use and asset accounting, and recom-
mended that further research on these topics continue (Brown et al., 2021,
Edens et al., this issue).
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uses accounting concepts and definitions to more systematically track
the quantities and values of natural capital stocks and ecosystem service
flows (Gleeson-White, 2015, Boyd et al., 2018). We revisit the use of
NCA in policy and decision making in U.S. and EU contexts in Section 2;
however, some general themes on the role of NCA in decision making are
important to set the stage. Overall, NCA enables broad, cross-sector
policy discourses about natural capital and its role in the economy by
providing consistent and systematically generated information (Vardon
et al., 2017). NCA can be used to monitor stocks and flows of market and
especially nonmarket goods and services provided by natural resources,
which are regularly omitted from both national and corporate balance
sheets (Boyd et al., 2018). This information has supported evaluation of
natural resource management performance and outcomes, while being
used to more rigorously define and assess the sustainability of the
economy and business (Obst, 2015).

NCA provides important advantages for decision makers. It provides
a consistent framework for the reporting and analysis of past trends and
present conditions. For example, water accounts can provide informa-
tion about the timing, location, and severity of water scarcity, and can be
used to evaluate likely risks to water users across economic sectors and
the consequences of alternative management approaches (Bagstad et al.,
2020a). Governments can use NCA to weigh the tradeoffs between in-
vestments in the protection or improvement of upstream ecosystems
versus investments in water treatment facilities (La Notte and Marques,
2017). Moreover, a system-scale perspective of water and other
ecosystem services can reveal both inefficiencies and opportunities
within the linked natural-human system. From a macroeconomic
perspective, NCA assembles ecological and economic information in a
structured and harmonized way, with the aim of consistency and
compatibility between the System of National Accounts and the SEEA.
This allows researchers to bridge conventional economic tools such as
multiregional input-output tables and general equilibrium models,
enabling the evaluation of scenarios representing policy alternatives
against historical baselines (Banerjee et al., 2020, La Notte et al., 2020,
Roxburgh et al., 2020). SEEA data can also be directly integrated into
models in order to jointly predict economic and environmental out-
comes of policy decisions. For example, Banerjee et al. (2020) integrated
a macroeconomic model for Rwanda with SEEA CF and SEEA EA data
and models to evaluate the impacts of alternative development strate-
gies on Rwanda’s economy, land and water use, and ecosystem services,
in a manner comparable with Rwanda’s baseline SEEA EA accounts
(Bagstad et al., 2020b). La Notte et al. (2020) linked ecosystem accounts
with a macroeconomic model to assess the impact of pollinator declines
on agricultural production, imports, and exports in the EU.

A growing set of policy decisions exists that use NCA to inform de-
cision making. For instance, Ruijs et al. (2018) note the use of NCA in-
formation in 17 nations across all five stages of the policy cycle—issue
identification, policy response, policy implementation, policy moni-
toring, and policy review. Despite some success stories to date, more
work remains to fully understand how NCA can inform policy and
management decisions across the full range of different contexts and
stakeholders (Green Growth Knowledge Partnership, 2020, see also
Section 2). Some of this can be accomplished by identifying and un-
derstanding specific information needs for managing natural capital, for
example, how NCA can support achievement of specific policy targets in
the EU’s Environment Action Programme (EEA, 2019). Critically, Var-
don et al. (2016) note that for NCA to fully succeed and move toward
institutionalization, a “policy pull,” i.e., a strong and consistent demand
for NCA information by users, is needed, rather than just an “accounting
push” by NCA practitioners who build accounts and suggest their use-
fulness for decision making. Others have noted a gap between the more
widespread production of NCA data and its more limited use in decision
making in both the public (Virto et al., 2018) and private sectors
(Ingram et al., this issue) and discuss ways to close this gap.
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1.2. The NCA landscape in the U.S. and EU

The EU and U.S. both have large geographies, economies, and pop-
ulations, though political differences shape how each has developed and
used NCA information. Critically, the U.S. government is a Federal
system while the EU is a supranational one. The U.S. government
compiles official statistical and environmental data for the nation that
are used by multiple levels of government—Federal, State, and local—as
well as by nongovernment users (Fig. 2). By contrast, EU statistical data
are compiled by Eurostat, the EU’s statistical office, integrating mainly
national (or regional) data as reported by member states. EU-level sta-
tistical data can be integrated in EU accounting systems using consistent
data and methods (Vallecillo et al., 2020). However, ecosystem accounts
are also developed by national governments using their best-available
science, national data, and preferred methods (e.g., Capriolo et al.,
2020, Hein et al., 2020b, MAIA, 2020). Ecosystem accounts require
skills beyond the traditional expertise of most statistical agencies, such
as the use of spatial data and environmental modeling, which require
collaborations with ecologists, physical scientists, and geographers as
well as accountants and economists. SEEA accounts (particularly SEEA
EA) thus generally require collaboration between statistical and science
agencies, along with increasing interest and support from space agencies
that provide needed remote sensing-derived data products. These
agencies can be more or less centralized. The U.S. is an example of a
decentralized statistical system (Fig. 2, bottom left), with 13 agencies
having production of statistical information as a core responsibility; the
Bureau of Economic Analysis compiles the National Income and Product
Accounts, the U.S. implementation of the System of National Accounts.
Production of the System of National Accounts in the European Statis-
tical System is the responsibility of each member state’s national sta-
tistical office. Eurostat receives and publishes these data and also
produces EU and euro area aggregates. Fig. 2 shows how in some cases

Non-statistical agency
partners for accounts
development

Statistical agencies Users of account information

e
L R :
Joint Research Centre : “
eu I‘OStat m B European Commission
V¢, European : i —nati
g’.‘)} e ent ; National & sub: .nat!onal
7R4" Agency H governments & institutes

dcesa

European Space Agency

Private sector

Nongovernmental organizations

[ Academia Media Policymakers  Society }

Each EU member state has parallel national and regional level account producers and
users. Coordination at the EU level is ensured through the European Statistical System.

Non-statistical agency
partners for accounts i
development

Statistical agencies Users of account information

s
o T

2z
~ {
- %

%, &
science for a changing world "t prot®

S,

SR

iﬂ’?&é cUniIedStates
= ensus
o= -

Other national plus state & local
governments

Private sector

'/- US. Es Inf
cia 5

Administration

Nongovernmental organizations

¥

[ Academia Media  Policymakers  Society }

Fig. 2. Natural capital accounting (NCA) producers (left) and current and po-
tential users (right) in the European Union (top) and the United States (bottom).
Dialogue between producers and users of NCA (left and right sides) is critical to
aligning accounts with societal needs. Academia, the media, policymakers, and
society shape the dialogue around economic accounts and could do the same
for NCA.
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government agencies can both assist in the production of NCA infor-
mation and be information users—particularly when an agency has a
joint scientific and regulatory/resource management mandate, as is
often seen in the U.S. Additionally, policymakers, the media, and society
play key roles in public policy discussions informed by System of Na-
tional Accounts information (Hoekstra, 2019), and could play similarly
greater roles in the future NCA landscape. Academics play similar roles
and also, critically, develop experimental data and methods that are
eventually incorporated into NCA production processes.

The two regions also differ in their histories of producing and using
accounts information. In the EU, the compilation of SEEA CF accounts
started with independent country compilations of accounts in the early
1990s. These efforts were followed by the formation of task forces, su-
pervised by Eurostat, the EU’s statistical office, that built specific ac-
counting modules: a national accounting matrix including
environmental accounts, environmental protection expenditure ac-
counts, forest accounts, and material flow accounts. This work paved the
way for a Regulation on European environmental economic accounts:
Regulation (EU) No 691/2011 (European Commission, 2011a). This
regulation mandates that EU member states compile six modules
included in the SEEA CF: air emissions accounts, economy-wide material
flow accounts, physical energy flow accounts, environmental taxes,
environmental goods and services sector accounts, and environmental
protection expenditure accounts. Ongoing work addresses additional
environmental accounts, with no EU legal requirement, such as forest
accounts, and accounts for environmental subsidies and similar trans-
fers. These accounts are now part of the statistical information available
in the Eurostat database (Eurostat, 2020). In early 2020, Eurostat began
work on a proposal to amend Regulation 691/2011 to propose new
modules to be covered, specifically for ecosystem accounts. The pro-
posal for the new ecosystem accounts modules is still under develop-
ment and will require a long and complex approval path (Vysna and de
la Fuente, 2020).

At the national scale, pioneering work on SEEA EA has been under-
taken during the past decade in the Netherlands (Hein et al., 2020b,
Horlings et al., 2020) and the United Kingdom (Natural Capital Com-
mittee, 2013). Since 2017, Eurostat has co-financed SEEA EA projects in
EU Member States including Bulgaria, Denmark, Estonia, Finland,
Hungary, Italy, the Netherlands, Sweden, and the United Kingdom (an
application for Italy is reported in this issue by Capriolo et al., 2020).
Most of the project proposals addressed extent and condition accounts
and provisioning and regulating services, with few applications for
cultural services. At continental scale, the Integrated system for Natural
Capital and ecosystem services Accounting (INCA) was set up in 2015 by
the European Commission and the European Environment Agency. INCA
supports the expansion of SEEA EA in the EU, building on the EU
initiative on Mapping and Assessment of Ecosystems and Services
(MAES), which aims to map, assess, and value ecosystems and their
services in the EU. INCA developed a set of EU-level ecosystem extent,
condition, and services accounts (Vallecillo et al., 2020, Vysna et al.,
2021). The European Commission has also funded research projects
under its Horizon 2020 program, such as MAIA (Mapping and Assess-
ment for Integrated ecosystem Accounting) mentioned in Hein et al.
(2020b) and We Value Nature (We Value Nature, 2020), which supports
the integration of NCA information into private-sector accounting.

NCA in the U.S. is much newer. Preliminary work on mineral ac-
counts was conducted in the 1990s (Carson, 1995), and recommenda-
tions were made to continue and expand this work (National Research
Council, 1999). Following the release of the SEEA CF and SEEA EA
guidelines in the early 2010s, experimental work on SEEA accounts
began in late 2016 as a collaboration between a number of U.S. gov-
ernment agencies (Fig. 2) (Boyd et al., 2018). Additionally, the Bureau
of Economic Analysis has recently collaborated with the National
Oceanic and Atmospheric Administration on ocean accounts (Nicolls
et al., 2020) and the Departments of Agriculture and the Interior on
outdoor recreation accounts (Highfill and Smith-Nelson, 2018). While
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not SEEA accounts, this work entailed broader interagency cooperation
with natural resource management agencies and shows the importance
of natural resources in underpinning market activity. Academic NCA
work in the U.S. has estimated the value of groundwater in Kansas from
a wealth accounting perspective (Fenichel et al., 2016) and produced
SEEA EA accounts for Long Island’s South Shore Bays (Dvarskas, 2019).
The U.S. pilot accounts included in this special issue demonstrate the
feasibility of compiling natural capital accounts while identifying
remaining data gaps that will enable the construction of more rigorous
and regular accounts in the future. However, given the much more
recent state of U.S. NCA, they are in most cases less complete than
second- and third-generation European accounts and have a more
limited history of use in decision making.

In this paper, we synthesize results from applied NCA papers in the
EU-U.S. special issue on NCA, highlighting key commonalities and dif-
ferences, their current and potential use in decision making, and next
steps for NCA in the U.S., EU, and elsewhere. Our assessment includes
examples using SEEA CF, SEEA EA, and private-sector accounting
frameworks (Table 1). It includes supranational work for the entire EU,
as well as two accounts for EU nations and a private-sector NCA appli-
cation in France. U.S. applications took place at national and sub-
national scales. Section 2 discusses application of the accounts to pol-
icy and decision making in the U.S. and EU. Section 3 addresses tech-
nical aspects of NCA applications from the special issue, identifying
three key differences (Section 3.1) and seven key similarities (Section
3.2) between accounts compiled for the U.S. and EU, and implications
for future NCA work there and globally. In Section 4, we conclude by
highlighting challenges and opportunities surrounding further applica-
tion of NCA worldwide based on experience in the EU and U.S.

2. Applying NCA for decision making in the U.S. & EU

The raison d’étre of NCA is to inform better decision making, both in
public and private applications (Vardon et al., 2016, Boyd et al., 2018,
Ruijs et al., 2018, Green Growth Knowledge Partnership, 2020, Ingram
et al., this issue). Reflecting this importance, the World Bank has hosted
annual workshops on this topic since 2016, with publications describing
diverse applications, “use cases,” and lessons learned (Vardon et al.,
2017, Vardon and Bass, 2019; Vardon and Bass, 2020); efforts to develop
more use cases of NCA are underway globally. However, a gap often
remains between the aspirations for NCA in policy use and actual uptake
(Vardon et al.,, 2016, Virto et al., 2018, Green Growth Knowledge
Partnership, 2020, Ingram et al., this issue). Despite this gap, NCA may
play an important role through conceptual use—with information
applied to frame ideas and shape policy thinking rather than, for
instance, to “decide between alternatives A and B” (Meagher and Lyall,
2013, Yanovitsky and Weber, 2020). Such cases may be difficult to
document relative to instances of direct use to make a concrete decision,
particularly in nations where NCA is new and at an early stage of its
impact pathway, like the U.S. Nearly all of the papers in this special issue
discuss the policy use of accounts explicitly, some in great detail (e.g.,
Bagstad et al., 2020a, Hein et al., 2020b, Ingram et al., this issue), with
the aim of closing this gap (Box 1).

NCA’s use in European policy has been described in substantial depth
elsewhere (EEA, 2019), including in the background technical reports
(Vallecillo et al., 2018, 2019) that underlie Vallecillo et al. (2020). A
recent audit on the application and policy uses of the SEEA CF accounts
in the EU and its member states carried out by the European Court of
Auditors (2019) concluded that the various environmental accounting
modules were not used to their full potential for monitoring key envi-
ronmental policies. EU policy uptake of ecosystem accounts has started
slowly but is gradually increasing. The EU-level ecosystem accounts
developed under the INCA project (Vallecillo et al., 2019) increasingly
find their way into concrete policy initiatives of the European Com-
mission. These include the EU policy on pollinators, the framework for
sustainable investment, and the proposal for a nature restoration law.
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Table 1
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Summary of SEEA application papers in the special issue, excluding the introduction to the special issue (La Notte et al., this issue) and a paper presenting the SEEA EA
framework and its history (Edens et al., this issue). SEEA CF: System of Environmental-Economic Accounting, Central Framework. SEEA EA: System of Environmental-

Economic Accounting, Ecosystem Accounting.

Paper

Accounting framework

Geographic scope

Accounting focus

Assessment years

Ecosystem services (Flood mitigation, pollination, recreation, water
Ecosystem services (Biomass provision, 8 crops)

Ecosystem extent, condition, services (Air filtration, amenity value,

Capriolo et al. SEEA EA Italy

(2020) supply)
Cerilli et al. SEEA Agriculture, Forestry and ~ European Union

(2020) Fisheries (SEEA CF & SEEA EA)
Hein et al. SEEA EA Netherlands

(2020b)

Houdet et al.

Private sector

Two sites in southern

biomass provision (crops, fodder, timber), flood mitigation, global climate
regulation, pest control, pollination, recreation, soil erosion control, water
supply)

Thematic accounts (Biodiversity)

Thematic accounts (Biodiversity offsets)

Ecosystem extent

Ecosystem services (Biomass provision (crops, timber), Global climate
regulation, flood mitigation, pollination, recreation)

Thematic accounts (Water physical supply & use, productivity, quality,
emissions, water quality-use linkages)

Ecosystem extent, condition, services (Local microclimate regulation,
water flow regulation)

General use of NCA by businesses

Ecosystem extent, condition, services (Air filtration, global climate
regulation, pollination, recreation, water purification), Thematic accounts
(biodiversity)

Thematic accounts (Land cover, use, value)

2018
2012

2006, 2013

Before & after
development projects
2000, 2006, 2012,
2018

2000, 2006, 2012
2000-2015

2011, 2016

N/A

2001, 2006, 2011

2001-2016

(2020) France

Petersen et al. SEEA EA European Union
(this issue)

Vallecillo et al. SEEA EA European Union
(2020b)

Bagstad et al. SEEA CF (Water) United States
(2020a)

Heris et al. SEEA EA 768 cities in the
(2021) continental U.S.

Ingram et al. Private sector United States
(this issue)

Warnell et al. SEEA EA 10-state region in
(2020a) Southeastern U.S.

Wentland et al. SEEA CF (Land) Continental U.S.
(2020)

These policy initiatives, which are all included in the European Green
Deal, are based on the principles of ecosystem accounting or use the
results of ecosystem accounting for reporting or impact assessment.
Although ecosystem accounts have been used in the initiatives
mentioned above, overall uptake of ecosystem accounting results in key
policy areas such as trade, agriculture, economy, and finance remains
limited. The previously experimental nature of ecosystem accounting,
the currently laborious production of these accounts, and the uncer-
tainty surrounding the physical and monetary estimates of ecosystem
services (and even more so ecosystem assets) have to date remained
obstacles for the mainstreaming of ecosystem accounts into other policy
areas in the EU (Vysna et al., 2021).

Co-development of accounts with decision makers can be very useful
in maximizing information relevance and making decision makers
aware of NCA production efforts. As a good example of this, Hein et al.
(2020b) incorporated an advisory group in the Netherlands that aimed
to maximize the decision relevance of Dutch SEEA EA accounts. The
integration of NCA with traditional economic tools has also been
explored in the EU with the LInking accounts for ecosystem Services and
Benefits to the Economy THrough bridging (LISBETH) project. This
project developed initial applications (1) targeting consumption-based
accounts to quantify imports and exports of water purification
embedded in agricultural imports and exports (using multiregional
input-output tables) and (2) linking with general equilibrium models
through an example of how invasive species impact crop pollination, as
an economic shock propagated through a computable general equilib-
rium model (La Notte et al., 2020). In LISBETH, better correspondence
with the policy cycle (Vardon et al., 2016, Ruijs et al., 2018) is proposed
to more effectively facilitate NCA use.

Given the relatively newer state of NCA in the U.S.—with the first
accounts released in 2020—uptake in U.S. decision making has to date
been limited. Notable outreach efforts to raise awareness of NCA and
improve its use in decision making thus far include (1) discussions with
stakeholders on how to apply water accounting to water resource
management in Hawai’i, (2) work to integrate urban ecosystem accounts
into decision making with cities around urban forestry and climate
resilience issues (Box 1), and (3) ongoing collaboration with the

Department of the Interior’s Office of Policy Analysis to use NCA in
decision making for the Department, which manages over 450 million
acres of public land in the U.S. Parallel to the original U.S. NCA effort,
environmentally extended input-output analyses have been developed
by the U.S. EPA (Yang et al., 2017). These are primarily used by the
private sector to assist in benchmarking and development of impact
reduction strategies for resource use and emissions. Opportunities exist
to better integrate NCA and environmentally extended input-output
modeling to deliver improved environmental-economic data for public
and private sector uses. Finally, the recent development of natural
capital-adjacent satellite accounts in the U.S. is noteworthy. Satellite
accounts are built on the foundation of the System of National Accounts
but focus on a particular aspect of economic activity, expanding
analytical capacity by using alternative industry definitions and
focusing on relevant subsets of economic activity (United Nations et al.,
2014a). The U.S. Bureau of Economic Analysis recently created satellite
accounts that focus on two sectors of the U.S. economy, outdoor recre-
ation (Highfill and Smith-Nelson, 2018) and the ocean economy (Nicolls
etal., 2020), which are heavily dependent on underlying natural capital.
Statistical agencies in EU countries including Ireland (Tsakiridis et al.,
2019) and Portugal Simoes et al. (2018) have also created ocean econ-
omy satellite accounts using similar methods. Although these accounts
are defined based on natural resource dependency, they are not true
examples of ecosystem accounting, but reframings of information sup-
plied in the System of National Accounts. They do not directly measure
the health of the underlying natural capital or the flow of ecosystem
services into these industries. However, a decline in output detected by
these accounts could signal underlying problems with the flow of
ecosystem services. The creation of these accounts in the U.S. signals a
clear recognition that certain industries are highly dependent on natural
capital and that the investment to track their health is worthwhile.
Satellite accounts could be another effective tool for NCA, and can
identify economic activity that is clearly dependent on a flow of
ecosystem services, which can populate the use side of SEEA supply and
use tables. Identifying the ecosystem services that make up the supply
side of this table would provide important additional information to
industry and resource managers.
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Box 1
Three examples of the application of natural capital accounts to policy.

Example 1: Water accounting on an island allows improved management of water availability and water quality risks. Initial U.S. water
accounts (Bagstad et al., 2020a) are now being expanded to support decision making in Hawai’i. Water resource source protection, water supply,
and wastewater management in Hawai’i are managed by three separate government agencies, which themselves are outside the agency
responsible for economic and tourism development. Conflicts regularly ignite related to water use, land management, and wastewater reuse and
disposal, and are expected to worsen in the face of climate change and population growth. Hawai’i has sustainable green growth goals related to
water, but the water account is the first system-scale dataset available. Local impact investment firms, nongovernmental organizations (NGOs),
water users, and government agencies are interested in using the accounts to better make allocation decisions, reward best management
practices, understand water-related risks, design high-impact investments, and eventually propose legislation and administrative actions. In this
case, timely production of a water account and outreach to decision makers has helped generate demand for more and better NCA information.

Example 2: Urban SEEA EA for city planning. Despite the relative scarcity of green space in cities, denser urban populations and economic
activities disproportionately benefit from urban ecosystems. Implementation of urban ecosystem accounts is currently in a more exploratory
phase than other SEEA EA accounts (La Notte, 2018). However, there is growing interest in urban ecosystem accounting (e.g., Anderson, 2018;
Heris et al., 2021). While local governments may not be familiar with SEEA, they use similar frameworks, such as urban tree inventories and
climate action plans, to track ecosystem services like heat mitigation and flood mitigation, plus associated vulnerability and equity issues. SEEA
EA may thus provide a structured, time-consistent approach that resonates well with cities. The U.S. ecosystem accounting project has been
working with several departments of New York City’s government to customize Heris et al.’s (2021) ecosystem accounting models to inform the
city’s tree planting programs and Cool Neighborhoods Initiative.

Example 3: Reducing externalities through corporate natural capital accounting. Houdet et al. (2020) propose a net impact accounting
framework that could help businesses understand and mitigate their impacts on the condition and extent of natural capital. The proposed
accounting framework provides a relatively simple extension of current business asset and income/loss double-entry accounting through
standardized reporting of “natural capital balance sheets” and “natural capital gain/loss statements.” Such reporting would provide important
transparency to investors, policymakers, and regulators on the health of the business, its sustainability, and its societal costs or benefits. The
proposed framework could improve the quality and speed of business responses to changes in internal or external business conditions, including
changes in natural capital or in regulatory frameworks. Houdet et al. give several examples of how net-impact NCA could be implemented and
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the benefits that could be achieved by scaling up such approaches.

By quantifying ecosystem extent, condition, and services in a spatial
manner, tracking their changes over time, and making data available to
the public, NCA has the potential to address a very wide range of eco-
nomic and natural capital planning and policy issues. NCA papers in the
special issue both directly reference application toward a variety of
policy issues or implicitly do so through the ecosystem services they
include in the accounts (Table 2). The papers in this special issue also
enable comparisons of synergies and tradeoffs among ecosystem ser-
vices, show how critical ecosystem services directly support economic
activities, frame the role of ecosystem services through the supply chain,
and improve the comprehensiveness of sustainability assessments. A U.
S. example shows how combined presentation of land, water, ecosystem,
and economic accounts can provide a more complete view of linked
environmental-economic trends (Warnell et al., 2020a). A European
assessment of “unmet ecosystem service demand” (Vallecillo et al.,
2020) provides important information to policymakers on where
ecosystem restoration can help to meet human needs, while supporting
natural resource planning to meet conservation and development goals
(Capriolo et al., 2020, Hein et al., 2020b).

As illustrated by the papers, NCA is designed to support decision
making across a range of scales—from international to site level. Inter-
nationally, the consistency enforced by SEEA makes it a potentially
effective way for countries to report on global conventions and agree-
ments such as the U.N. Framework Convention on Climate Change,
Convention to Combat Desertification, Convention on Biological Di-
versity, and Sustainable Development Goals (SDGs). Several special
issue papers note the ability of SEEA accounts to inform reporting on the
SDGs (Bagstad et al., 2020a, Cerilli et al., 2020, Hein et al., 2020b), and
others have noted similar potential to inform reporting to the Conven-
tion on Biological Diversity (Nature, 2020). Despite this potential,
integration of SEEA data with existing supranational or global reporting
systems may require further work to adapt it to these purposes (Hein
et al., 2020a). Papers from the special issue also provide information
that could inform decisions at supranational and national scales in

Europe (Capriolo et al., 2020, Cerilli et al., 2020, Hein et al., 2020Db,
Petersen et al., this issue, Vallecillo et al., 2020) and national or state
levels in the U.S. (Bagstad et al., 2020a, Warnell et al., 2020a, Wentland
et al., 2020). NCA can also be useful for decision makers in cities or,
potentially, even for site-level land management. However, the use of
national NCA data at fine scales will typically require its validation to
ensure the accuracy and trustworthiness of the data (Hein et al., 2020b,
Heris et al., 2021, Houdet et al., 2020).

3. Differences, commonalities, and lessons learned in U.S. And
EU NCA applications

Beyond the common challenge of making NCA information more
regularly used in decision making at all levels (Section 2), we identify
three key differences (Section 3.1) and seven additional commonalities
(Section 3.2) between NCA applications in the U.S. and EU here, and also
discuss their implications for NCA in other parts of the world (Table 3).

3.1. Key differences between U.S. and EU NCA applications

3.1.1. Different history and institutionalization affect NCA content and use

An obvious distinction in the special issue papers is the more
advanced and complete state of European SEEA accounts. U.S. accounts
are first-generation, proof-of-concept approaches, and as such begin
with land and water accounts. These accounts are often the first
completed, because they offer important information to aid in inter-
preting trends in SEEA EA accounts (for this reason land and water ac-
counts are classified as both SEEA CF accounts and SEEA EA thematic
accounts). European accounts are often second- and third-generation
accounts, and are mainly driven by the objectives set in the EU Biodi-
versity Strategy to 2020 and repeated in the 7th Environment Action
Programme to develop natural capital accounts in the EU, with a focus
on ecosystems and their services (European Commission, 2011b). Both
U.S. and EU land and ecosystem extent accounts generally rely on land



Table 2

Economic and resource management issues explicitly or implicitly addressed by natural capital accounting application papers in the special issue. SEEA CF: System of Environmental-Economic Accounting, Central
Framework; SEEA EA: System of Environmental-Economic Accounting, Ecosystem Accounting.

Issue Special issue papers % of papers
addressing
issue

Capriolo Cerilli et al. (2020) Hein et al. Houdet et al. Petersen et al. Vallecillo et al. Bagstad Heris et al. Ingram et al. Warnell et al. Wentland
et al. (2020) (SEEA CF- (2020b) (SEEA (2020) (this issue) (SEEA (2020) (SEEA etal. (2021) (this issue) (2020a) (SEEA et al. (2020)
(SEEA EA, Agriculture, EA, (private- EA-Ecosystem EA, European (2020a) (SEEA EA, (private- EA, Southeast (SEEA CF
Italy) Fisheries, & Netherlands) sector NCA, extent, European Union) (SEEA CF- U.S. cities) sector NCA) U.s) land, U.S.)
Forestry, European France) Union) Water, U.S.)
Union)
Agricultural X X X X X X X X 73%
planning &
policy
Water & X X X X X X X X 73%
watershed
management

City/regional & X X X X X X X 64%

general land-
use planning

Climate X X X X X X X 64%

adaptation &
mitigation

Conservation X X X X X X 55%

planning /
ecosystem
restoration

Corporate X X X X 36%

decision-
making &
disclosure
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Table 3
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Key differences and commonalities from natural capital accounting (NCA) applications developed for the U.S. and European Union (EU). ARIES for SEEA: Artificial
Intelligence for Environment & Sustainability for System of Environmental-Economic Accounting; MAIA: Mapping and Assessment for Integrated ecosystem

Accounting.

Issue

Relevance to U.S. & EU NCA

Relevance to NCA applications in the rest of world

U.S.-EU differences

(Section 3.1)

U.S.-EU
commonalities (
Section 3.2)

1. Varying history & level of institutionalization

2. Approaches to ES classification

3. Variation in modeling methods

1. Underuse in decision making; greater use needed
to fill NCA’s promise (Section 2)

2. Successful use of diverse data sources

3. Key data gaps remain

4. Scales of analysis matter; challenges remain to
data development at certain scales (e.g.,
watersheds, supply chains)

5. Simple models may not be good enough for U.S./
EU

6. Centralized & replicable data/model
management strategies needed

7. Best practices in ecosystem services modeling (e.
g., uncertainty, customization, actual ecosystem
service flows, separating ecosystem and economic
contributions using official statistical data)

8. Spatiotemporal resolution & latency

Longer history & institutional buy-in of NCA in
EU vs. U.S.—longer history of production, more
accounts extended to valuation in the EU.

Choice of CICES vs. NESCS or not to use a full
classification has implications for how ecosystem
condition & supply-use accounts may be
represented.

A variety of modeling methods can be used as
long as they follow NCA conventions (i.e., SEEA);
trust, replicability, interoperability, scale, data
availability, & country expertise matter & may
guide choice of methods.

Better knowledge coproduction & stakeholder
outreach needed (e.g., Hein et al., 2020b).

Private sector, crowdsourced, Earth Observation
data used in various accounts; novel uses may be
replicable elsewhere to improve accounts.
Important NCA data gaps remain even in data-
abundant regions (e.g., for beneficiaries & land
use).

Local changes may be obscured at national to
regional scale. Reporting of statistical data by
administrative unit can make watershed-scale
accounting challenging & require modeling;
internationally consistent data & approaches are
needed for private-sector NCA across supply
chains.

Data-abundant regions need to translate best-
available science into NCA models; while
attractive as initial steps, simpler or proxy-based
methods are less likely to be deemed adequate by
U.S. and EU science & policy communities.

Code repositories, interoperability-focused
approaches (e.g., ARIES for SEEA, United
Nations, 2021b), & international collaborations
like MAIA (2020) can make accounts compilation
more reliable & replicable.

Good examples of best practices exist in special
issue papers but are not uniformly applied.

High-resolution data generally available in U.S. &
EU, provide a good basis for most modeling (but
may be limiting for urban applications, Heris
etal., 2021); longer time series & reduced latency
would strongly benefit NCA.

Countries with a longer history of producing
accounts may have greater familiarity & comfort
with assumptions needed to estimate certain
ecosystem service values.

The reference list of ecosystem services used in
the SEEA EA supply and use accounts (SUA) is not
a classification (United Nations, 2021a,
paragraph 6.46, Finisdore et al., 2020), but an
attempted comprehensive list of flows of final
services that includes select intermediate services
(use column types differ). Careful attempts to
follow the SEEA EA guidelines for SUA
construction should remain largely compatible
with CICES and NESCS Plus (Newcomer-Johnson
et al., 2020) classifications and “...to allow those
using existing classification systems to link to the
reference list, correspondences to CICES and
NESCS are being developed and will be available
as an online supplement to SEEA EA” ((United
Nations, 2021a), paragraph 6.46).

Recent U.N. guidance on biophysical modeling
can be useful for countries to navigate tradeoffs
inherent in different approaches (United Nations,
2021c).

Well-known problem that applies to rest of world
(Vardon et al., 2016, Virto et al., 2018, Green
Growth Knowledge Partnership, 2020).
Availability of such data is variable in developing
nations; novel uses may be replicable elsewhere
to improve accounts.

These & other data gaps remain outside the U.S. &
EU as well, U.S. & EU research can guide future
efforts.

Similar principles and modeling challenges apply
beyond U.S. & EU.

Issue is also likely to be relevant in data-abundant
regions outside the U.S. & EU.

These approaches are a good way to diffuse
scientific knowledge from data-abundant nations
to the Global South, especially when easy to
implement (e.g., ARIES for SEEA).

Special issue papers & other NCA/ecosystem
services literature describe how other nations can
best apply these principles to develop robust
accounts.

Adequate spatial resolution, time series length, &
latency are more likely to be limiting factors in
data-scarce parts of the world.

cover to distinguish ecosystem types, but EU ecosystem extent accounts
discuss paths forward to reporting on ecosystem extent rather than just
land cover (Petersen et al., this issue). Similarly, water accounts re-
ported in this special issue are the first ever for the U.S. (Bagstad et al.,
2020a), while the EU already has systems for integrated and repeated
reporting of water accounts (European Environment Agency, 2013).
Cerilli et al. (2020) also provide a novel example of how the new SEEA
Agriculture, Forestry and Fisheries standard that links System of Na-
tional Accounts, SEEA CF, and SEEA EA can produce a “sustainability

scorecard” for EU crop provision that also includes imports and exports
by nation.

When faced with data limitations, U.S. papers may be more conser-
vative in producing supply and use accounts than their European
counterparts. As a key example, SEEA EA accounts for the EU, Italy, and
the Netherlands produced physical and monetary supply and use tables
for crop pollination (Capriolo et al., 2020, Hein et al., 2020b, Vallecillo
et al., 2020). Their U.S. counterparts, however, produced a series of
biophysical pollination metrics that were left as ecosystem condition
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indicators (Warnell et al., 2020a). The EU has a relatively long history of
systematic national- and supranational-scale mapping and assessment of
ecosystem services in the EU through the MAES initiative (Maes et al.,
2016, Burkhard et al., 2018). This provides a strong foundation of
spatially explicit data for ecosystem service accounts. By contrast,
ecosystem service assessments in the U.S. have more frequently tended
to be conducted at local to sub-national scales. The earlier-stage U.S.
accounts may thus require a more meticulous and conservative
approach to build confidence and buy-in to the SEEA approach among U.
S. scientific and policy communities (see Fig. 2, bottom).

3.1.2. Ecosystem service classification differs in U.S. and EU

Beyond the maturity and completeness of the accounts themselves,
the EU and U.S. special issue papers took different approaches to
ecosystem service classification. The Common International Classifica-
tion of Ecosystem Services (CICES, Haines-Young and Potschin, 2018) is
endorsed by the European Environment Agency while the National
Ecosystem Services Classification System (NESCS, U.S. EPA, 2015,
Newcomer-Johnson et al., 2020) has been developed by the U.S. Envi-
ronmental Protection Agency. CICES is a hierarchical list of ecosystem
services that builds on past ecosystem service typologies while NESCS
classifies services as the combination of an end-product produced by a
specific ecosystem and used by a specific economic entity (NESCS can
thus theoretically produce thousands of possible ecosystem service
combinations). Although different in approach, CICES and NESCS can be
framed as complementary, especially when building on the strengths of
the two classification systems (La Notte and Rhodes, 2020). As an
example of the implications of choice of classification system, “crop
provision” and “timber provision” are treated as services by European
accounts (Hein et al., 2020b, Vallecillo et al., 2020) while NESCS and the
recent SEEA EA revision (United Nations, 2021a) do not consider these
to be services, but treat various ecosystem contributions toward these
economic products as the services.” Where biophysical and monetary
quantification of final ecosystem contributions indicative of NESCS
ecosystem services is not possible due to data limitations, related in-
dicators may still be appropriate for inclusion in ecosystem condition
accounts, i.e., as functional state indicators (Maes et al., 2020a). Warnell
et al. (2020a) provide examples of such indicators related to wild
pollination and water purification, and further discuss these issues in
depth and their implications for future SEEA EA applications.

3.1.3. Methodological choices vary in EU and U.S.

As an internationally developed consensus approach, SEEA’s con-
ceptual and terminological consistencies promote compatibility with the
System of National Accounts and greater comparability of SEEA ac-
counts between nations. SEEA EA accommodated substantial flexibility
in approaches during its “experimental” stage (United Nations et al.,
2014b, United Nations, 2017); its 2021 revision implies a greater degree
of standardization in biophysical accounting while further experimental
work remains to be completed on monetary valuation and asset accounts
(Edens et al., this issue). Depending on resources, data availability, and
the policy priorities accounts seek to inform, countries typically choose
which accounting modules to complete rather than completing them all.
A variety of approaches are used for SEEA, from biophysical models to
“fast-track” methods that use statistical data as proxies and isolate
ecosystem contributions to economic products (Cerilli et al., 2020, Hein
et al., 2020b, Vallecillo et al., 2020). Biophysical models themselves
vary greatly, from country-specific approaches that may be better
known and trusted as a result of past use, to off-the-shelf modeling

4 The EU papers generally acknowledge this point and use modeling to
quantify relevant ecosystem contributions (Vallecillo et al., 2020) but leave
crop and timber production as ecosystem service labels in their supply and use
tables. Croplands and forests of course provide other ecosystem services as well,
which are quantified in supply and use accounts.
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systems with predefined methods and data requirements (e.g.,
Ecosystem Services Mapping Tool, ESTIMAP, Zulian et al., 2013; Inte-
grated Valuation of Ecosystem Services and Tradeoffs, InVEST, Sharp
et al., 2020; Land Utilisation Capability Indicator, LUCI, Jackson et al.,
2013) to systems designed to facilitate the interoperability of multiple
approaches (e.g., Artificial Intelligence for Environment and Sustain-
ability, ARIES, Villa et al., 2014). Houdet et al. (2020), and Ingram et al.
(this issue) both note that the lack of comprehensive data at relevant
spatial and temporal scales is a challenge for businesses’ use of NCA
data. Emissions and materials use are more consistently reported by
companies, but site-scale impacts, e.g., to biodiversity, are not (Houdet
et al., 2020). Houdet et al., thus develop an approach to do so and the
potential for integration with SEEA information.

3.2. Key commonalities between U.S. and EU NCA applications

3.2.1. NCA applications use diverse data sources

Both the U.S. and EU benefit from a mature landscape for scientific
data and models relative to much of the rest of the world. The role of
data in the statistical system is changing from traditional data sources
collected using questionnaires to a greater emphasis on the use of data
from remote sensing platforms, volunteered data, and data generated by
the scientific community and private sector. For instance, the U.S. land
accounts relied heavily on data from a private company, Zillow, which
provided a database of 374 million property transactions to underpin
national-scale land valuation (Wentland et al., 2020). Crowdsourced
data also have a growing role in ecosystem accounts, for example, in the
use of multiple forms of volunteered and social media data in a pilot
study for the Netherlands (Havinga et al., 2020b) and in providing
recreational birdwatching data for ecosystem accounts in the U.S.
Southeast (Warnell et al., 2020a). Finally, the special issue papers that
used modeling rely on Earth observation data, whose content and va-
riety are growing rapidly. Efforts are underway in the EU (Eionet, 2018)
and worldwide (EO4EA, 2020) to better link the Earth observation and
ecosystem accounting communities, supporting ecosystem accounting
through better and more timely data.

3.2.2. Despite data abundance, key gaps exist for U.S. And EU NCA

NCA data gaps remain even in the relatively data-abundant EU and
U.S., though they may be fewer in nations with a long history of col-
lecting environmental statistics, like the Netherlands. For instance,
spatial data on beneficiaries have long been a limiting factor in
ecosystem service assessments and accounting, particularly for under-
standing ecosystem service demand and allowing for the quantification
of flows (Tashie and Ringold, 2019). The U.S. National Land Use Data-
base, produced at 30 m resolution (Theobald, 2014), allows much finer
classification of users in SEEA use tables than most previous accounting
studies have allowed (e.g., Heris et al., 2021; Wentland et al., 2020).
However, it is not produced under the umbrella of a government agency
nor with a well-defined update plan. Institutionally supported products
provide a degree of security to account developers and users that com-
parable needed time series will be available in the future. This increases
the usability of data products, both for practitioners wanting to conduct
time-series analysis, but also for those planning to make decisions
explicitly based on the data who need assurance that data products will
be consistent and updated over time.

3.2.3. NCA can address multiple scales; scale of analysis matters but data
limitations can hinder compilation of accounts at some useful scales
Papers in the special issue illustrate the wide range of spatial scales
over which natural capital accounts may be compiled—from the su-
pranational to the project scale (Table 1). When assessing change for
large entities like the EU and U.S., substantial change may not be visible
at national or supranational scales, but important trends emerge when
results are summarized locally. For instance, Petersen et al. (this issue)
and Wentland et al. (2020) both note relatively little change in EU
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ecosystem extent and U.S. land accounts, respectively, but quantify
meaningful sub-national trends. Similarly, Warnell et al. (2020a), note
limited change in ecosystem condition and services across a nearly 1.4
million km? 10-state region of the U.S. However, they found more rapid,
interconnected changes in land, water, ecosystem, and economic ac-
counts in a fast-growing 29-county region around metropolitan Atlanta,
which more fully show linked trends between the environment and
economy. Additionally, Vallecillo et al. (2020) reported small changes in
EU-level ecosystem service flows, while country-level results show
better-defined trends (Vallecillo et al., 2018 and Vallecillo et al., 2019
report country-level accounting tables).

Data limitations may hinder the development of useful NCA infor-
mation for two scales useful for decision-making—watersheds and
supply chains. The problem of disaggregating statistical data across
biophysical regions like watersheds or ecoregions is a well-known issue
for water accounts (Bagstad et al., 2020a). Although biophysical models
typically produce raster (grid-based) outputs that can be flexibly
aggregated using diverse ecosystem accounting areas, data obtained
through surveys are typically collected for administrative units that may
be difficult to reaggregate to watershed or ecoregional boundaries. In
private-sector NCA, businesses operate at the scale of supply chains,
which are typically international and do not easily map into spatial units
(Hein et al., 2020b, Ingram et al., this issue). By accounting for imports
and exports, Cerilli et al. (2020) illustrate how NCA could better account
for supply chains.

3.2.4. Simple models may be inadequate in the U.S. and EU

The relative abundance of scientific expertise in the EU and U.S.
raises the question of how acceptable simple or generalized models will
be to U.S. and EU scientific and policy communities relative to more
complex (and potentially realistic) approaches. Simple models can be
useful for more rapidly developing pilot accounts that track changes
over time and enable comparison of trends between ecosystem services;
as such, uncalibrated InVEST sediment regulation models were deemed
acceptable in SEEA EA accounts for Rwanda (Republic of Rwanda,
2019). In the U.S., such approaches are unlikely to be considered
adequate given the decades of development of more advanced water
quality models (e.g., Spatially Referenced Regression on Watershed at-
tributes, SPARROW, Schwarz et al., 2006). In more advanced EU cases,
the complexity and accuracy of models differs substantially between
services, from simple to complex (Hein et al., 2020b, Vallecillo et al.,
2020). As a complex model example, the Geospatial Regression Equa-
tion for European Nutrient losses (GREEN) model, which is analogous to
SPARROW, was used for modeling EU nutrient regulation in the SEEA
EA (La Notte et al.,, 2017a). A higher scientific bar for developing
rigorous and policy-relevant accounts in data-abundant environments
poses challenges in nations like the U.S. that are earlier in their SEEA
accounts development. A related issue surrounds the importance of
using “best available” data and models, and is illustrated in the EU by
the simultaneous compilation of supranational- and national-scale ac-
counts, where national-scale accounts may use finer-grained data and
more nuanced methods than supranational accounts (Hein et al.,
2020b). Further assessment of the added value of using simpler versus
more complex models and local versus national, supranational, or global
data will be beneficial in informing future SEEA EA account efforts (e.g.,
Bagstad et al., 2018). Finally, comparisons between different land cover
datasets may be useful to reduce uncertainty in SEEA land cover change
analyses (La Notte et al., 2017b).

3.2.5. Centralized, replicable data and model management strategies are
needed

Since ecosystem accounts need to be recompiled as new data become
available in order to develop continuous time series, viable long-term
data and model management strategies are important. Both the insti-
tutional home of the data and the ability to recompile accounts using the
same methods and models must be consistent. Data harmonization is
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particularly important in supranational accounting for the EU: Regula-
tion (EU) 691/2011 provides a legal framework for a harmonized
collection of comparable data from all EU Member States plus Iceland,
Liechtenstein, and Norway (the European Economic Area). These envi-
ronmental accounts are consistent with the SEEA CF and are structured
in modules. This legislation may be amended in the future with a module
on ecosystem accounts. The U.S. is at an earlier stage of the process, but
recent U.S. urban ecosystem accounts have developed a public code
repository for the underlying models, which can be rerun by a skilled
Python programmer (Heris et al., 2021; the U.S. approach has also been
tested in the EU). The code has been parallelized to support its use across
large geographic areas, and a similar approach is underway in producing
national-scale pollination accounts for the U.S. Input and output data
have also been placed in public repositories (Warnell et al., 2020b). By
contrast, the southeastern U.S. accounts (Warnell et al., 2020a) took a
faster but less replicable approach to accounts development, soliciting
the active participation and data sharing of different modelers for
different ecosystem services. There is no guarantee that when accounts
need to be updated in future years, the various models’ code will be kept
up to date or that all past participants will contribute results in the
future. This “kindness of strangers” approach, where account developers
ask different research groups to contribute results for different
ecosystem service accounts, is appealing for the development of pilot
accounts, but is not likely to be sustainable without official buy-in.

The Mapping and Assessment for Integrated ecosystem Accounting
(MAIA) project (MAIA, 2020) is working with 10 EU countries® to test,
pilot, and mainstream current and innovative approaches for NCA. In its
initial experimental phase, this approach can be useful in identifying the
best modeling options. However, once a reasonably stable knowledge
base is agreed upon (i.e., a set of models that rely on the same group of
variables), the experimental approach should ideally evolve toward
more stable implementation toolkits, with the possibility of longer-term
improvements and enhancements. A recently released SEEA platform
built on ARIES (Villa et al., 2014, United Nations, 2021b) offers a path
toward increased interoperability and reusability of SEEA data and
models, building on the FAIR principles for scientific data (Findable,
Accessible, Interoperable, Reusable; Wilkinson et al., 2016). The ARIES
for SEEA application thus provides a platform for data and model
interoperability that enables the rapid compilation of ecosystem ac-
counts anywhere on Earth while also automating the model custom-
ization process in data-abundant environments (Martinez-Lopez et al.,
2019). This is particularly important in countries where capacity to
develop accounts is limited (Brandon et al., 2021).

3.2.6. NCA benefits from best practices in ecosystem service modeling, but
these practices are not always followed

Four additional methodological considerations are raised by papers
in the special issue. First, uncertainty analyses are useful in SEEA ac-
counts, particularly as statistical offices begin to more widely use geo-
spatial data and biophysical models as critical tools to develop natural
capital accounts. Petersen et al. (this issue) provide thresholds for
considering the uncertainty of land cover and ecosystem change in the
EU, which are useful when considering whether observed land and
ecosystem extent changes represent real trends or data artifacts. Heris
et al., 2021, provide uncertainty estimates for U.S. urban ecosystem
accounts, using error propagation and reporting confidence intervals for
modeled SEEA EA accounts. Second, model customization is particularly
important in quantifying ecosystem services for large, biophysically and
socioeconomically heterogeneous regions like the U.S. and the EU. For
example, Heris et al. (2021) built city-specific multivariate regression
models that underpin urban heat island models for over 700 U.S. cities.
Machine learning is one approach to model customization; it is

5 Countries participating in MAIA include Belgium, Bulgaria, Czechia,
Finland, France, Germany, Greece, the Netherlands, Norway, and Spain.
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increasingly used in ecosystem services modeling (Willcock et al., 2018,
Havinga et al., 2020a) and will likely be useful in future SEEA EA ap-
plications. Third, quantifying the actual or realized use of an ecosystem
service (i.e., actual ecosystem service flows) and reporting it in the
supply and use table still remains a conceptual and methodological
challenge, particularly for regulating ecosystem services (Vallecillo
et al., 2020). Models are needed that better integrate the key drivers of
actual ecosystem service flows, including how much and where eco-
systems produce goods and services that may be useful to society, and
how and where society uses them. Fourth, official statistics can be
combined with other spatial data to produce proxies for SEEA EA ac-
count entries, particularly for provisioning services such as biomass
provisioning (e.g., timber and crops). However, further analysis is
typically needed to quantify ecosystem contributions to timber and crop
production (Vallecillo et al., 2020) in ways that can assess sustainability
of natural capital use (Cerilli et al., 2020).

3.2.7. Spatiotemporal resolution and data latency for accounts are good in
the U.S. and EU, but challenges remain

As relatively data-abundant environments, most U.S. and EU ac-
counts were compiled at relatively high spatial resolution. U.S. accounts
were generally completed at 30 m resolution, reflecting the frequent use
of Landsat-derived data inputs. Some European accounts were
completed at coarser resolution (i.e., 1 km, Capriolo et al., 2020,
Petersen et al., this issue) while some for the Netherlands were devel-
oped at higher resolution (i.e., 10 m, Hein et al., 2020b). The chosen
spatial resolution largely depends on data availability; for instance, the
resolution of accounts developed by Vallecillo et al. (2020) varied when
the modeling approach was driven by statistical data or remote sensing-
derived products. Sensitivity analyses have shown which ecosystem
services and environments require higher resolution to maintain accu-
racy; notable models sensitive to changes in spatial resolution include
hydrologic models and those run in heterogeneous environments like
cities, small farms, and areas of high topographic relief (Bagstad et al.,
2018). In the Netherlands, a small nation with heterogeneous land
cover, high-resolution data have been used in their current and past
ecosystem accounts (Hein et al., 2020b). Similarly, Heris et al. (2021),
quantified the relatively high uncertainty introduced by using 30 m tree
canopy cover data with ecosystem service models in cities; however,
lacking higher-resolution national data, national-scale urban ecosystem
accounts must currently accept this limitation. The recent availability of
free 10-20 m resolution Sentinel data is useful for NCA, but lacks the
historical archives of other data products e.g., from Landsat, Moderate
Resolution Imaging Spectroradiometer (MODIS, NASA, 2020), or the
Copernicus Global Land Service archives (Copernicus Global Land Ser-
vice, 2020)—a tradeoff that will be important for NCA practitioners to
navigate.

In addition, temporal aspects are critical to NCA, including the
length of the time series, latency (time to production in terms of number
of months or years needed to release results for a given year), and
number of years included within each accounting period (e.g., annual or
every five years). Studies in this special issue covered an average of 9.3
years, with coverage as long as 18 years (Petersen et al., this issue) and at
minimum a single year (Capriolo et al., 2020, Cerilli et al., 2020;
Table 1). None of the studies included data from before the year 2000.
Generally, of course, accounts with longer time series, short latency, and
multiple accounting periods are desirable but data availability
frequently constrains one or more of these temporal aspects. Short la-
tency is particularly important when using accounts in decision making,
where having up-to-date information can be critical (i.e., all else being
equal, 2019 data are better than 2015 data for a decision in 2020), and
data must be delivered in time to support decisions being made. This is
particularly true for the ability of the private sector to use NCA data,
given their emphasis on quarterly reporting and strategic planning,
which may align to roughly three- to five-year time scales (Ingram et al.,
this issue).
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Underlying data—whether statistical data for “fast-track” accounts
or modeled data—affect the frequency with which accounts can be
compiled. In some cases, when the change in ecosystem service flows
depends on extraction (e.g., timber and fish provision) or absorption (e.
g., water purification, carbon sequestration, and air filtration), quanti-
fication of annual flows is useful to closely track natural capital trends.
In other cases, when driven by land-use change, accounts can be
measured across intervals longer than one year (particularly in slow-
changing environments or when annual crop rotation cycles would
add unhelpful noise to long-term trends). Similarly, for accounts
dependent on annual weather patterns, it may be useful to use multiyear
weather data or to hold weather data constant between years to isolate
the effects of ecosystem change on service provision (Heris et al., 2021,
Warnell et al., 2020a; varying temporal approaches are explained in
more details in La Notte et al., 2019a). It is valuable in such cases to
understand model sensitivity to different inputs (e.g., weather vs. land
use/land cover).

For European accounts, land use-land cover reference data (i.e.,
Coordination of Information on the Environment, CORINE, Copernicus
Program, 2020) are available every six years (2000, 2006, 2012, 2018),
so if the compilation of accounts is based on CORINE, it will thus
inevitably follow the same temporal sequence. However, ancillary data
used to model ecosystem services do not necessarily match the same
years, and the best correspondence between available years must be
found. For instance, crop distribution data for pollination accounts were
only available for 2004 and 2008 (Vallecillo et al., 2020). In this sense,
integration of different datasets with varying years, thematic purposes,
and spatial resolution is another key challenge. In the U.S., the National
Land Cover Dataset (NLCD) provides time series data on land cover, tree
canopy, and impervious surfaces, and is produced every five years
(2001, 2006, 2011, 2016, Yang et al., 2018), with land cover also
included in interim years (2004, 2008, 2013, 2019). A new USGS
product, LCMAP, now provides annual 30 m U.S. land cover data for the
years 1985-2019 but with fewer land cover classes than NLCD (Brown
et al., 2020). This dataset is worth investigation in future U.S. NCA,
particularly for its ability to provide an annual 30+ year time series.
Similar data latency and gap issues exist for U.S. water-use data, which
have been compiled every five years since 1950, with a several-year gap
before publication (Bagstad et al., 2020a). However, the compilation of
U.S. water accounts helped bring added visibility to this problem,
leading to funding for a new working group tasked with producing
water-use data on a monthly to seasonal basis with minimal latency
(USGS Powell Center, 2020).

4. Conclusions

Papers in the special issue identify key NCA similarities, differences,
and needs for the EU, U.S., and more broadly, including data and sci-
entific needs that may inform future evolution of the SEEA and next-
generation EU and U.S. accounts. While NCA efforts in the EU and U.
S. use distinct data and methods, methodological convergence (while
allowing national-scale flexibility) is a useful long-term goal to facilitate
international comparisons used in, for example, wealth accounts (Lange
et al., 2018, UNEP, 2018) or the EU’s supranational accounts. Addi-
tionally, lessons learned can help to expand the use of NCA elsewhere
(Table 3). Past SEEA EA applications have spanned the developing and
developed world (Hein et al., 2020a). By drawing on growing global
NCA experience, additional nations may be able to apply methods used
in the U.S. and EU, including fast-track statistical approaches and spatial
models as well as emerging approaches like ARIES for SEEA (see Section
3.2.3; United Nations, 2021b).

The U.S. and EU have different NCA needs, which arise in part due to
their different stages of accounts’ development. EU organizations have
been developing accounts for years and have been given mandates to do
so. EU institutions and scientists will consequently continue to expand
the depth, breadth, and temporal coverage of EU accounts. The U.S. is at
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an earlier stage of accounts development but has the data to build many
new accounts, particularly if demonstrated demand exists. NCA demand
will likely increase as accounts are consolidated and clear examples
emerge of how NCA improves policymaking. First-generation U.S. ac-
counts, as well as EU accounts, mention the need to improve their
timeliness, completeness (in terms of both the number of services and
the inclusion of ecosystem condition, physical and monetary supply and
use accounts, and asset accounts, see Section 1), and quality across
various dimensions. The need for wider dissemination of the accounts to
build public awareness and their use in decision making (see Section 2)
is also generally noted in the U.S. accounts papers. SEEA in particular
provides a structured means for answering past calls to more system-
atically quantify the condition of U.S. ecosystems and the services they
provide to society (Heinz Center, 2008, Jackson et al., 2016); EU NCA
efforts have recently enabled such systematic ecosystem assessments for
Europe (Maes et al., 2020b). EU accounts provide novel contributions
including the linkage between SEEA Agriculture, Forestry and Fisheries
accounts and SEEA EA (Cerilli et al., 2020), ecosystem extent accounts
(Petersen et al., this issue), and calculations for estimating ecosystem
service flows and unmet demand (Vallecillo et al., 2020). These analyses
can be conducted on a more widespread level, along with calculations of
additional measurement concepts like capacity, which is recognized as
important but has relatively few worked examples (Hein et al., 2016; La
Notte et al., 2019b). EU accounts also call for improved data (Petersen
et al., this issue; Vallecillo et al., 2020; Cerilli et al., 2020), methods, and
assumptions underlying monetary valuation (Capriolo et al., 2020; Hein
et al., 2020b).

The recent SEEA EA revision process has substantially strengthened
SEEA’s conceptual and theoretical foundation, particularly for
ecosystem extent, condition, and physical supply and use accounts
(Edens et al., this issue, U.N. 2021). However, key methodological and
data gaps remain. For example, none of the papers in this special issue
address ocean NCA, a critical and acknowledged gap (Fenichel et al.,
2020) for which pilot accounts are beginning to be constructed (Global
Ocean Accounts Partnership, 2020). The difficulty of quantifying other
hard-to-measure natural capital assets like groundwater (and the sus-
tainability of its use) at national scales is also acknowledged (Bagstad
et al., 2020a). For private-sector NCA, (Houdet et al., 2020), and Ingram
et al., this issue highlight data needs that, if filled, could help make
private-sector use of national-scale NCA data more rigorous and decision
relevant. Most notably, substantial experimental work remains to be
done to develop NCA-compatible approaches for national-scale mone-
tary valuation (Brown et al., 2021). Although four of the special issue
papers included valuation information (Capriolo et al., 2020; Hein et al.,
2020b; Heris et al., 2021; Vallecillo et al., 2020), data scarcity and
methodological consistency remain significant challenges for valuation
(Brandon et al., 2021).

SEEA accounts notably require partnerships between statistical and
science agencies and ideally close communication with users, in order to
understand and be responsive to user needs in developing decision-
relevant accounts and indicators (Fig. 2). In addition to national-scale
collaborations, various global communities of practice have been crit-
ical to NCA’s growth. These include the World Bank’s Wealth Ac-
counting and Valuation of Ecosystem Services/Global Program on
Sustainability (WAVES/GPS), the U.N. Statistics Division’s coordination
of new technical guidance and standards, and Group on Earth Obser-
vations initiatives like Earth Observation for Ecosystem Accounting
(EO4EA). New applications of the SEEA and the collaborations needed
to build and strengthen these efforts help to grow national and regional
expertise that can benefit SEEA development elsewhere in the world. A
variety of technical solutions are often proposed to improve the ease of
compiling accounts, such as more widespread use of Earth observation,
crowdsourced, and other types of data; machine learning; and cloud-
based platforms to improve data and model interoperability and reuse
(Hein et al., 2020a). All of these will require greater coordination and in
some cases community buy-in, making international communities of
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practice critical for advancing NCA’s development and use.

SEEA EA has inherent limitations related to the scope of valuation
(imposed to ensure compatibility with the System of National Accounts)
and the relative difficulty in handling complexity and uncertainty
inherent in ecological systems (Hein et al., 2020b; Brandon et al., 2021).
While NCA can track trends in stocks of or flows from natural capital
over time for certain regions, accounts are unlikely to provide sufficient
information to tell us how close we are to crossing ecological thresholds
or exceeding planetary boundaries (i.e., Steffen et al., 2015; O’Neill
et al., 2018; IPBES, 2019). Related limitations include (1) the incom-
pleteness of accounts in terms of the number of condition indicators and
services assessed, and the related challenge of comprehensively valuing
ecosystem assets, (2) short time series (no accounts in the special issue
go back earlier than 2000, and the average length of time covered by its
quantitative accounts was 9.3 years), and (3) incompletely quantified
effects of trade through both indirectly traded natural resources (e.g.,
virtual water, D’Odorico et al., 2019) and “offshoring” of environmental
burdens by developed nations (Oleson, 2011, Helm, 2019, Marques
et al.,, 2019, Kleemann et al., 2020). The third limitation is particularly
relevant, given high consumption levels in the U.S. and EU, which can
have significant local environmental impacts on nations exporting to the
U.S. and EU (Fuchs et al., 2020). These impacts are often challenging to
systematically quantify and have to date seen limited treatment using
SEEA EA. Together, these three factors currently limit SEEA’s ability to
comprehensively track sustainability.

When informing decision making, NCA results should be analyzed at
the appropriate scale. Such analyses can best consider the context of
local management practices, societal demands, and future scenarios.
Several papers in this special issue note that while change across large
geographic areas may appear small, local-scale analysis can reveal
important trends (Petersen et al., this issue; Warnell et al., 2020a;
Wentland et al., 2020). Modeled SEEA EA results can typically be
aggregated at various scales, but limitations may exist when dis-
aggregating statistical data reported by administrative divisions across
biophysical boundaries like watersheds (Bagstad et al., 2020a), and in
assessing supply chains in private-sector accounts (Houdet et al., 2020,
Ingram et al., this issue).

The science and practice of NCA has advanced rapidly in the last
decade. While important limitations remain, this special issue shows
how various approaches can improve reporting on natural capital for
public and private sector uses. Collaborations between natural scientists,
economists, and accountants can help to address NCA’s underlying sci-
entific and data challenges, while governmental, NGO, and private-
sector collaboration can advance NCA’s usefulness for decision mak-
ing. All such collaborations improve both the “accounting push” and
“policy pull” for NCA (Vardon et al., 2016). Taken together, such efforts
maximize the opportunity for NCA to live up to its billing—improved
management of both the economy and ecosystems on which humanity
depends (Gleeson-White, 2015).
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