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Abstract

There is a linkage between the condition of ecosystems and the services they provide. In
the accounting framework set by the United Nations System of integrated Environmental
Economic Accounting — Ecosystem Accounts (SEEA EA), two different sets of accounts
assess and monitor ecosystem condition and ecosystem services, respectively. The former
are reported as indicators in an asset account format, while the latter are reported as
supply and use tables. Without a concrete linkage, the two sets of accounts run in parallel:
only an ex-post correlation analysis could confirm (or not) a common path. On the other
hand, a clear linkage could create a sequence that justifies and supports the statement that
any change in ecosystem condition will affect services and, in turn, the benefits provided to
economy and society. Concrete applications undertaken under the project “Integrated
system for Natural Capital Accounts” demonstrate at which stage a direct connection can
occur between ecosystem condition and ecosystem services accounting. The paper starts
with a theoretical background meant to set the basic concepts underlying the transition
from condition to services. Next, the accounting framework for condition accounts is briefly
presented: the specific ecosystem services case studies concern flood control and crop
pollination. In the discussion, a simple proposal is drafted to facilitate a possible procedure
for those practitioners interested in having condition and ES accounts operationally linked.
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Introduction

On the 27 March 2021, the System of Environmental Economic Accounting — Ecosystem
Accounts (SEEA EA) was adopted by the United Nations Statistical Commission (UN 2021,
Edens et al. 2022). Ecosystem accounts provide a structured approach to assessing the
dependence and impacts of economic and human activity on the environment. To achieve
this, the SEEA EA is composed of different modules. Extent and condition accounts can be
compiled in physical terms only. Ecosystem service (ES) supply and use tables can be
compiled in both physical and monetary terms. Ecosystem asset accounts are purely
based on monetary values; however, this section of the SEEA EA is not yet adopted as a
standard.

Ecosystem accounting aims to represent the biophysical environment in terms of
ecosystem assets, which are distinct spatial areas and relatively homogeneous in terms of
their type and condition (UN 2021: 1.27). Extent accounts report the total area of
ecosystem assets belonging to each ecosystem type (ET), such as cropland, forests or
lakes. Condition accounts report data on selected ecosystem characteristics of these
assets and their distance from a reference condition. Extent and condition accounts both
record the biophysical state of the ecosystem assets for specific timelines (e.g. opening
and closing values), thus making possible comparisons over time. ES accounts, on the
other hand, are not purely biophysical, but also monetary and they represent the flow of
services that connects ecosystems to people. In the SEEA EA framework, ES accounts are
structured as supply and use tables. The supply tables report how much of these flows is
provided by ecosystem types, while the use tables allocate these flows to economic units,
such as agriculture, manufacture or households. With ES supply and use tables, the
ecological side interacts with the socio-economic side and thus “enters” into the economic
accounts. Accordingly, ES supply and use is measured in both biophysical and monetary
terms. Finally, the monetary value of ecosystem assets can be estimated in terms of the
net present value of the ecosystem services supplied by the asset (UN 2021: 10.1).

The whole concept of ecosystem accounting relies on the recognition that healthy
ecosystems and biodiversity are fundamental to supporting and sustaining our well-being,
our communities and our economies (UN 2021:1.1). The dependency of societies on
nature, however, has not been taken adequately into account in mainstream socio-
economic decision-making — which sets the context and mandate for SEEA EA.
Accordingly, one of the key purposes of SEEA EA is to provide a clear linkage between the
extent and condition of ecosystems and the ES that they deliver. Although this fundamental
linkage is underpinning the entire logic flow of the SEEA EA, it receives relatively little
attention in the detailed description of the modules (UN 2021). This could be because
capacity accounts, which are meant to link extent, condition and services, have still to be
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developed. It is, indeed, part of the SEEA EA research agenda (ref. UN 2021: p. 349). The
identification and quantification of both ecosystem condition and services is a complex
process, with a lot of technical considerations and expert decisions. In this paper, we
explore how this fundamental link can be efficiently ensured through appropriate
considerations during the technical set-up of SEEA ecosystem accounts. This will be
illustrated using examples from the INCA (Integrated system for Natural Capital
Accounting) project, testing whether and how this linkage can operationally work (Vysna et
al. 2021).

The paper starts with a conceptual background meant to set the basic concepts underlying
the transition from condition to services. Then, the accounting framework of the SEEA EA
is presented, exploring the mechanisms that establish the connection between condition
and ES accounts. Finally, some examples are shown to move from theory to practice and
demonstrate the feasibility of the linkage between condition and service accounts. In the
discussion, a simple proposal is drafted to facilitate a clear procedure for practitioners
interested in having condition and ES accounts operationally linked consistently and based
on ecology.

The theoretical background

The SEEA EA framework shares similarities with several other frameworks for assessing
the contributions of ecosystems to human society, such as the ES cascade framework.
Introduced by Haines-Young and Potschin 2012and massively applied in a variety of
applications (Haines-Young and Potschin-Young 2018, Heink and Jax 2019), the cascade
model links natural systems (as ecological structures and processes generated by
ecosystems) to elements of human well-being (as services and benefits eventually derived
by humans). Typically, ecosystem assets in the SEEA EA framework are linked to the first
steps of the cascade, i.e. biophysical structure and process, but the SEEA EA framework
describes ecosystems as assets having a type, an extent and a condition.

The first two steps of the cascade model are in line with a holistic perspective that
characterises ecosystems, based on the interdependency amongst composition, structure
and functions that maintain the life-support system of the Planet. However, as we move
down the cascade, the holistic perspective connected to ecosystems is gradually replaced
by the reductionist view of individual ES flows. Similarly, there is also a gradient of
complexity along the cascade. Complexity is highest in the first steps ("boxes") of the
cascade framework (ecosystem structure & function), which entail a complex and
hierarchical vertical and horizontal organisation. The level of complexity gradually
decreases towards the right side of the framework, which focuses on individual services
and their associated benefits for humans (La Notte et al. 2017). In fact, the "function box"
acts at ecosystem level and, thus, involves a higher degree of complexity compared to the
"service box", which acts at the level of individual flows. Complex ecosystems with a high
number of components and processes generate a smaller number of ES flows that, in turn,
generate even simpler benefits when assessed from a human-centric perspective (Fig. 1).
This change of complexity needs to be reflected in the outputs of any ecosystem
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assessment or accounting project that intends to create a representation of the studied
system, for policy. For the purpose of the assessment, the transition from the holistic
perspective to the countable list of items of interest takes place in the condition accounts.
To understand this better, we need to consider the different types of “values” that
characterise the cascade model.

human
perception

Figure 1.

The "telescopic cascade": an illustration of the four-step cascade model (La Notte et al. 2017),
where the size of the boxes can be read as proportional to the complexity of the "entities" that
they represent.

The value framework connecting people with nature could be defined by their purpose -
which can be intrinsic or instrumental - and by the worldview perspective - that can be
ecocentric or anthropocentric (Turner 2001). Purpose and worldview have been combined
by Keith et al. (2020) into a two-dimentional space:

. the “ecocentric/intrinsic category” represents the on-going functioning of the
ecosystem, it works at the ecological level without reference to humans;

. the “ecocentric/instrumental category” refers to intra- and inter-ecosystem flows
supporting the provision of ecosystem services. This category reflects
dependencies amongst ecosystem types, but it does not represent a transaction to
the economy and society;

. the “anthropocentric/intrinsic category” includes actions for environmental
protection meant for the collective good and future generations. This category
embeds the attribution of human values to ecosystem services that likely flow to
society;

. the “anthropocentric/instrumental category” concerns the provision of ecosystem
services flows to economy and society.
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In summary, an ecocentric view characterises environmental conservation policies, while
an anthropocentric view focuses on the needs of human beings. Intrinsic and instrumental
perspectives are also covered by the criteria proposed by Czucz et al. (2021b) to select the
ecosystem characteristics and metrics underlying the condition indicators. While
instrumental relevance relies on quantitative links between specific characteristics and ES,
intrinsic relevance builds on an existing scientific understanding of ecosystem integrity and
does not require any linkage with ES. In fact, the intrinsic relevance of an ecosystem
characteristic needs to be based on a good understanding of the ecosystem and of what
makes it function, supported by scientific arguments, but it does not need to be explicitly
and quantitatively linked to ecosystem services (Czucz et al. 2021b). Connected to the
concept of ecosystem integrity, health and resilience, these arguments describe the overall
‘performance’ of an ecosystem in an integrative way (Jax 2010, Keith et al. 2020), i.e. an
holistic concept denoting the ecosystem’s stability, capacity for self-regeneration and
adaptation (Leopold 1989, Keith et al. 2020).

The two-dimensional space of values could overcome this “disconnection” between a
perspective that considers the ecosystem “as a whole” from a perspective that considers
ES “one-by-one”. There are, in fact, some ES (e.g. habitat and species maintenance) that
are based on characteristics and measures that refer to the overall ecosystem functioning
and performance, to which people attribute a value: these features remain intrinsic, but
became anthropocentric because they matter to people.

The cascade model combined with this two-dimensional value space (Fig. 2) can be useful:

. to understand how the ecocentric perspective can play a role in the delivery of
ecosystem services;

. to understand how all anthropocentric values (not only instrumental, but also
intrinsic) should be considered as final services for human beings.

The latter supports the understanding of what can directly enter the socio-economic
dimension; the former supports the understanding of what does not directly enter the socio-
economic dimension, but still plays an important role for it. All this information can be
recorded in the ecosystem condition accounts. In fact, by correctly interpreting the
ecocentric-instrumental dimension, it is possible to find out where and how the linkage
between ecosystem condition and ecosystem services takes place and becomes relevant
(throughout ES) for human needs. Then, anthropocentric values can enter as final
ecosystem services into economy as “instrumental” and in society as both “instrumental”
and “intrinsic”.

In summary, the shift of focus between ecosystem condition and services takes place in
many dimensions:

. from the "holistic" (ecosystem condition) to the "one-by-one" (ecosystem services)
perspective;

. from high complexity (ecosystem as a whole) to a lower complexity (individual
ecosystem services);
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. from the intrinsic (ecosystem) to the instrumental (services) perspective by
considering an anthropocentric point of view.

Biophysical structure

Functions

Services

Benefits

Figure 2.

The two-dimensional value framework combined with the telescopic cascade model.

The accounting framework

In SEEA EA ecosystem condition is defined as the quality of an ecosystem measured in
terms of its abiotic and biotic characteristics (UN 2014, UN 2019, UN 2021). Ecosystem
condition can be measured, based on the biophysical properties that underpin services
(Schroter et al. 2016) and underly the integrity of the whole ecosystem (Keith et al. 2020).
The assessment of ecosystem condition is performed through quantitative indicators,
based on a solid (or robust) scientific understanding of long term ‘average behaviour’ of an
ecosystem. The selection and development of these metrics is implemented in four stages
(Czucz et al. 2021b, Keith et al. 2020):

. in the first stage, the most relevant characteristics of the studied ecosystem types
(ET) are identified and developed into ‘proto-indicators’ with (conceptual) proposals
for data sources and methods/modelling — see Allain et al. 2018);

. in the second stage, some of these proto-indicators (characteristics) are formalised
into concrete, well-documented variables;
. in the third stage, reference levels are determined for each variable and then the

variables are rescaled into dimensionless indicators (sensu Keith et al. (2020))
with the help of these reference levels;

. in the fourth stage, the information content of the indicators is further aggregated in
various ways (spatial, temporal or thematic aggregation) to compute condition
indices.
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The selection of ecosystem condition characteristics and variables happens in the first two
stages and this process largely determines the usefulness of the condition accounts.
Ecosystem characteristics refer to major groups of system properties or components,
encompassing expert perspectives taken to describe the state (or long term ‘average
behaviour’) of an ecosystem. Variables, on the other hand, are concrete quantitative
metrics with precise definitions and measurement instructions, representing the abstract
characteristics as much as possible. SEEA EA (UN 2021: Annex 5.1) provides a set of
criteria to support the identification of characteristics and indicators which balance the
purpose of SEEA EA accounts, the underlying ecological reality and the practical
considerations on data flows and availability. These criteria are explained and discussed
further in detail by Czulcz et al. (2021b). This list includes five conceptual criteria which
support the identification of the most relevant characteristics for each ET and the selection/
development of the most suitable variable for each characteristic is supported by five
practical criteria. As already mentioned, one fundamental link between condition and
services is established by the criterion of “instrumental relevance”, which requests to
prioritise those characteristics which are tightly linked to ecosystem services. In other
words, condition accounts should focus on the characteristics of the ecosystems that
underpin the generation of ES (Czucz et al. 2021b). Characteristics that are relevant for a
high number of ES should be favoured over characteristics that are just loosely linked to
many ES or which are closely linked, but just to a single ES.

There are several further criteria in the list, which are necessary for generating clear and
unambiguous messages to the end users. “Framework conformity”, for example, ensures
alignment between different SEEA EA accounts by excluding condition variables that would
be best placed under ecosystem (extent or) services. In other words, this criterion requires
that characteristics (and variables) concern the state of the ecosystem and not the related
flows. Consistently with the SEEA EA accounting framework, this state can also include
recurrent interactions within and between ecosystems, as well as recurrent interactions
between ecosystems and human society at the timescales of an accounting period.
Conversely, ecosystem characteristics, such as soil type and topography, which are highly
stable in time, are less useful for measuring the condition of ecosystems. This is also
closely related to the “directionality”, which establishes an important filter for prospective
characteristics and variables. Eventually, the condition variables will need to have a simple
normative interpretation to provide messages for policy (e.g. Heink and Kowarik (2010)),
i.e. any change in their values needs to be seen either as an improvement or as a
deterioration. Characteristics and variables that cannot offer a univocal “directional
interpretation” (e.g. overly stable variables, extremely fluctuating variables or variables
describing a complex technical aspect of an ecosystem without any normative meaning),
are not appropriate for condition accounts. A clear and broadly accepted directionality is
also a prerequisite for expert consensus on reference levels in stage 3.

The Ecosystem Condition Typology (ECT) (SEEA ECT, Czucz et al. (2021a)) provides a
harmonised reporting structure for SEEA EA ecosystem condition accounts (Table 1). For
each ecosystem type and ECT class, at least one variable should be selected in a
transparent process (Czucz et al. 2021a). The biotic ecosystem characteristics group
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includes properties that are typically associated with ecosystems and biodiversity and it is
subdivided into three ECT classes according to composition, structure and function (Noss
1990). Compositional state characteristics comprise species data: their presence,
abundance, diversity at a given location and time. Structural state considers properties of
the whole ecosystem or of its main biotic compartments (aggregated as mass, density
etc.). Functional state considers chemical and physical interactions between the
ecosystem compartments in the form of summary statistics (such as frequency and
intensity). The group of landscape-level characteristics can include metrics describing the
integrity at landscape scale (i.e. the 'local' scale) through, for example, diversity,
connectivity or fragmentation.

Table 1.

The SEEA ecosystem condition typology (Czucz et al. 2021a) sets the reporting categories
structuring the SEEA EA ecosystem condition accounts.

Groups Classes Examples
Abiotic ecosystem Physical state Soil structure, impervious surface, water
characteristics availability

Chemical state Soil nutrient concentration, air and water quality
Biotic ecosystem Compositional state Species richness, genetic diversity, presence of
characteristics threatened species

Structural state Vegetation density, habitat structure, food chain

and trophic levels

Functional state Productivity and decomposition processes
Landscape level Landscape and seascape at Connectivity, fragmentation, ecosystem type
characteristics coarse scale mosaics

An analysis of the linkages between condition and services also requires a detailed
analysis of the pathway underpinning the provision of ES. More concretely, ES flows are
generated by the interaction between an ecological side, represented by the so-called “ES
potential” and a socio-economic side, represented by the so-called “ES demand” (La Notte
et al. 2019, Burkhard and Maes 2017; Fig. 3).

Ecosystem condition can only influence ES through the “ecological side” (= ES potential),
so this is the place where condition accounts and ES supply and use table can be
connected. Unfortunately, SEEA EA does not (yet) contain any component (account) that
can directly address ecosystem potential, even though this could be also useful for direct
policy use. Nevertheless, almost all spatial models assessing ES flow follow this “supply-
demand structure”, i.e. they contain a primarily ecological (or bio-physical) component
describing “potential” and a predominantly socio-economic component describing human
“demand”, which are integrated in one of the last steps (Syrbe and Walz 2012, Vallecillo et
al. 2019). The assessment of the ES potential relies on data that should be linked to
ecosystem characteristics and more importantly to condition variables (Fig. 4). This creates
an opportunity for a meaningful and strong linkage between the condition accounts and the
ES supply and use tables (SUT).
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Figure 3.

The conceptual scheme underpinning the assessment of ecosystem services flows.
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ES models reflect and concretise the relationships between the main components of the
accounting framework (ecosystem condition variables, ES potential, ES demand, ES flow). A
general ES model typically consists of two submodels covering "ES potential" and "ES
demand", which then together determine "ES flow" (Fig. 3), which directly feeds into the SUTs.
Condition accounts should (ideally) cover some of the input variables of the submodel for "ES
potential" (not necessarily in the exact format/reslution demanded by the model). Making such
links possible is an important research priority for ES model development, as well as
ecological monitoring programmes.

Fig. 4 illustrates and explains this linkage in detail. Assume that V1, V2 and V3 are
biophysical variables describing the condition of ecosystems. In the condition accounts,
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these variables are further processed into indicators (I1, 12...) using reference levels (R1,
R2....) and then possibly also aggregated into indices (A1). Some of these variables (e.g.
V2) may also feed into the models used for the calculation of ES flows in the SUT. An
effective process to select ecosystem condition variables maximises the
interlinkages between the condition accounts and the ES SUT through their
underlying models. Fig. 4 shows how to establish a direct connection between condition
asset accounts and ES SUT. The linkage occurs more likely at the stage of ecosystem
characteristic and eventually variable (i.e. when variables or input data are selected),
rather than at the stage of condition indicators or aggregation. A careful selection of
ecosystem condition variables ensure their relevance for ES (Czucz et al. 2021b).

Examples of linkages between ecosystem condition and
ecosystem services supply and use table

The first example of linkage between ecosystem condition and ES SUT concerns flood
control (Vallecillo et al. 2020). The ES flood control is defined as the regulation of water
flows by ecosystems that mitigates or prevents potential damage to economic assets (such
as agricultural fields, industrial sites and infrastructure) and human settlements. The
ecological component is represented by ecosystems (in particular, forests, heath and
shrublands, grasslands, wetlands) that reduce run-off by retaining water in the soil and
aquifers and eventually slow down the water flow. These actions prevent the run-off of
surface water.

The “ES potential” is based on the calculation of the run-off curve number (‘curve number’,
CN) and the integration of natural and semi-natural land cover in riparian zones. The CN,
in turn, depends on the scoring for land cover classes, soil type, slope and imperviousness.
In UN (2021) and Maes et al. (2020), soil sealing or impervious surface is reported as an
ecosystem condition indicator describing the reduction of soil natural capacity to infiltrate
water. In Vallecillo et al. (2020), the CN assigned to artificial areas is corrected by the level
of imperviousness, calculated as a percentage of impervious area within each 100 m?
pixel. Additionally, imperviousness is used to calculate the condition indicator and it is a key
input in the biophysical modelling of flood control potential (Fig. 5).

There is a cause-and-effect relationship between condition and ES, as confirmed by the
trend analysis described in Vallecillo et al. (2020). In fact in Europe, between 2006 and
2012, about 30% of the decrease of ES potential is due to an increase in imperviousness;
as a consequence, the ecosystem contribution to control floods by square kilometre of
artificial areas has decreased the value of the service by 0.4%. The decrease in the ES
potential is translated in a decrease of the ecosystem service flow, especially when this
change takes place in areas of demand (as in the case of flood control in artificial areas).

The second example concerns crop pollination service, the potential of which is based on
the suitability of the environment to support wild insect pollinators. A spatial EU-wide
indicator for the pollination potential can be estimated by two complementary approaches
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(e.g. for an application across the EU, see 'here the reference to the INCA report or
paper'):

. an expert-based model (Zulian et al. 2013) assessing the capacity of the
environment to provide food resources and nesting sites for solitary bees and
. a species distribution model predicting bumblebee occurrence, based on species'

sightings (Polce et al. 2013). For this approach, statistics or machine-learning
techniques are used to characterise the ‘quality’ of the environment where species
are recorded: i.e. the relationships between the environmental variables
characterising the species’ sightings (specifically bumblebees in Polce et al. (2013))
are used to predict the environmental suitability across the area of interest.

Ecosystem Ecosystem Reference | Ecosystem condition | Aggregation
characteristics variables level indicators

Abiotic/ Impervious
physical state surface

mpervious

LaiOdRég\Eer fhess E\I:’l:“ Riparian zones
(&)}
S
o | J
s
Q
S
S
-2 Semi-natural
2 Curve LC riparian
)
S Number zones
Ae)
Q

Calculation of flood regulation potential

Figure 5.

Flood control: the linkage between the condition variable and the ecosystem service
biophysical assessment.

Both models are based on land cover, climate data and on the distance to semi-natural
areas and result in a score for each pixel (Polce et al. (2013). The score resulting from the
pixel-based average of the two models is used, in turn, to calculate the ES potential. The
decline of this score generates a decline in the ES potential (Fig. 6), before it interacts with
the ES demand, which is represented by the presence of pollinator-dependent crops. In
UN (2021), species richness remains a key condition indicator for almost all ET and the
crop pollination assessment by Maes et al. (2020) highlighted the importance of suitable
habitats for pollinators, to support agroecosystems (in particular, pollinator-dependent
crops).
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Crop pollination: the linkage between the condition variable and the ecosystem service
biophysical assessment.

Maes et al. (2020) showed, in fact, that a decrease in suitable habitat for wild pollinators
generates an impact on agricultural yield: 51% of the pollinator-dependent crops in the EU
have a pollinator deficit. This information is directly supporting restoration policies that are
meant to reduce pressure on ecosystems and increase pollinators’ suitable habitats.

Discussion and conclusions

What we described in the previous section for flood control and crop pollination is
applicable to all ES. The nine ES assessed and valued during the second phase of the KIP
INCA project may be wused as additional examples (ref. https://ecosystem-
accounts.jrc.ec.europa.eu/).

In fact, for each ecosystem service, it is possible to identify key variables that can also be
in the list of the possible condition indicators (as listed in Table 5.7 of UN 2021). Table 2
reports for the nine ES of INCA the key input variable which drives the change in flows over
time and the corresponding ecosystem condition variable.

Table 2.

Ecosystem services, key variables and ecosystem condition.

Ecosystem services (ref. Key variables of biophysical assessment To be flagged in condition accounts
INCA) (ref. SEEA EA)

Crop provision Share of ecological inputs % organic farming (structural state)
Timber provision Annual increment of biomass % tree cover (structural state)
Crop pollination Wild pollinator occurrences # species richness (compositional

state)
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Ecosystem services (ref.
INCA)

Soil retention

Water purification

Flood control
Carbon sequestration

Habitat and species
maintenance

Nature-based recreation

Key variables of biophysical assessment

Cropping management and conservation
practices factors

Nitrogen inputs

Imperviousness
Carbon uptakes and emissions

Species hotspots

Urban green infrastructures

To be flagged in condition accounts
(ref. SEEA EA)

% vegetation cover
(structural state)

ug/m? nitrogen concentration (chemical
state)

% soil sealed per area (physical state)
% tree cover (structural state)

# presence of top predator species
(functional state)

% urban green (structural state)

If a set of ecosystem condition variables has to be established at continental, national or
local level, it may be useful to flag the variables that are also critical input for ES modelling.
In this case, a cause-and-effect relationship exists: when the variable changes in the
condition account, it also changes in the ES SUT. This is the case when selected variables
have the dual purpose of feeding condition and service accounts.

When ecosystem condition variables differ from critical input of ES modelling, then the two
set of accounts (i.e. condition accounts and ES SUT) run in parallel without any connection
to each other. This is the case when variables are selected independently and only an ex-
post correlation analysis can measure whether the two assessments have a similar trend.
Moreover, in this case, there would be no trackable linkage with the socio-economic
component and eventually policy-making.

The best strategy would be to create as much as possible a cause-and-effect relationship
that starts from ecosystems and continues towards services and economic units. However,
this issue remains open to further applications and discussions.

A critical element that could facilitate the linkage between ecosystem condition and
services accounts is the 'capacity account', which is not fully developed in the SEEA EA,
but is high on the research agenda (UN 2021). In fact, ecosystem condition affects ES
potential and ES potential is strictly related to the capacity of providing services. As we
know from a number of ES accounts (Vallecillo et al. 2019), there is not a unique way to
assess ES potential (i.e. the ecological supply). Thus, to consider the linkage between
condition and services, it may be useful to develop capacity accounts and embed them in a
coherent framework.
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