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papers are analysed.
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based on the types of integration.

• There appears no full integration of the
methodologies.

• A harmonized framework for integration
needs to be developed.
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Nowadays, a variety of methodologies are available to assess local, regional and global impacts of human activities on
ecosystems, which include Life Cycle Assessment (LCA), Environmental Risk Assessment (ERA) and Ecosystem Ser-
vices Assessment (ESA). However, none can individually assess both the positive and negative impacts of human activ-
ities at different geographical scales in a comprehensive manner. In order to overcome the shortcomings of each
methodology and develop more holistic assessments, the integration of these methodologies is essential. Several stud-
ies have attempted to integrate these methodologies either conceptually or through applied case studies. To under-
stand why, how and to what extent these methodologies have been integrated, a total of 110 relevant publications
were reviewed. The analysis of the case studies showed that the integration can occur at different positions along
the cause-effect chain and from this, a classification scheme was proposed to characterize the different integration ap-
proaches. Three categories of integration are distinguished: post-analysis, integration through the combination of re-
sults, and integration through the complementation of a drivingmethod. The literature reviewhighlights that themost
recurrent type of integration is the latter. While the integration through the complementation of a driving method is
more realistic and accurate compared to the other two categories, its development is more complex and a higher
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data requirement could be needed. In addition to this, there is always the risk of double-counting for all the ap-
proaches. None of the integration approaches can be categorized as a full integration, but this is not necessarily needed
to have a comprehensive assessment. The most essential aspect is to select the appropriate components from each
methodology that can cover both the environmental and socioeconomic costs and benefits of human activities on
the ecosystems.
Risk assessment
Multifunctional use
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1. Introduction

Today, human activities have been increasing and diversifying across
the world, which has led to amultifunctional use of our landscapes and sea-
scapes. This multifunctionality comes hand in hand with the challenge to
guarantee a sustainable use and management of our natural resources for
economic growth while preserving healthy terrestrial and aquatic ecosys-
tems (Lee et al., 2020; Wu, 2013). The United Nations (UN) estimates
that 20% of the Earth's total land area has been degraded just between
2000 and 2015 (United Nations, 2020). Meanwhile, about 59% of our
oceans are experiencing cumulative impacts from a variety of stressors
such as climate change, overexploitation of resources, pollution and ship-
ping (Halpern et al., 2019). The degradation of both terrestrial and aquatic
ecosystems threatens the well-being of 3.2 billion people (United Nations,
2020).

Different decision-support tools have been developed to assess the mag-
nitude and importance of the impacts caused by human activities on ecosys-
tems, such as Life Cycle Assessment (LCA), Risk Assessment (RA) and
Ecosystem Services Assessment (ESA). LCA is a process-oriented methodol-
ogy that assesses the potential environmental impacts that a good or service
has on natural resources, ecosystemhealth and human health over its entire
or partial life cycle (i.e. raw material extraction, manufacturing and
2

processing, transportation, usage and end of life). The first studies of LCA
date back to the late 1960s and 1970s (Guinée et al., 2011) but it was not
only until the decade 1990–2000 that the methodology was framed by in-
ternational standards, leading to a higher acceptance by the scientific com-
munity (Guinée et al., 2011). On the other hand, RA is a broad procedure
studying andmanaging the risks of specific activities (e.g. fossil fuel extrac-
tion, financial investment) or events (e.g. natural disaster). The ideas and
principles of RA, as known today, have been developed in the 1970s and
1980s (Aven, 2016). Environmental Risk Assessment (ERA) is a more spe-
cific process within RA that aims to identify, analyse and evaluate potential
environmental risks resulting from human activities that can cause harm to
humans (Human Health ERA) and/or ecological receptors (Ecological
ERA).

ESA is an ecosystem-oriented methodology that assesses the contribu-
tions of ecosystems to human well-being through the delivery of ecosystem
services (ES). Moreover, the methodology highlights the trade-offs and syn-
ergies that can occur between ES when a human activity takes place within
an ecosystem. The concept of ES has its origins in the 1970s (Gómez-
Baggethun et al., 2010). Later, in the 1990s, ES have been defined as“flows
of materials, energy, and information from natural capital stocks which combine
with manufactured and human capital services to produce human welfare”
(Costanza et al., 1997). The mainstreaming of ES into literature began in
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the 1990s (Costanza et al., 1997; Costanza and Daly, 1992; de Groot, 1992;
Daily, 1997) and gained recognition in the policy-making context with the
publication of the UN's Millennium Ecosystem Assessment (MEA) in 2005
(MEA, 2005). The MEA encouraged the development of some of the first
frameworks where ES are assessed to support decision-making in the con-
text of land and water use by humans (Cowling et al., 2008; Daily et al.,
2009; de Groot et al., 2010a). Despite the vast research and knowledge
about ES, compared to LCA and ERA, ESA is a rather young field that re-
quires further standardization and guidance for planning and decision-
making (Hauck et al., 2013; Häyhä and Franzese, 2014; Rosenthal et al.,
2015).

The LCA, ERA and ESA methodologies have their own individual
advantages but also present shortcomings when it comes to assessing envi-
ronmental impacts on ecosystems. So far, a methodology that comprehen-
sively assesses both positive and negative impacts from human activities
at different geographical scales (from local to global) is still lacking. More
specifically, such amethodologywould be beneficial to address the impacts
resulting from themultifunctional use of terrestrial and aquatic ecosystems.
However, efforts have been made to integrate the above-mentioned con-
cepts (i.e. LCA, ERA, ESA), mainly with the purpose to broaden the scope
of a study (e.g. Liu et al., 2012; Liu and Bakshi, 2019), to assess impacts
which are usually not taken into account in one of the methodologies
(e.g. Blanco et al., 2018; Crenna et al., 2020; Galic et al., 2019), to combine
and/or interpret the results using different perspectives (e.g. Barberio et al.,
2014; Briones-Hidrovo et al., 2020; Culhane et al., 2019) and to improve or
optimize a methodology by adding and/or complementing it with features
of another one (e.g. Csiszar et al., 2016; Deacon et al., 2015; Othoniel et al.,
2019).

This paper aims to provide insight into the state-of-the-art of LCA, ERA
and ES integration (i.e. the way it has been conceptualized and/or opera-
tionalized through case studies) in order to contribute to the development
of a holistic methodology assessing the sustainability of human activities.
We aim to understand how and to what extent these methodologies have
been integrated and what are the existing gaps limiting the integration.
The identification of these aspects are necessary to conduct further research
on comprehensive sustainability assessments. Based on the literature re-
view carried out, we aim to develop a classification system that distin-
guishes between types of integration in order to provide a clear overview
of integration possibilities. Several papers on integration of LCA and ERA
have identified and described different classification categories
(Flemström et al., 2004; Harder et al., 2015; Kobayashi et al., 2015b;
Muazu et al., 2021).), however, this is entirely lacking for LCA-ES and ES-
ERA publications. The aim of this paper is not to prioritize a certain integra-
tion approach, but rather to be transparent about the pros and cons of each
Fig. 1. Frameworks for LCA, RA and ES. (a) LCA framework based on ISO (2006), (b) E
(2015) and Burkhard et al. (2018). .
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way of integration and to describe the different levels of integration of
steps/components of LCA, ESA and ERA methodologies holistically. The
proposed classification system could be used in further studies to help iden-
tify integration approaches and develop new frameworks for comprehen-
sive sustainability assessment studies.

2. Overview of the general methodological frameworks

2.1. The methodological approaches: commonalities and differences

Fig. 1 illustrates the frameworks of LCA, ERA and ESA to conduct an im-
pact assessment. All of the frameworks start by defining the goal and scope
of the assessment and then followed by the data collection step (i.e., data
inventory in LCA, problem formulation in ERA and data collection and sce-
nario development in ESA)(Fig. 1). Subsequently, the impacts are evaluated
using quantitative and qualitativemethods, the results interpreted and then
communicated to stakeholders, decision-makers and/or project managers.
Conducting an LCA, ERA or ESA is an iterative process, which means that
phases in the framework can be revised (Fig. 1). Amore exhaustive descrip-
tion of other features of LCA, ERA and ESA (i.e. description of their frame-
works and the quantitative/qualitative methods used) are found in the
Supplementary Material - Annex B (SM-B).

2.1.1. Life cycle assessment
The modelling of the environmental impacts in LCA relies on cause-

effect pathways that link specific environmental stressors caused by
human activities (such as the generation of emissions in the air, water or
soil, waste generation, the extraction of a natural resources and/or the oc-
cupation of a landscape or seascape) with one or multiple potential effects
on the environment (Fig. 2a). These effects are classified into defined im-
pact categories at the midpoint and/or endpoint (damage) level along the
cause-effect chain (Fig. 2a). Several quantitative life cycle impact assess-
ment methods (LCIA) methods exist to quantify a broad number of impact
categories. For example, the ReCiPe 2016 method (Huijbregts et al., 2017)
has 17midpoint categories in total (e.g. global warming, land use, freshwa-
ter ecotoxicity). The LCIA methods use characterization factors (CFs) as
unit convertors, i.e. to transform inventory flows into the common unit of
the impact category indicator (ISO, 2006). These impact categories are re-
lated to overarching endpoints, termed Areas of Protection (AoPs); these
are the entities that need to be safeguarded. The most used AoPs in LCA
are human health, ecosystem health and natural resources. However,
other AoPs have been identified such as the man-made environment (de
Haes et al., 1999) or human prosperity/welfare and human well-being
(Dewulf et al., 2015; Taelman et al., 2020). On top, in some cases, it is
RA framework based on EPA (1998), (c) ESA framework based on Rosenthal et al.



Fig. 2. Representation of the cause-effect chain modelling in (a) LCA, (b) ERA and (c) ESA. The yellow, green and blue boxes encompass the components of a socio-economic
system, the components of a natural system and the entities that need to be protected respectively. The grey shadings at the end of the cause-effect chains represent the
elements that are not always assessed in LCA, ERA and ESA. The grey box at the start of the cause-effect chain of ESA depicts its heterogeneity. The causes in ESA do not
always start with human activity's effect on biophysical structures and processes, but it can also start from a change within a biophysical structure and process non-related
with a human intervention.
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possible to aggregate the impacts into a single score to evaluate the overall
environmental costs and benefits (e.g. in terms of monetary values)
(Manfredi et al., 2012).

2.1.2. Environmental risk assessment
Environmental Risk Assessment (ERA) is a spatially-explicit methodol-

ogy that examines the risks posed by human activities or interventions on
human health and ecological receptors such as animals, plants or an entire
ecosystem. While Human Health ERA estimates the likelihood of adverse
health effects when humans are exposed to harmful agents present in the
air, soil or water (EPA, 2016a), Ecological ERA focuses on the probability
that adverse ecological effects may occur when ecological receptors are ex-
posed to one or more chemical (e.g. toxic metals, pesticides), biological
(e.g. invasive species) or physical (e.g. climate change, land-use change)
stressors (Fairman et al., 1998; EPA, 2016b).

In Fig. 2b, the cause-effect pathway in ERA is illustrated. It starts by
identifying a specific physical, biological and/or chemical stressor caused
by one or more human activities. This stressor can reach the receptor
(human or ecological entity) via different pathways such as air, water
and/or soil. After this, the receptor will be exposed to the stressor and the
consequence of this exposure will depend on its duration, frequency and
magnitude. The impact(s) of the stressor(s) are expressed in terms of the
risk(s) to the receptors and their attributes. In ERA, the concept of Protec-
tion Goals is used instead of AoP, as considered in LCA. These are usually
broad and determined by a specific regulatory system (e.g. at country
level) (Garcia-Alonso and Raybould, 2014; Romeis et al., 2011). On the
other hand, the Specific Protection Goals (SPGs) are the ‘endpoints’ in an
ERA (EFSA Scientific Committee, 2016). However, there is a noticeable
4

difference in the concept of ‘endpoint’ in LCA and ERA. In the former,
an endpoint is a group of indicators that express the impact of a product/
service at damage level (end of the cause-effect chain), while in ERA,
as mentioned previously, the endpoint is the receptor(s) to be protected
(i.e. ecological entities and their attributes). The impacts could also be ag-
gregated into a single score to evaluate the aggregated or cumulative risk.

2.1.3. Ecosystem services assessment
ESA is a methodology designed to give a better understanding of the

ecosystems and their functions, how we value them and how they contrib-
ute to human well-being. Various frameworks have been developed to un-
derstand the links and interactions between the ecosystems and human
well-being (Costanza et al., 2017; de Groot et al., 2010b; Haines-Young
and Potschin, 2010; Potschin-Young et al., 2018). The ES cascade frame-
work proposed by Haines-Young and Potschin (2010) has been widely
adopted as a conceptual model that guides the way on how to assess ES
(Potschin-Young et al., 2018). However, the cause-effect pathway in an
ESA is heterogeneous compared with LCA and ES, when it comes to defin-
ing the cause of the impact. On the one hand, there is a human activity or
intervention that will directly affect biophysical structures and processes
(Fig. 2c). An example of this are studies that assess the effect of land-use
changes on ES under different scenarios (e.g. Förster et al., 2015). On the
other hand, the pathway can start only with changes (δ) on a biophysical
structure (Fig. 2c). For example, a study assessed how the recovery of a
sea otter population could trigger changes in a kelp ecosystem and the pro-
duction of ES (Gregr et al., 2020).

Fig. 2c illustrates how the changes of these structures or processes will
lead to changes in the ecosystem functions and hence, also on the supply
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of ES. The latter has a direct impact on human well-being and the ES is val-
ued at the end of the cause-effect chain. In ESA, the main endpoints of the
assessment are the ES values, which will determine the level of protection
needed for one or more ES. These ES values can be expressed andmeasured
inmonetary terms (Christie et al., 2012). Nonetheless, this value not always
can be readily expressed throughmonetary valuation due to the complexity
of ES and their interactions with humans. In such cases, the use of non-
monetary valuation (e.g. ecological valuation by emergy) is required
(Christie et al., 2012; Yang et al., 2018). It is important to mention that
the change in ES values are usually obtained by comparing the ES values be-
tween different development scenarios in a study area. For example, com-
paring a past “pristine” environment scenario or a present reference
scenario with future alternative scenarios using different management
strategies related to one or more human activities (Carpenter et al., 2006;
Rosenthal et al., 2015).

2.1.4. Towards a harmonized representation of the phases of an impact assess-
ment for ecosystems

Weanalysed the frameworks and cause-effects chains of eachmethodol-
ogy and from this developed a harmonized representation of the phases and
cause-effect chains required to assess the impacts on ecosystems due to
human activities (Fig. 3). This representation considers the commonalities
and differences of the cause-effect chain between LCA, ERA and ESA.

2.1.4.1. Scoping-System Analysis phases. The first phase consists of defining
the goals and scope of the assessment. In this step, three key aspects are
clarified: (i) what is (are) the problem (s) with human activities and the pur-
pose of the study (e.g. human interventions, pressures to the natural envi-
ronment), (ii) which components of the socio-economic and natural
system are relevant and how will the impact on these be assessed and (iii)
which are the system boundaries of the system in terms of the spatial and
temporal scale.

The second phase focuses on analysing and describing the systemand its
components (this depends on the boundaries previously established). Also,
the direct and indirect interactions/relationships of components between
and within the socio-economic (e.g. emission from a human activity) and
the natural system (e.g. a wetland) in past, current or future scenarios are
identified and described. This phase also involves the collection of primary
and secondary data and the analysis of the data quality.

2.1.4.2. Impact Analysis phase. The third phase analyses the changes (δ) in
the natural system (due to its interaction with the socio-economic system)
Fig. 3. Harmonized representation of the phases and cause-effect chain that a
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and how this impacts the protection goals. For this purpose, the cause-
effect chain needs to be described and modelled using qualitative and/or
quantitative methods. Once the changes in the system are identified, an
analysis of their total impact (Δ) on the protection goals (which can be
socio-economically or naturally oriented) (previously defined) is done. Spe-
cific examples of such goals are the protection of natural resources, ecosys-
tem health, human health and well-being, prosperity and welfare. These
total impacts (Δ) can be further aggregated into single scores in order to de-
termine the environmental costs and benefits of human activities.

2.1.4.3. Interpretation and Communication phases. The aim of the fourth
phase is to interpret and synthesize the results in a way that they can be eas-
ily communicated and understood by the decision-makers and stake-
holders. The main questions to be answered in this step are: (i) which are
the most relevant impacts and what components are mostly affected, (ii)
which are the trade-offs and synergies, (iii) how sensitive is the study to
changes in variables and/or parameters and what are the uncertainties,
(iv) how complete and transparent is the study performed and (v) what
are the main conclusions and limitations of the assessment. While answer-
ing these questions, previous phases might need to be revisited and modi-
fied as new information and additional questions emerge.

Finally, the fifth phase is where results are communicated to the parties
involved in the assessment (e.g. project managers, stakeholders, companies'
representatives, government authorities). These parties will participate in a
discussion to evaluate the results and to provide feedback on how the as-
sessment was conducted in order to make changes in the previous phases
(only if needed). Based on the results of the assessment, they also take ac-
tions and implement their decisions.

2.2. The strengths and weaknesses of the methodological approaches

In this section we highlight and describe some of the most pronounced
strengths and weaknesses of LCA, ERA and ESA that may help answer the
question of why there should be an integration. Table 1 summarizes this
section and a detailed description of the main advantages and limitations
for each methodology can be found in SM-B.

LCA is a quantitative methodology characterized by having a high reso-
lution when looking at the human activity (i.e. products, processes and
technologies) (Bjørn et al., 2017; Taelman et al., 2018) (Table 1). Nonethe-
less, LCA can assess multiple effects of several stressors at a global scale and
throughout an entire life cycle of a product or process (Muazu et al., 2021;
Taelman et al., 2018; Tsang et al., 2017) (Fig. 2a). Though LCA considers
re required to assess the impacts on ecosystems due to human activities.



Table 1
Characteristics of the methodologies: Life Cycle Assessment (LCA), Environmental
Risk Assessment (ERA) and Ecosystem Services Assessment (ESA) + (Strength)
+/− (Needs further development) − (Weakness); NP (Not Present).

Characteristic LCA ERA ESA

Spatial scale
Human activity Site-specific Site-specific Site-specific/Sometimes

the human activity is not
defined

Cause-effect chain (Impacts)
Global + − −
Regional +/− +/− +
Local +/− + +

Temporal Scale
Time-frames
(baseline vs.
future)

+/− + +

Static models + + +
Dynamic models − +/− +/−

Cause-effect pathway
Type Process-oriented Receptor-oriented Ecosystem-oriented
Well-defined
human activity

+ + +/−

Multiple stressors + +/− +/−
Multiple
cause-effect
impact
pathways

+ − −

Linear causality + + +/−
Positive effects of
human
activities

+/− +/− +/−

Type of approaches
Qualitative NP + +
Semi-quantitative NP + +
Quantitative + +/− +/− (not all ES can be

quantified)

Aggregation
Midpoints + NP NP
Midpoints →
Endpoints

+ +/− +/−

Endpoints →
Single scores

+/− +/− +/−
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multiple impact pathways, it can only quantify potential impacts and not
actual ones because CFs are limited in spatial resolution (Hu, 2018;
Lueddeckens et al., 2020; Muazu et al., 2021; Tsang et al., 2017).

Meanwhile, ERA and ESA can look at effects at a finer resolution. By
ERA being a receptor-based methodology and focusing on local impacts,
it makes the methodology have limitations when assessing global impacts
but also, assessing cumulative impacts due from multiple stressors (given
that, in some cases, it cannot link the stressor with the human or ecological
receptor and that it rather relies on semi-quantitative methods) (Goussen
et al., 2016;Muazu et al., 2021; Simmons et al., 2017;Taelman et al., 2018).

ESA relies on both qualitative and quantitative methods to capture the
changes within an ecosystem across space and time, as well as the supply
and demand of ES; the latter depending on socio-economic systems (e.g.
from local communities to nations) (Grêt-Regamey et al., 2017; Harrison
et al., 2018; Hein et al., 2006). By being a benefit-oriented methodology
(Baker et al., 2013; Van der Biest et al., 2020), the cause-effect chain of
ESA links the transformation of the components of an ecosystem to changes
in ES supply, flows, demand, benefits and value (i.e. provisioning, regulat-
ing and cultural ES) (Potschin-Young et al., 2018). This is something that
LCA and ERA cannot assess by themselves because they are mainly
impact-oriented methodologies. However, given that ESA is an
ecosystem-based approach and that the cause is not necessarily a human ac-
tivity (Potschin-Young et al., 2018) (Fig. 2c and Table 1), this methodology
alone cannot quantify the impacts of human activities on ES and their ben-
efits to human well-being at different scales without relying on impact
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assessment methodologies such as LCA and ERA (Häyhä and Franzese,
2014). Besides this, there are still existing quantification gaps on certain
ES (Boerema et al., 2017).

Despite aggregation being useful in LCA and ESA to help simplify the
communication of the results, to identify trade-offs among different alterna-
tives and to inform policy makers, it has been considered a controversial
step in both methodologies (Buckwell et al., 2018; Kalbar et al., 2017;
Prado et al., 2020). LCA has been criticized because of its subjectivity in
the normalization or its weighting methods and the risk of misinterpreta-
tion or overinterpretation of results (Kalbar et al., 2017; Prado et al.,
2020; Reap et al., 2008), while aggregation through monetary valuation
and commodification of ecosystems in ESA are controversial and heavily
criticized for ethical reasons (Sullivan, 2009; Sullivan and Hannis, 2017).
Also, the aggregation of ES into a single value is challenging due to the var-
iation of ES across multiple scales (Meyerson et al., 2005; Small et al.,
2017). In ERA, impacts caused by multiple stressors (via various pathways)
to one ormore receptors can be assessed by aggregated or cumulative expo-
sure assessments in ERA (EPA, 2003) (Table 1). Though aggregate or cumu-
lative risk assessments allow one to see the relative contribution of the
stressors, exposure pathways and sources in the overall impact (Lentz
et al., 2015), these type of assessments can be limited due to their complex-
ity and by assuming that the effect of the stressors can be additive (Holsman
et al., 2017; Stelzenmüller et al., 2018).

3. State-of-the-art of the level of integration of LCA, ESA and ERA

3.1. Literature research approach

A review was conducted to identify the various approaches in which
LCA, ESA and ERA have been integrated in previous studies. Fig. 4 outlines
the methodology followed for searching, selecting and reviewing the liter-
ature studies.

The Web of Science was the main search engine for selecting the litera-
ture and Google Scholar was used to look for additional scientific papers or
grey literature that were not captured by Web of Science. Literature pub-
lished between 2010 and 2021 was searched and selected. In total, the
number of publications obtained from both search engines was 1204. A
paper was considered relevant if its title explicitly mentioned two or three
methodologies with words implying an integration (e.g. “integrated frame-
work”, “accounting”, “combining”, “coupling”, “linking”, “introducing”,
“comprehensive assessment”). For this reason, a first screening of the titles
was conducted reducing the publications to 138. We did not find relevant
papers that considered or attempted the integration of all three concepts si-
multaneously (LCA, ERA and ES). After this, a second screeningwas done to
guarantee that the aim of the selected literature truly focused on the inte-
gration of LCA, ES and ERA. From those papers, 94 were retained and we
searched in some of their reference lists for papers that did not appear
using our literature search approach. In total, 25 new papers were obtained
from the screening of the reference lists, fromwhich 16 papers were further
considered. In total 110 relevant scientific papers (42 of LCA-ES, 34 of LCA-
ERA and 34 of ES-ERA) were selected to analyse their main characteristics
and content.

For the analysis, six criteria were selected (Fig. 4), which represent as-
pects that were considered most important for understanding the goal
and scope of the publications, how the integration was carried out and
also the shortcomings of the approaches (Section 3.2). Finally, an in-
depth analysis was performed, focused only on the types of integration.
This analysis only considered the peer-reviewed papers with case studies.
The publications that only considered the integration at a conceptual
levelwere not included because there is no actual application of the integra-
tion methodology and therefore the practical integration potential could be
questioned. In total 59 publications were considered for the in-depth anal-
ysis (Fig. 4).

A detailed description of the literature review procedure and the list of
selected literature with its content description can be found in the Supple-
mentary Material - Annex A (SM-A).



Fig. 4. Approach for conducting the search and analysis of the literature.
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3.2. Characteristics of the papers

The following section summarizes the main findings from the analysis
of the 110 papers reviewed; based on the criteria presented in Fig. 4.
These findings were clustered in three groups: LCA-ES, ES-ERA and LCA-
ERA. This section will mainly focus on describing the integration ap-
proaches and its limitations for each cluster, however a detailed description
of the findings for the other criteria can be found in SM-A and SM-B.We de-
scribe in a generic way the methods conceptualized and/or used to inte-
grate the methodologies. More details and specific examples of the
integration methodologies used in the papers can be found in the SM-A
and SM-B.

3.2.1. Group 1: LCA -ES

3.2.1.1. Integration methods. Several integration approaches were observed
in the literature belonging to the LCA-ES group. Most of the papers focused
on incorporating ES as an additional impact pathway to traditional path-
ways in LCA and develop spatially-differentiated midpoint and endpoint
CFs following the UNEnvironment Programme and Society of Environmen-
tal Toxicology and Chemistry (UNEP-SETAC) guidelines (Brandão andMilà
i Canals, 2013; Cao et al., 2015; Koellner et al., 2013; Müller-Wenk and
Brandão, 2010; Muñoz et al., 2014; Saad et al., 2013). Other papers did
not follow these guidelines (e.g. Arbault et al., 2014; Blanco et al., 2018;
Bos et al., 2016; Jeswani et al., 2018; Liu et al., 2017; Núñez et al., 2013;
Othoniel et al., 2019; Rugani et al., 2013; van Zelm et al., 2018; Zhang
et al., 2010a, 2010b).

At a conceptual level, different papers suggested rethinking the AoPs in
LCA to include ES as a distinct AoP (Callesen, 2016; Dewulf et al., 2015;
Koellner et al., 2013), as well as human well-being (Schaubroeck and
Rugani, 2017). Other approaches focused on modifying the LCI (life cycle
inventory) by using allocation as a way to integrate ES into LCA (Boone
et al., 2019; Bragaglio et al., 2020) or by using ES tools to replace or add
new data to the LCI (Chaplin-Kramer et al., 2017). Some papers expanded
the system boundaries of LCA to account for the supply and demand of ES
(Bakshi et al., 2015; Liu et al., 2017, 2018a, 2018b, 2019, 2020; Liu and
Bakshi, 2019) or to integrate the industrial environment and natural envi-
ronment (Schaubroeck et al., 2013). Moreover, some approaches suggested
the integration of the cascade framework into LCA both conceptually (Maia
de Souza et al., 2018; Pavan and Ometto, 2018; Rugani et al., 2019) and
with applied case studies (Liu et al., 2020; Othoniel et al., 2019).

Other approaches proposed (1) using the LCI as an input for a bio-
economic model of ES (Bruel et al., 2016), (2) including ES in the ReCiPe
2016 based on an ES monetary valuation analysis (Alejandre et al., 2019),
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(3) using the LCA outputs to obtain the value of an ES (Xue et al., 2014),
(4) analysing the ecological fund flows based on the results from the LCA
(Morales et al., 2020) and, (5) using integrated earth systemmodels to con-
duct comprehensive sustainability assessments (Schaubroeck, 2018).While
most papers proposed or attempted to integrate parts of both LCA and ERA
methodologies, two papers conducted LCA and ES assessments indepen-
dently (Briones-Hidrovo et al., 2020; Viglia et al., 2013).

3.2.1.2. Limitations.One recurrent limitation in the LCA-ES group is the dif-
ficulty in harmonizing the different spatial and temporal resolutions of ES
into LCA (Maia de Souza et al., 2018; Othoniel et al., 2016; Pavan and
Ometto, 2018; Rugani et al., 2019). Also the accounting of multiple scales
of the socio-economic system that benefits from these services remains a
challenge (Liu et al., 2020; Othoniel et al., 2016). In addition to this, the in-
terconnections and feedback between different impact pathways and ES
cannot be fully captured in LCA (Blanco et al., 2018; Briones-Hidrovo
et al., 2020; Pavan and Ometto, 2018). Moreover, Bakshi et al. (2015)
and Zhang et al. (2010a) point out that there could be bias towards the in-
clusions of provisioning ES in LCA because the quantification of the supply
and demand of regulating and cultural ES is less straightforward and more
challenging. Zhang et al. (2010a) and Bakshi and Small (2011) also
pinpointed the difficulty to find appropriate aggregation metrics for ES,
which can lead to services being ignored because they cannot be aggregated
under the same unit. The commonly used aggregation metric for ES is their
value expressed in monetary terms, yet several papers did not monetize ES
due to concerns about under- or over-estimations of value (Cao et al.,
2015).

Another important drawback is that some of the methods proposed can-
not be operationalized in available LCA software (Arbault et al., 2014; Liu
et al., 2017, 2018a, 2018b; Núñez et al., 2013; Othoniel et al., 2019;
Rugani et al., 2019). Besides these challenges, some authors identified the
risk of overlap and double-counting when establishing ES as impact catego-
ries (Blanco et al., 2018; Briones-Hidrovo et al., 2020; Callesen, 2016;
Rugani et al., 2019). Some papers encountered problems with the reliabil-
ity of ES indicators (Jeswani et al., 2018), the availability of data
(Alejandre et al., 2019; Liu et al., 2017, 2018a, 2018b; Zhang et al.,
2010a) and the uncertainty of the methods (Bruel et al., 2016; Jeswani
et al., 2018; Liu et al., 2020; Núñez et al., 2013; Othoniel et al., 2019;
Rugani et al., 2013).

3.2.2. Group 2: ES-ERA

3.2.2.1. Integration methods. The approach followed bymost of the reviewed
papers for the ES-ERA group consisted of connecting conventional ERA
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endpoints with ES. Some papers conceptually describe the potential of this
approach, including its advantages and disadvantages (EFSA Scientific
Committee, 2016; Faber and van Wensem, 2012; Galic et al., 2012;
Munns et al., 2016, 2017). One way to achieve this connection is through
the development of EPFs, which link a biophysical structure or service-
providing units (SPUs) with the supply of ES. Several papers suggest the
use of statistical or mechanistic models to obtain these EPFs (Devos et al.,
2019; Faber et al., 2019; Forbes et al., 2017; Forbes and Calow, 2013;
Galic et al., 2012). Few papers applied these types of models to a case
study (Awuah et al., 2020; Forbes et al., 2019; Galic et al., 2019). There
are other approacheswhere ES are essential to define the scope (boundaries
and scenarios) of the ERA (Apitz, 2012; Gilioli et al., 2017; Nienstedt et al.,
2012; Sample et al., 2016; Syberg et al., 2017).

There is a group of papers that are characterized by conducting individ-
ual ES and habitat RA assessments, using the InVEST (Integrated Valuation
of Ecosystem Services and Tradeoffs) tool and following semi-quantitative
approaches to obtain risk scores and scores of ES supply. A habitat risk as-
sessment (HRA) model can be found in InVEST, which was frequently
used in this group of papers (e.g. Arkema et al., 2015). Few papers com-
bined the cumulative risk scores (obtained from the HRA) and ES supply
scores to calculate a vulnerability index determining how susceptible an
ecosystem is to damage. The changes in vulnerability are used as a proxy
of a habitat's potential to deliver ES (Cabral et al., 2015; Caro et al., 2020;
Willaert et al., 2019). Some papers did not directly use InVEST but, instead,
they adapted their method based on this tool and other approaches in order
to calculate the cumulative risk on ecosystems due to multiple stressors,
which can be used to determine the risk to ES provision (e.g. Battista
et al., 2017; Culhane et al., 2019). Another approach consisted in describ-
ing conceptually how to link ecological vulnerability with social systems
vulnerability and established the changes in ES provision as threat(s) to
the social systems (Berrouet et al., 2018).

Othermethods obtained ES indicators (Xu et al., 2016; Zhao and Zhang,
2013), changes in ES supply and demand (Zhang et al., 2020), and ESmon-
etary values (Kang et al., 2018; Pártl et al., 2017; Xing et al., 2020) to define
risk scores. One paper used an opposite approach by obtaining risk scores to
calculate the ES value using monetary and non-monetary techniques
(Deacon et al., 2015). Finally, one paper suggested, at a conceptual level,
a framework where decision-analytic strategies could be used for
decision-making when combining the results from Ecological RA, Human
health RA, and ES endpoints (von Stackelberg, 2013).

3.2.2.2. Limitations. The drawbacks from the ES-ERA group are similar to
those of the LCA-ES. For example, the interconnections, dynamics, and
feedback between ES were sometimes difficult to establish or understand,
and some assessments were restricted to a few ES (Arkema et al., 2015;
Cabral et al., 2015; Faber et al., 2019; Galic et al., 2012; Guerry et al.,
2012; Zhang et al., 2020; Zhao and Zhang, 2013). It was also challenging
to link multiple stressors to a single ES (Syberg et al., 2017), biodiversity
to ES (Devos et al., 2019; EFSA Scientific Committee, 2016), and biophysi-
cal structures/processes and/or functions to ES supply (Galic et al., 2012;
Munns et al., 2017). Besides this, the variations in the definition of ES
and its components can be challenging when trying to conduct an ERA
based on ES (Devos et al., 2019; Pártl et al., 2017). Also, there was a case
where conflicts of interest emerged between stakeholders when determin-
ing themost relevant ES (Syberg et al., 2017). In addition to this, several pa-
pers identified the linkage of ERA measurement endpoints to ES as one of
the most recurrent limitations between ES and ERA (Forbes and Calow,
2013; Maltby et al., 2018; Munns et al., 2016, 2017). This is partly because
of the difficulty in extrapolating organism's responses to higher levels of bi-
ological organization or from tested to untested species (Devos et al., 2019).
Moreover, there is also the risk to choose ERA endpoints that are not repre-
sentative of a particular ES (Syberg et al., 2017). The valuation methods
(monetary and non-monetary) of ES also presented downsides due to
their intrinsic limitations (Deacon et al., 2015) and their controversial as-
pect (Devos et al., 2019; Forbes et al., 2017; Forbes and Calow, 2013;
Galic et al., 2012).
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The spatial and temporal scales of the assessments also presented
drawbacks. For example, the scale problem arises when trying to account
for the effect of stressors on the SPU and the delivery of ES across multiple
spatial and temporal scales (Devos et al., 2019; EFSA Scientific
Committee, 2016). Besides the scale, some papers relied on semi-
quantitative approaches that require expert judgement, which can be
subject to a certain degree of bias (Munns et al., 2016). Also, in most
cases, weighting is applied in these semi-quantitative studies to deter-
mine the relevance of the risks and/or ES. Some papers (e.g. Cabral
et al., 2015) assumed an equal relevance of ES (i.e. equal weights),
which is not always representative given that their importance can
vary depending on the context (Caro et al., 2020; Xu et al., 2016). Fur-
thermore, Cabral et al. (2015) also conclude that the addition of risk
scores is not always the best method to determine the cumulative im-
pacts on a habitat because it can ignore the synergistic and antagonistic
interactions between stressors.

Other problems encountered in the ES-ERA papers were related to the
lack of data availability for conducting the assessments (Arkema et al.,
2015; Berrouet et al., 2018; Cabral et al., 2015; Caro et al., 2020; Culhane
et al., 2019; Galic et al., 2019; Willaert et al., 2019), level of complexity
and high data requirement (Apitz, 2012; Maltby et al., 2018; Sample
et al., 2016; Xing et al., 2020) and uncertainties (Galic et al., 2012, 2019;
Gilioli et al., 2017; Kang et al., 2018; Xu et al., 2016). These uncertainties
could be due to data used in the study (Galic et al., 2012; Pártl et al.,
2017), assumptions and models used (Galic et al., 2012). Both quantitative
and conceptual models describing the relationships between human activi-
ties, pressures and ES require validation (Culhane et al., 2019; Forbes et al.,
2017).

3.2.3. Group 3: LCA-ERA

3.2.3.1. Integration methods. Several review papers (Guinée et al., 2017;
Harder et al., 2015; Herva and Roca, 2013; Kobayashi et al., 2015b;
Muazu et al., 2021; Tsang et al., 2017) have addressed the different ap-
proaches on how LCA and ERA can be integrated over the years. For exam-
ple, the most recent review from Muazu et al. (2021) described different
integration methods (i.e. parallel integration, subset integrations and com-
plementary integration).

Almost half of the reviewed papers included ERA into LCA by develop-
ing new spatially-differentiated CFs (Csiszar et al., 2016; Lin et al., 2018;
Tian and Bilec, 2018) and impact pathways (Breedveld, 2013; Crenna
et al., 2020; Fransman et al., 2017; Gust et al., 2016; Harder et al., 2016;
Sala and Goralczyk, 2013), or by modifying or suggesting changes in al-
ready existing LCA impacts categories (Milazzo and Spina, 2015; Müller
et al., 2017; Pizzol et al., 2011).

Another majority of the reviewed papers followed an approach
where LCA and ERA were conducted independently, and their results
were combined later on qualitatively or quantitatively. Among these
papers, some of them aggregated LCA and ERA results to single score
values (Hou et al., 2017; Kobayashi et al., 2015a). Some papers sug-
gested conceptually the use of decision analysis methods, such as
Multiple-Criteria Decision Analysis (MCDA), as a way to quantitatively
combine the results from individually performed LCA and ERA studies
on the same case study (Linkov et al., 2017; Linkov and Seager,
2011). Contrarily, one paper used a qualitative approach (i.e. fuzzy
logic reasoning) to combine the results from LCA and ERA (Herva
et al., 2012).

Other papers just qualitatively combined their results from LCA and
ERA by plotting them together, i.e. using a displaying integration approach
(Ribera et al., 2014; Walser et al., 2017) or, by normalizing the LCA results
and compare them with the ERA results (Lemming et al., 2012). A paper
used the outputs of LCA to identify high environmental impact processes
in the life cycle of a product and then conduct an ERA based on those spe-
cific processes (Ayoub et al., 2015). Meanwhile, other papers conducted
LCA and ERA assessment separately (Barberio et al., 2014; Walser et al.,
2014; Weyell et al., 2020).
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Finally, few papers relied on the incorporation of the life-cycle thinking
concept in ERA (Aissani et al., 2012; Kuczenski et al., 2011; Liu et al., 2012;
Shatkin and Kim, 2015). This mainly consists of using life cycle thinking to
identify life cycle stages with the highest potential impacts on ecological
processes, although there has been no actual application of the LCA
methodology.

3.2.3.2. Limitations. The limitations in the approaches for integrating LCA
and ERA varied across the papers. A recurrent limitation was the lack of
available data (Barberio et al., 2014; Crenna et al., 2020; Gust et al.,
2016; Liu et al., 2012; Muazu et al., 2021) and its low quality (Müller
et al., 2017), but also high data requirement was a problem (Walser et al.,
2017). Besides the data, the differences in the model structure and scopes
from LCA and ERA are an obstacle when integrating both approaches
(Harder et al., 2015; Muazu et al., 2021; Tsang et al., 2017). Moreover,
proper exposure pathways need to be selected in order to reduce bias in
the assessment (Crenna et al., 2020; Csiszar et al., 2016; Kobayashi et al.,
2015a; Tian and Bilec, 2018).

The uncertainties due to model assumptions (Harder et al., 2016;
Lemming et al., 2012; Sala and Goralczyk, 2013) and the parameters used
(Kobayashi et al., 2015a; Lin et al., 2018) were also recognized. Some pa-
pers described the problems when integrating different spatial and tempo-
ral scales (Barberio et al., 2014; Guinée et al., 2017; Hou et al., 2017; Tsang
et al., 2017; Walser et al., 2014) and when implementing the approaches
due to their complexity (Herva and Roca, 2013; Hou et al., 2017; Liu
et al., 2012; Sala and Goralczyk, 2013). For example, Hou et al. (2017)
highlight that their method could become very complex when assessing
multiple stressors instead of one. Other papers recognize that their ap-
proach could be biased when using MCDA methods, for combining the re-
sults of ERA and LCA, due to their subjective characteristics (Herva et al.,
2012; Herva and Roca, 2013; Linkov et al., 2017; Linkov and Seager,
2011). Few papers reflected that a limitation of their approaches was be-
cause they did not consider the whole life cycle in their assessments
(Ayoub et al., 2015; Barberio et al., 2014; Tian and Bilec, 2018).

Review papers also highlighted some limitations when integrating LCA
and ERA. Among these drawbacks it was mentioned the risk of double-
counting (Harder et al., 2015; Muazu et al., 2021), inconsistencies when
choosing parameters and within the modelling (Harder et al., 2015;
Muazu et al., 2021), omissions of crucial components from LCA and ERA
(Harder et al., 2015; Muazu et al., 2021) and the lack of guidance and
high ambiguity when establishing a procedure to integrate LCA and ERA
(Harder et al., 2015; Muazu et al., 2021).

4. Classification of the case studies based on the type of integration

A first proposal was done to develop a classification scheme for
categorising the case studies under a certain type of integration. A total of
59 case studies were selected for the in-depth analysis of which 25 belong
to the LCA-ES group, 19 to the ES-ERA group and 15 to the LCA-ER
group. In this section, we describe the different categories integration and
we apply the scheme to the selected case studies.

A detailed list of the case studies assigned to a particular category can be
found in the SM-A.

4.1. Description of the categories

4.1.1. Post-analysis: Qualitative interpretation
In the post-analysis category (Figs. 5, 1), methodology A and methodol-

ogy B are conducted independently from each other and there is no actual
integration between the different phases of the methodologies nor a quan-
titative integration of both results. There is simply a combined qualitative
interpretation of the results. An example of this category is the research
from Battista et al. (2017). The authors conducted an ERA and ESA for
the same case study. The ERA determined the impacts of multiple stressors
on a coastal and marine ecosystem, whereas the ESA assessed the capacity
of those ecosystems to deliver ES.
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4.1.2. Integration through the combination of results
In this case, methodology A and methodology B are also conducted in-

dependently from each other but their results are combined/aggregated
by introducing an additional quantitative or qualitative step (Figs. 5, 2).
The integration always occurs at the endpoint of the cause-effect chain.
An illustrative example of this category is the paper carried out by
Briones-Hidrovo et al. (2020), where an ESA and a LCA were conducted in-
dependently for the same case study. The results at the endpoint level from
the ESA and LCA were aggregated quantitatively to a single score of envi-
ronmental performance expressed in monetary terms. Qualitative aggrega-
tion of the results can be illustratedwith the research of Herva et al. (2012),
where LCA and ERA were conducted independently and from which three
aggregated indicators were obtained (i.e. a cancer risk index, a hazard
quotient and variation in the ecological footprint). A fuzzy logic approach
(i.e. if-then rules) was applied to specify qualitative criteria in order to de-
termine the level of acceptance of an eco-design, which was expressed
through an indicator named Fuzzy Eco-Design Index.

4.1.3. Integration through the complementation of a driving method
In this category, methodology B drives the assessment and incorporates

parts of the cause-effect chain of methodology Awithin its own cause-effect
chain (Figs. 5, 3). The integration of methodology A in the cause-effect
chain of the driving methodology B can be done in some specific parts
(partial) (Fig. 5, 3a) or along the complete chain (Fig. 5, 3b).

▪ Partial chain of the driving methodology
• Level 1: Scoping-System Analysis phase.

In level 1, the integration of A in the driving methodology B occurs at
the beginning of the cause-effect chain, where the inputs for methodology
B are being complemented (Fig. 5, 3a-i). This level can be further
subdivided into two types. In type I, the outputs of methodology A are
used to complement the inputs of the driving methodology B. For example,
the paper of Chaplin-Kramer et al. (2017) used the outputs from anESA tool
to modify and complement the flows in the LCI. This complemented LCI
was used to models the impacts with LCIA methods. On the other hand,
in type II, the inputs from methodology A are being used to complement
the inputs of the driving methodology B. For instance, flows from a LCI
were used in the paper of Bruel et al. (2016) to complement the inputs of
a bio-economic model of ES. In this case, the driving method was ESA.

• Level 2: Scoping-System Analysis phase and Impact Analysis phase at
midpoint level

Level 2 occurs when the integration of A in B happens both at the begin-
ning and middle of the cause-effect chain of B (Fig. 5, 3a-ii). This level can
be illustrated with the paper of Galic et al. (2019), where the outputs from
an ERAmodel (i.e. a model that integrates the environmental fate of pollut-
ants and their impacts on the food webs in aquatic environments) were
used in the driving method ESA. The selection of relevant ES depended
on the Ecological ERA receptors so there could be a direct linkage between
ESA and ERA. In addition to this, the modelled effect of the stressor on the
receptors represents the changes in the biophysical structures and processes
that are assessed in ESA. As it can be seen, the ERAmodel influences the be-
ginning and middle part of the cause-effect chain of ESA. The modelling in
ESA continues by quantifying the impacts on ES supply and their value.

• Level 3: Impact Analysis phase only at midpoint level

Level 3 occurs when the integration of A in B happens only at themiddle
of the cause-effect chain of B (Fig. 5, 3a-iii). An example of this level is the
paper of Brandão and Milà i Canals (2013). To quantify the impact of land-
use change on the biotic productivity potential, spatially-differentiated CFs
for LCA were calculated at a midpoint level based on an indicator for this
specific ES.

• Level 4: Impact Analysis phase both at midpoint and endpoint level



Fig. 5. Classification scheme based on the types of integration. (1) Post-analysis, (2) Integration through the combination of results, (3) Integration through the
complementation of a driving method. Division of category 3 (Complementation of a driving method) into two subs-categories 3a) Partial: Level 1 (Type I and Type II),
Level 2, Level 3, Level, Level 5 and 3b).
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Level 4 occurs when the integration of A in B happens in themiddle and
end of the cause-effect chain of B (Fig. 5, 3a-iv). An example is the paper of
Othoniel et al. (2019) where CFswere calculated both at midpoint and end-
point level for LCA using ESmodels in order to assess impacts of land use in
Luxembourg. The midpoint CFs are calculated by integrating different
models and tools (e.g. InVEST, ecosystem processes models, land-use
models) in an integrated earth system model. Meanwhile, the endpoint
CFs are calculated using ES monetary valuation methods.

• Level 5: Impact Analysis phase only at endpoint level

Level 5 occurs when the integration of A in B happens only at the end of
the cause-effect chain of B (Fig. 5, 3a-v). This level can be illustrated by the
paper of Xing et al. (2020), where ES values were used to define and calcu-
late risk scores in an ERA. The risk scores are considered to be located at the
end of the cause-effect chain in the impact analysis of ERA (Table D1 in SM-
B). For this reason, the integration of ESA and ERA is only occurring at this
level when analysing the research of Xing et al. (2020).
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▪ Complete chain of the driving methodology

In this subcategory, parts of the non-driving methodology (A) are inte-
grated along the entire cause-effect chain of the driving methodology (B).
This means that both the scoping-system analysis and impact phase of
methodology B are being complemented by methodology A (Fig. 5). To il-
lustrate this sub-category, the paper of Gilioli et al. (2017) is taken as a ref-
erence. In this case study, ERA and ESA are the driving and non-driving
methodologies respectively. The first phase of the assessment corresponds
to the scoping and selection of relevant SPUs and the ES they provide.
Also, the main stressor is identified, which is an invasive snail species. In
the impact analysis phase, the variation over time of the stressors (i.e. inva-
sive species) is evaluated by using populationmodels. The results were con-
sidered by a panel of experts, who assessed how changes in the biomass of
the invasive species could potentially affect the SPUs and the supply of ES.
They followed a semi-quantitative approach to determine and assign risk
scores to the ES. This case study is a clear example of an ERA based on
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ES, where the latter is considered throughout the entire cause-effect chain
of ERA.

4.2. Classification of the case studies

The selected case studies were classified according to the categories in-
troduced in Section 4.1. We summarize the main findings in Fig. 6, which
highlights the distribution of the papers according to the type of integra-
tion. A more detailed description of the characteristics of case studies and
how they were classified can be found in the SM-A and SM-B.

In general, our results show that most of the case studies (42 papers
~71%) used an approach where a driving methodology was being
complemented by parts of a non-driving one (Section 4.1 and Fig.E1 in
SM-B). Within this category, 35 papers belong to the partial cause-effect
chain sub-category and 7 to the complete sub-category (Section 4.1). Nine
papers were classified under the integration through the combination of re-
sults category and eight under the post-analysis category.

4.2.1. Classification of LCA-ES case studies
For the LCA-ES group,most of the case studies complemented the cause-

effect chain of a driving methodology (22 papers). In most cases, LCA was
the driving methodology and parts of ESA were incorporated. Within this
category, nineteen papers complemented partially the cause-effect chain
of LCA and only three complemented it completely. The remaining case
studies were categorized as integration through the combination of results
(two papers) and post-analysis (one paper) (Fig. 6 and Fig. E2 in the SM-B).

4.2.2. Classification of ES-ERA case studies
For the group of papers of the ES-ERA group, also most of the case stud-

ies (fourteen papers) complemented a driving methodology. In this case,
the most frequent driving methodology was ERA. From these fourteen pa-
pers, only three papers complemented the complete cause-effect chain of
ERA and the remaining eleven papers complemented partially the cause-
effect chain. Also, the case studies from this group represent the largest con-
tribution (~44% of the papers) to the integration approach based on the
combination of the results (Fig. 6 and Fig. E2 in the SM-B).
Fig. 6. Classification of the selected case studies under an integration approach and lev
(LCA-ES, ES-ERA, LCA-ERA) according to a category and sub-category.
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4.2.3. Classification of LCA-ERA case studies
Most of the case studies from the LCA-ERA group (six papers) contribute

to the category of post-analysis. The next dominant category is the comple-
mentation of a driving methodology with six papers in total. LCAwas again
the driving methodology. This complementation can be partial (five
papers) or complete (one paper) (Fig. 6 and Fig. E2 in the SM-B).

4.3. Potential advantages and limitations of the main integration categories

Each of the integration approaches can have potential advantages and
limitations. The post-analysis is an option to capture both local and global
effects without having to connect quantitatively the results from two differ-
ent methodologies. It also avoids the problems caused by having twometh-
odologies with different structures and, in some cases, reduce the amount of
data required for the assessments. Nonetheless, this approach is not a real
integration and there is a risk of double-counting impacts (Muazu et al.,
2021). In addition, the results could be non-comparable and difficult to un-
derstand by decision-makers. Besides this, performing two independent as-
sessments can be time-consuming, which is something that couldmake this
approach non-appealing to decision-makers (Muazu et al., 2021). Most of
the case studies belonging to the LCA-ERA group used this approach, prob-
ably to tackle the differences of themethodologies' structures and because it
is not easy to develop spatially-differentiated cause-effect pathways.

The integration through the combination of results is also an approach
capturing local and global effects by combining the results from two differ-
ent methodologies. This approach also avoids the problems resulting from
the integration of methodologies with different structures (Briones-
Hidrovo et al., 2020; Linkov et al., 2017). However, like the post-analysis
approach, there is a risk of double-counting impacts and it can be time-
consuming (Briones-Hidrovo et al., 2020; Muazu et al., 2021). The issue
of having non-comparable results is often fixed by aggregating and/or com-
bining the results (Linkov et al., 2017). Nonetheless, aggregation has sev-
eral problems. First, there are inherent biases associated with this process
that need to be considered carefully and second, sometimes it is not easy
to find the appropriate aggregation metrics (Bakshi and Small, 2011;
Zhang et al., 2010a). The majority of the case studies that used this
el (for partial integration). The figure shows the distribution of the group of papers
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approach belong to the ES-ERA group. By applying this approach, the pa-
pers were able to connect multiple stressors to one or several ES in amarine
context. To do this, they relied on semi-quantitative methods due to a lack
of data availability (Sections 3.2.1.2, 3.2.2.2, 3.2.3.2).

In the case of the integration through the complementation of a driving
method, the local and global effects are captured by incorporating elements
from one methodology into another. There is a deeper linkage between the
two methodologies by using this approach because a methodology's struc-
ture is being modified. Though the assessments are more realistic and less
time-consuming by using this approach, its development is more complex
(i.e. identifying indicators and models, establishing cause-effect chains).
This approach has a high data requirement and it would be affected in
case of data gaps. Besides this, there is also the risk of double-counting im-
pacts (Muazu et al., 2021). Asmentioned beforehand, most of the case stud-
ies used this approach, especially the case studies belonging to the LCA-ES
and ES-ERA groups. In the case of the LCA-ES group, this approach was
used to create an impact pathway for ES within LCA, and this way it cap-
tures the local effects and develop impact categories for ES. LCA allows
the connection of a human activity with ES but mainly in the context of
land use. Other stressors besides land occupation have not been linked
completely to an ES (Blanco et al., 2018). For the ES-ERA group, this ap-
proach was used to also connect a stressor to an ES, mainly through a rep-
resentative receptor. The main question that this integration approach
answers is which are the ES with a higher risk to be severely impacted by
human activities.

5. Conclusions and perspectives

5.1. Concluding remarks

Severalmethodological approaches have been developed to assessmore
comprehensively the impacts of human activities on terrestrial and aquatic
ecosystems through the integration of frameworks such as LCA, ERA and
ESA. To the best of our knowledge, the integration of these three methodol-
ogies has been not been attempted and the studies focus on the integration
of two methodologies (i.e. LCA-ESA, ERA-ESA and LCA-ERA). By con-
ducting a literature review, we identified different integration approaches,
which were used a baseline to develop a first attempt of a classification sys-
tem based on the type of integration. The main categories identified were
integration post-analysis, integration through the combination of results
and integration through the complementation of a driving method. The lat-
ter one is more comprehensive and accurate compared to the other catego-
ries, however its development is more complex and it could lead to high
data requirement. Besides this, all the categories have the risk of double-
counting impacts.

After analysing the different integration approaches, none of them can
be categorized as a full integration. To have a fully integrated environmental
impact assessment approach, all the components of one methodology need
to be integrated with all the components from the other methodology along
thewhole cause-effect chain, as depicted in Fig. 3. These case studiesmerely
incorporated certain components or combined their results. One of themost
recurrent constraints in a full integration is the differences in the structure of
the assessments andmodels of LCA, ERAand ESA. This is something already
pointed out for LCA-ERA integration (Muazu et al., 2021), but that is also
evident for LCA-ES and ES-ERA integration. These differences can become
more challenging when attempting the integration of the three methodolo-
gies. The integration of all components of the methodologies is perhaps not
required to conduct a comprehensive assessment. Such assessment could be
limited by the complexity of integrating the threemethodologies and hence,
leading to highly uncertain results in case of limited data availability. The
key aspect is to select the appropriate components from each methodology
to make a holistic assessment, where both the burdens on ecosystems and
the benefits of the ecosystems are considered.

Currently, the integration approaches are not really standardized. The
challenge is higher when integrating a methodology, such as ESA, where
there is a lack of a consensus on a homogenous terminology and steps to
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conduct the assessment (Heink and Jax, 2019; La Notte et al., 2017). This
classification system provides a standardized picture of the integration pos-
sibilities and further studies could rely on this manuscript to identify spe-
cific integration approaches and adopt a consistent terminology or further
improve the classification system. Also, it could potentially be used to con-
ceptualize a framework that integrates all three methodologies for con-
ducting a holistic sustainability assessment.

5.2. Perspectives

5.2.1. Perspectives on the classification system
The classification scheme proposed is a first attempt to structure the dif-

ferent approaches of integrating methodologies. However, this is not the
only way to understand integration and classify the case studies (e.g.
Harder et al., 2015; Kobayashi et al., 2015b; Muazu et al., 2021). For exam-
ple, more subcategories (or levels) could be added to the category integra-
tion through the complementation of a driving method based on the parts of
the cause-effect chain of the non-driving methodology that were incorpo-
rated into the driving one.

5.2.2. Perspectives on the integration of LCA, ERA and ESA
LCA, ERA and ESA cannot by themselves provide a full assessment of

both positive and negative impacts from human activities at different geo-
graphical scales because of their structure and scope (i.e. ESA focuses on
the benefits obtained from ecosystems, ERA on impacts at a local scale
and LCA on multiple impacts at a global scale). An integration would
make it possible to evaluate not only the impacts of humans on ecosystems
and its services, but also how natural systems affect humans, i.e. human
well-being, by considering multiple interactions between the human/in-
dustrial systems and the natural systems. By capturing all these interac-
tions, a thorough coverage of these multiscale positive and negative
effects of human activities could be achieved.

Moreover, integrating these methodologies would also provide a better
view of potential trade-offs of environmental burdens versus benefits (i.e.
trade-offs between ecosystem functioning, ecosystem services an socio-
economic activities) which would lead to a more transparent assessment
of human activities on ecosystems and facilitate decision-making processes
in different contexts.

One of these contexts are aquatic and terrestrial ecosystems where nu-
merous human activities take place. For instance, a wide range of activities
take place in the Belgian part of the North Sea, such as fishing, shipping,
power generation, dredging, sand extraction, cables and pipelines, military
exercises, scientific research, tourism and cultural heritage (Belgian Royal
Decree, 2014). This becomes a challenge when it comes to ensuring a sus-
tainable use andmanagement of themarine resources for economic growth
and human well-being, while still preserving healthy marine ecosystems.
For this reason, it has become extremely valuable for stakeholders to under-
stand, measure and quantify the impacts caused by human activities on the
marine environment. A holistic sustainability impact assessment, which
considers the integration of LCA, ERA and ESA, could serve as a supporting
tool for the different stakeholders by giving them a better understanding of
the burdens and benefits of all these human activities.

Another example for the application of an integrated framework could be
on ecosystems that have been converted by humans (e.g. cultivated land, ar-
tificial lakes, artificial forests, artificial reefs, etc.). Barot et al. (2017) argue
that man-made ecosystems, such as agro-ecosystems, can provide services
(e.g. food provisioning) but also non-desirable effects (e.g. nutrient
leaching). Therefore, these services cannot really be considered as ‘ecosys-
tem services’ because of their negative effects on other ecosystems. An ESA
would not be appropriate to apply (as single use) in this context and
would require the support of other methodologies, such as LCA and ERA,
to exhaustively assess the impacts caused by these anthropized ecosystems.

Several challenges could be faced during the integration of LCA, ERA
and ESA. Some of these limitations are the identification and selection of
relevant parameters and indicators for all the methodologies. This needs
to be done carefully to avoid double-counting and to find appropriate
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aggregation metrics. The next limitation is the harmonization of different
spatial and temporal resolutions and the structures of the methodologies.
Additionally, it is crucial to assess which data is available to identify poten-
tial integration approaches. This means that the integration should be
partly data-driven. The availability of this data will also depend on the eco-
system targeted, which at the end influences the selected integration ap-
proach. For instance, the development of impact pathways and CFs for
LCA in a marine context needs further research compared to terrestrial eco-
systems due to lack of data (Woods et al., 2016). This could be one reason
why most of the LCA-ES papers assessed mainly impacts on terrestrial eco-
systems compared to aquatic ecosystems. Another example is found in sev-
eral ES-ERA papers, were some case studies assessed impacts on marine
ecosystems by relying on semi-quantitative integration approaches also be-
cause of low data availability (Cabral et al., 2015; Caro et al., 2020; Culhane
et al., 2019; Willaert et al., 2019).

Another challenge is the assessment of the positive effects of human ac-
tivities. Most of the papers focused on the negative impacts and the positive
ones were not properly addressed. To have a holistic sustainability assess-
ment, this aspect should not be overlooked. There are different contexts
where humans can contribute positively to ecosystem-functioning
(Alvarenga et al., 2020). These positive aspects should be considered in fu-
ture research.

Finally, one potential integration approach consists of aggregation of re-
sults. However, there are some risks associated with aggregating indicators
from different methodologies. Among them, double-counting is mostly
mentioned and this is introduced when indicators are overlapping. This
risk should be carefully consideredwhen conducting an assessmentwith in-
tegrated methodologies by avoiding the aggregation of redundant impact
category indicators between LCA, ERA and ESA, by clearly indicating the
redundancy or by quantifying the redundancy of indicators using correla-
tion matrices (Genovese et al., 2017; ISO, 2006). In addition to double-
counting risk, aggregation consolidates multivariate data. If not done care-
fully, aggregation can lead to the loss of information, misinterpretation of
results and the communication of results in not a transparent and compre-
hensive way (Prado et al., 2020).
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