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Applying a water-energy-food nexus approach to seafood
products from the European Atlantic area
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Abstract

By 2050, food production's environmental impacts are projected to double without intervention.
Crucial changes in dietary habits are needed, and seafood can be pivotal. The focus in calculating
burdens using life cycle assessment (LCA) indicators has shifted towards exploring
interconnections within the Water-Energy-Food (WEF) nexus. Addressing this evolution, this
manuscript has applied an innovative methodology to calculate a WEF nexus index (WEFni).
This index seamlessly integrates both environmental and nutritional profiles across diverse case
studies involving fisheries, aquaculture, and processing production systems in the European
Atlantic area. The results showed that when it comes to fishing, purse seine fishing obtained the
highest score (99%). For the aquaculture activities, seafood (>73%) obtained better results than
fish farming. About processing treatments, freezing (>79%) has lower environmental loads than
canning. In addition, a sensitivity analysis was carried out according to a caloric- and edible-based
functional unit as well as the modification of the weighting factors assigned to each footprint, in
which important variations were reported in the WEFni of most case studies. Consequently,
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although the methodological guidelines supporting the WEFni have great potential to serve as an
ecolabeling tool, certain aspects need to be re-evaluated. On the other hand, it could be interesting
to include the potential biodiversity loss, as well as other socioeconomic indicators, with the
purpose of considering a more sustainability criteria. Finally, the contribution of this paper to the
food industry literature is of paramount importance, as it represents a first step towards holistic
assessments and easy-to-understand ecolabelling processes that can promote sustainable
production and consumption.

Keywords

Fisheries; Aquaculture; Life cycle assessment; Environmental footprints; Nutritional index;
Ecolabel.

Highlights

e Ajoint analysis of environmental burdens and nutritional profiles was carried out.

e The functional unit and weighting factors were modified in a sensitivity analysis.

o WEFni revealed: purse seine high score, shellfish outperformed fish farming, and
freezing had lower burdens.

e The procedure followed has potential applicability to other products.

e Further indicators are needed if a holistic analysis of sustainability is to be made.

Acronyms

CcC Climate change

CF Carbon footprint

Cl Caloric intake

EF Energy footprint

EoL End of life

EP Edible portion

FU Functional unit

FUce Caloric- and edible-based functional unit
HORECA Hotels, restaurants and catering

LCA Life cycle assessment

LClI Life cycle inventory

LCIA Life cycle impact assessment

NF Nutritional Footprint

PEF Product environmental footprint
PEFCR Product environmental footprint category rules
RSI Reference seafood intake

SM Supplementary material

WEF Water-Energy-Food

WEFnNI Water-Energy-Food nexus index
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WF Water footprint
1. Introduction

The food sector integrates a variety of activities such as agriculture, livestock, fisheries,
aquaculture, processing and distribution. Over time, food production has shifted towards intensive
systems characterised by higher yields to meet an intense food demand (Cucurachi et al., 2019).
This has also meant that the food system is related to multiple environmental impacts, such as
nutrient pollution (generating acidification or eutrophication from the use of fertilisers),
greenhouse gases (GHGs) emissions, land use, as well as water scarcity (Clark et al., 2019). At
the same time, food production activities are being affected by climate change (CC). This fact is
particularly significant in the case of agriculture, aquaculture and fisheries due to the loss of fertile
lands, redistribution of habitats or increasingly frequent extreme weather events (Barange et al.,
2018). It has been observed that CC impacts are unevenly distributed depending on the economic
activity or social stratum affected. For instance, model projections concluded that fisheries would
be more harmed in terms of production level compared to agricultural activities, apart from the
fact that the population of lower socio-economic status would experience these changes with
greater severity (Cinner et al., 2022).

A combination of measures need to be implemented considering that both the demographic and
income levels in most countries will raise and the food system will almost double its
environmental impacts by 2050, if the combined action of a number of measures is not carried
out, including a shift towards a less meat-based diet, the application of technological
breakthroughs, and a reduction of food loss and waste (Springmann et al., 2018). Therefore, food
system transformation is key to achieve food security, strengthen the management of natural
resources, while providing food in a sustainable manner to cope with CC consequences (Bogard
et al., 2019). In this regard, blue foods (i.e., animal, plants and algae harvested or farmed from
freshwater and marine environments) (Crona et al., 2023), are presented as potential candidates
for nourishing humankind at low environmental burdens on ecosystems (Gephart et al., 2021). In
addition, seafood products stand out due to their excellent nutritional profiles, being rich in
essential fatty acids (e.g. n-3), proteins (e.g. essential aminoacids), some micronutrients (e.g. Fe,
Ca, Zn, Se, |), and vitamins (e.g., A, C, D, E) (Golden et al., 2021). Thus, the consumption of
seafood products contributes to a healthy diet and offers a unique perspective to address the global
health “triple burden” issue of malnutrition: obesity, undernutrition, and micronutrient
deficiencies (Obiero et al., 2019).

Seafood products have also an important socio-economic relevance, being greatly present in the
diet of the European Atlantic region (i.e. Spain, Portugal, France, Ireland and United Kingdom),
with an average intake of 38.9 kg per capita, a significant higher consumption compared to the
European Union (EU) average (23.3 kg per capita) (EUMOFA, 2023). In terms of production, the
Atlantic area is recognised as one of the main exporters at the European level, reaching
manufacturing levels of 2.6 million tonnes of seafood in 2018 (Laso et al., 2022). These figures
are expected to raise over time, since it is estimated that global seafood production (from fisheries
and aquaculture) will reach 202 million tons by 2030 and aquaculture production will overtake
capture fisheries by 2027 (FAO, 2022).

In view of the environmental challenges that the seafood sector faces and its importance in a
socio-economic context, it needs a cross-sectional change to become a more resilient food source.
To achieve this goal, the life cycle assessment (LCA) methodology emerges as an accepted
analytical framework for assessing environmental impacts related to food production, and
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proposing mitigation strategies (Ruiz-Salmén et al., 2021a). The application of the LCA
methodology to seafood products has generated a great deal of interest in recent years, with about
90% of the LCA studies published in the last decade being reported (Ruiz-Salmén et al., 2021b).
Based on the LCA concept, a specific guide for estimating the environmental footprint of marine
fish products has been developed recently (Marine Fish PEFCR, 2022). This is related to the
initiative of the Product Environmental Footprint (PEF) led by the European Commission
(European Commission, 2013), which recommends the use of a set of indicators to create a single
market of green products (European Commission, 2018).

However, the use of environmental indicators that focus on a single problem in an individual way
hampers the goal of achieving an integrated resource management (Purwanto et al., 2021). This
is because such indicators often overlook synergies and trade-offs between water demand, energy
requirements, and food provision (Cansino-Loeza et al., 2022). Likewise, the feedback loop
between these drivers of water, energy and food scarcity, which constitutes a triple nexus,
promotes a situation of competition for an increasingly limited number of basic resources in many
regions of the world (Ferndndez-Rios et al., 2021). To highlight this issue, the Water-Energy-
Food (WEF) nexus concept was developed, providing a tool to balance these elements through a
holistic approach (Simpson and Jewitt, 2019). More specifically, for the seafood sector, the WEF
nexus index (WEFni) was proposed by Entrena-Barbero et al. (2023a) following an integrative
perspective, aggregating a set of indicators in a single value and reflecting different issues related
to the seafood sector as a whole.

As a driver for raising awareness of such composite indexes, ecolabels are useful means of
communication between producers and consumers (Giacomarra et al., 2021) that are increasingly
concerned about sustainable consumption and production (Sigurdsson et al., 2022). Despite
decades of academic research and practice using ecolabels as a way of sustainability signalling,
over 60% of consumers still find sustainable food choices difficult to identify (International Food
Information Council, 2020). This is due to, among other reasons, the large number of ecolabels
available in the market (more than 400 worldwide, being 50 applicable to seafood products) and
the lack of a robust regulatory framework (Ecolabel Index, 2023). Therefore, a flood of over-
information is occurring in an attempt to advise consumers. However, only scientifically based
ecolabels and recommendations can generate consumer confidence and security by enabling
‘green’ and conscious choices when buying seafood products. In this view, the application of the
WEFni in the form of an ecolabel will constitute a reliable ecolabelling scheme to promote an
environmental sustainability throughout the seafood value chain and to raise awareness on this
index.

In this context, the novelty and main goal of this study was to use for the first time the
methodological guidelines for the estimation of the WEFni elaborated by Entrena-Barbero et al.
(2023a) to a series of case studies in the European Atlantic area to analyse trends and hotspots of
both the single indicators (carbon footprint (CF), water footprint (WF), energy footprint (EF),
nutritional footprint (NF)), as well as the composite index proposed (i.e. WEFni). After this,
strengths and weaknesses of the WEFni methodology were identified with the aim of proposing
improvements in further iterations. Along with the main goal, a secondary objective was defined:
to carry out a sensitivity analysis of the results obtained by varying certain methodological aspects
of the method, in particular the functional unit (FU) and weighting factors. These guidelines were
configured within the framework of the NEPTUNUS project (Laso et al., 2022) and their
application allows benchmarking seafood products. The study will contribute to the development
of a useful framework for the estimation of the environmental, energy and nutritional profiles of
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seafood products from fisheries or aquaculture production systems, or which have undergone a
type of processing.

2. Methodology

The main features of the methodological procedure followed in this paper are summarised in
Figure 1. The methodological guidelines to calculate the WEFni are described in Section 2.1,
while the sensitivity analysis is presented in Section 2.2.
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Figure 1. Main features of the methodological procedure.

2.1. Water-Energy-Food nexus index methodological guidelines

The WEFni methodological guidelines, proposed by Entrena-Barbero et al. (2023a), and
underpinned by the international standards 1SO 14040 (ISO, 2006a) and ISO 14044 (1SO, 2006b),
proposes a common roadmap for the elaboration of LCA studies applied to seafood products,
establishing aspects such as FU, system boundaries, allocation rules for multi-functional systems,
minimum life cycle inventory (LCI) data required or end of life (EoL) modelling, among others.
They also select the life cycle impact assessment (LCIA) methods used to estimate the following
environmental footprints: CF, WF and EF. Moreover, they also propose a nutritional footprint in
the form of a modified Nutrient Rich Food (NRF) index for the specific case of seafood products,
having considered 12 nutrients to promote and 2 nutrients to limit (NRF12.2). Finally, they
propose a process of normalisation (from 0 to 1) and weighting (25% for each footprint) to
integrate the four indicators into a dimensionless single value (i.e., the WEFni), which varies from
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0 to 100. The final value was represented in the form of front-of-pack ecolabel to enable a
communication logo that can be applied by producers and perceived by consumers. The main
aspects of the methodology are summarised in Table 1.

Table 1. Main features of the Water-Energy-Food nexus index methodology.

Features Environmental assessment Nutritional
assessment
Carbon . . . .
Indicators  footprint Water footprint Energy footprint Nutritional footprint

Goal and scope

Both environmental and nutritional assessments of any activity related to seafood
products for human consumption from fisheries, aquaculture or processing sectors

Functional unit

1 kg of seafood, either landed at port or produced at the
aquaculture or factory gates, including the associated
packaging material for processed seafood products

Percentage basis (i.e.,
100 g of final product)

Sgﬁf{gries Cradle-to- (port/farm/factory) gate Not applicable
Allocation rules Mass allocation Not applicable
Life cycle To obtain good quality primary data, surveys are
inventory recommended to be completed by the responsible agents Nutritional databases
analysis for further analysis
Water use Sum of non-
(freshwater renewable energy
consumption) and | (fossil, nuclear and . .
Impact Global freshwater biomass) and NUtrI'\IeIQ::R;zZ 'j(OOd
categories warming eutrophication and renewable energy (Dre(wnov3/ski 62009)
marine (biomass, wind, '
eutrophication solar, geothermal
(water degradation) and water)
Global | AWARE (Boulay et RFI22, ?]?J't"i:‘:ﬁts
Warming al., 2018) for water | Cumulative Energy o be promoted
Potentials use and ReCiPe Demand (using .
Characterisa ina100- | (Struijsetal,2009) | Lower Heating | (Protein.omega-3, K,
aracterisation . Ca, Fe, Mg, I, Se and
year time for freshwater Values) Vitamins A. C. D and
horizon eutrophica}tion and (Frischknecht et E) and 2 nljtriénts o
(IPCC, mariné al., 2007) be limited (saturated
2021) eutrophication fat and Na)
WPt (after
normalisation and
Units kg CO- eq. weighting of the MJ Dimensionless
three impact
categories)

Normalisation

Reverse linear normalisation of a sample from O (highest
value of the footprint) to 1 (lowest value of the footprint)
(see Equation 5 in Entrena-Barbero et al. (2023a))

Linear normalisation
of a sample from 0
(lowest value of the
footprint) to 1 (highest
value of the footprint)
(see Equation 6 in
Entrena-Barbero et al.

(2023a))
Jveignting 25 % 25 % 25 94 25 9%
actors
Integration Sum of the four weighted values: Water-Energy-Food nexus index (0 — 100)

The methodology was applied by NEPTUNUS project partners to a series of case studies that can
be divided into three different systems: fisheries, aquaculture and processing. Up to 34 studies
were conducted regarding fisheries, addressing several fishing gears (e.g., trawls, purse seine,
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pole and line); 7 case studies were assessed with respect to aquaculture; and 22 seafood case
studies were related to processing (e.g., freezing, salting, canning and smoking). All case studies
were from the European Atlantic area, more precisely in the following countries: France (Cloatre,
2018), Ireland, Portugal and Spain. The timeframe under study was between 2011 and 2019.
Given the extraordinary circumstances that occurred in fisheries sector during the COVID-19
pandemic in terms of changes in both consumption habits and seafood supply chains, this period
was excluded from the sample to avoid misrepresentations in the results obtained (Ruiz-Salmén
et al.,, 2021a). The particularities of each case study can be consulted in more detail in the
Supplementary Material (SM), in Tables SM1-SM3 for the fisheries, aquaculture and processing
systems, respectively. Following the WEFni guidelines, the FU was set as 1 kg of seafood, either
landed at the port, produced at the farming site, or delivered at the factory gate including the
associated packaging material of processed seafood products (Entrena-Barbero et al., 2023b).

Once the methodological guidelines were applied to the case studies of seafood products, these
were grouped according to fishing gear, type of aquaculture (fish or shellfish) and processing
(e.g., salted, smoked, etc.) for the fisheries, aquaculture and processing systems with the purpose
of identifying trends. In addition, an analysis of the results obtained was performed for both the
single indicators (CF, WF, EF and NF) and the composite index (WEFni). Finally, the strengths
and weaknesses of the WEFni methodological guide were discussed.

2.2. Sensitivity analysis

With the purpose of carrying out a sensitivity analysis of the results obtained, the methodological
choices for the estimation of the WEFniI, based in Entrena-Barbero et al. (2023a), were modified
for two key factors in LCA studies: on the one hand, the FU and, on the other hand, the weighting
process as detailed in Section 2.2.1 and Section 2.2.2, respectively. These modifications were
applied both individually and jointly, thus obtaining three different scenarios, consisting in the
modification of: (i) FU, (ii) weighting process and (iii) both FU and weighting process.

2.2.1. Functional unit

According to the WEFni guide, a mass-based FU was selected for the assessment of seafood
products due to three main reasons: (i) to avoid the common regional differences in price over
time (Costello et al., 2020); (ii) it has been the most widely used FU in the seafood LCA literature
during the last decade (Ruiz-Salmon et al., 2021b), which facilitates comparisons with other
studies; and (iii) it allows for easy and accessible calculations, promoting reproducibility.

Despite the foregoing, a portion of mass, in this case 1 kg, does not fully represent the nourish
characteristics of food (Weidema and Stylianou, 2020). Thus, to improve the results, it turns out
to be essential to include nutritional aspects in the FU of the food production system under
evaluation (Heller et al., 2013). Based on this premise, most LCA studies follow three approaches
based on: (i) single nutrients, such as the content of digestible proteins (Sonesson et al., 2017),
(ii) multiple nutrients in the form of composite indicators (e.g., the NRF), or (iii) diet contexts
(McAuliffe et al., 2020).

Notwithstanding, during the calculation of the WEFni, the nutritional profile was covered by
integrating a specific NF for seafood products (i.e., NRF12.2). Therefore, in this case it was
decided to opt for estimating the satiating capacity of seafood products through a caloric- and
edible-based FU, named as FUc. To do this, Equation 1 was applied, considering the values of
the caloric intake (CI) of each specimen. Moreover, since it is not plausible to make comparisons
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between species with very different edible portions (EPs), e.g., hake and mussel, this factor was
also taken into consideration.

Likewise, the FU¢ was relativised to the amount of seafood in the form of the calories needed to
meet the daily per capita demand according to the reference seafood intake (RSI) suggested in the
planetary health diet proposed by the EAT-Lancet commission: 40 kcal (Willett et al., 2019). The
values taken into consideration and the results obtained for each case study can be consulted in
Table SM4. On the one hand, case studies having more than one species as target were
disregarded, since conducting averages of both ClI and EP would lead to obtain an
unrepresentative FUce of the case study. In addition, for processed seafood products containing
additives or sauces (e.g., olive oil), as these were already assessed through the NF, only the Cls
and EPs of seafood species were considered.

RSI
FUee = TR 1)
Where:
FUce caloric- and edible-based functional unit (g seafood-(person-day)™)
RSI reference seafood intake per day: 40 kcal-(person-day)™® (Willett et al., 2019)
Cl caloric intake of the specimen (kcal-g edible™)
EP edible portion of the specimen (g edible-g seafood™?)

2.2.2. Weighting process

Considering the methodological guidelines of WEFni, the default weighting process carried out
was proposed by Andreas et al. (2020), performing a combination of two weighting techniques
usually considered in LCA studies. On one hand, panel weighting, which is conducted under the
opinion of a group of people, which in this case was the NEPTUNUS project consortium. Partners
of the NEPTUNUS project considered to perform a sensitivity analysis giving equal importance
to the protection of the environment and to the promotion of nutrition: a weighting factor of 50%
for the environmental footprints (with equal weight of 16.67% for CF, WF and EF), as well as a
weighting factor of 50% for NF. On the other hand, binary weighting, which considers null or
equal weights (i.e., weighting factors of 25% for CF, WF, EF and NF). This was decided under
the premise of facilitating the aggregation into a single value (i.e., WEFni) to promote its
application and acceptance by producers and consumers, respectively. In addition, none of the 4
individual indicators selected were prioritized to show a first simple approximation of what it
would mean to follow a benchmarking process based on the WEF nexus concept.

3. Results and discussion

The results obtained from the case studies after implementing the methodological guidelines are
presented according to the values of the single indicators: CF, WF, EF and NF (Section 3.1), as
well as for the composite indicator: the WEFni (Section 3.2). Later, the sensitivity analysis is
conducted in Section 3.3, to conclude with a discussion of strengths and weaknesses of the
approached methodology (Section 3.4).

3.1. Individual footprints

With the aim of conducting the interpretation and discussion of the four individual footprints
comprising the WEFni (i.e., CF, WF, WF, and NF), the results are presented in a normalised form
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(from 0 to 1) in Figure 2. The normalisation process was carried out using Equations 5 and 6
shown in the study by Entrena-Barbero et al. (2023a), taking the maximum and minimum values
of the results of each footprint of the whole sample as a reference. Thus, while the seafood product
with the lowest environmental footprint in terms of CF, WF or EF was assigned a score of 1, the
other seafood products were decreasing their scores proportionally, considering the cases with the
maximum environmental footprints with a normalised value of 0. Conversely, since the NF should
be as high as possible, the seafood product with the highest and lowest values will become scores
of 1 and 0, respectively. In addition, these values have been grouped according to the averages of
fishing gears (Section 3.1.1), type of aquaculture (Section 3.1.2) or processing systems (Section
3.1.3), respectively. For a more detailed information, the values obtained for the four individual
indicators in each case study are shown in Tables SM5-SM?7.

3.1.1. Fishing systems

In view of Figure 2A, up to eight fishing gears integrate the 34 fisheries case studies analysed,
being the most numerous purse seine, trawls, and artisanal fisheries with 12, 8 and 7 cases,
respectively, while others only included 1 or 2 case studies (pole and line, pots and traps, dredge,
trammel net and longline).

In terms of environmental footprints (CF, WF and EF), the top three fishing gears with the lowest
environmental burdens (and thus had the largest individual normalised scores) were purse seine,
artisanal fisheries, and dredge. In contrast, the highest environmental burdens (i.e., the lowest
normalised scores) were reported for longline and pots and traps. Regarding the CF, the average
values without normalisation ranged between 0.56 and 3.33 kg CO; eq. per kg of landed fish for
purse seiners and longlines respectively. Between these two limit values, the following fishing
gears are ranked in order of highest to lowest impact: pots and traps (with 3.08 kg CO: eq.),
trammel net and trawls (with similar values of 2.17 and 2.01 kg CO; eq., respectively) and dredge
and artisanal fisheries, which reached a similar position at around 0.80 kg CO- eq. on average. It
should be noted that the average trawl aggregation includes both pelagic and bottom trawlers,
with CF values ranging from 0.38 kg CO eqg. for the former, to 3.31 kg CO; eq. for the latter.
Further analysis of the factors contributing to the total CF indicated that the major hotspot was,
in most cases, the use of fuel during fishing.

To contrast the results, the most representative samples — trawl and purse seine case studies —
were compared with the existing literature. A recent study by Sandison et al. (2021) examined the
environmental performance of Scottish pelagic fisheries by applying the LCA methodology with
a similar scope and using 1 kg of whole mixed pelagic fish as the FU. The sample consisted of
eleven trawlers, three of which combined trawl and purse seine gears. The authors reported an
average CF of 0.45 kg CO- eq. per FU. However, they analysed inter-vessel and inter-annual
comparisons and observed CF fluctuations ranging from a minimum of 0.28 kg CO- eq. to a
maximum of 0.74 kg CO; eq., and a value of 0.23 kg CO; eq. to 0.29 kg CO- eq. for each scenario,
respectively. The results found in this study for pelagic trawlers were in line with the Scottish
fleet average (Sandison et al. 2021). On the other hand, the average CF obtained for purse seine
(0.56 kg CO- eq.) is in line with the value reported in a study of the Galician (Spain) purse seine
fleet (30 vessels), which accounted 0.79 kg CO; eq. (Vazquez-Rowe et al., 2010).

On average terms, WF results showed a similar trend to the CF, moving in a range from 7.02 to
37.45 Pt per kg of landed fish, being purse seine and longline the fishing gears with the lowest
and highest values, respectively. A recent study by Ceballos-Santos et al. (2023) obtained a WF
of 11.98 Pt for the Cantabrian purse seine fleet here evaluated. This value was the aggregation
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of the individual indicators (water use: 6.23-102m? eq., freshwater eutrophication: 7.38-10¢ kg P
eg., and marine eutrophication: 7.93-103 kg N eq.). Ceballos-Santos et al. (2023) also analysed
the environmental impacts in depth, revealing that the main contributor to the WF was diesel
production and combustion, which accounted for 99% of the overall marine eutrophication
indicator (this marker contributed 95% to the clustering of water footprint indicators). The same
occurred for the longline, in which the marine diesel necessary for the fishing of sardines used as
bait entailed practically all burdens in WF terms. Likewise, the longlining value was followed by
trammel nets (30.53 pPt) and trawls (28.85 pPt), whereas pots and traps showed and intermediate
footprint of 21.6 pPt. On the other side, artisanal fisheries and dredges presented similar average
values of 10.85 and 10.81 uPt, respectively. These values come from the normalisation and
weighting of the results of three impact categories related to both freshwater consumption (water
use) and water degradation (freshwater eutrophication and marine eutrophication) hindering the
comparison with reference values reported in literature.

With regard to the non-normalised EF results, they were between 8.45 MJ for purse seine and
49.78 MJ for pots and traps, per kg of landed fish, following the pattern observed for CF and WF.
The values of the latter were followed closely by longline (41.17 MJ), while trammel net recorded
more distant results (33.4 MJ). Behind of these results were the obtained by trawls (30.02 MJ)
and pole and line (26.15 MJ), while dredge and artisanal fisheries showed EFs of 11.54 MJ and
9.79 MJ, respectively. Once again, it was noted that the energy required for the production and
combustion of diesel was responsible for most environmental loads encompassed in the EF.

Against this backdrop it is interesting to examine how footprints vary according to how seafood
is produced, i.e., the same species captured using different fishing gears. For instance, Atlantic
mackerel (Scomber scombrus) is the target species of French and Galician trawlers, Cantabrian
purse seiners, as well as artisanal fisheries fleets. In such case, the highest footprint values were
obtained by Galician trawlers, with a CF of 1.33 kg CO; eq., a WF of 16.17 pPt and an EF of
17.83 MJ per kg of Atlantic mackerel captured. For the case of French trawlers, despite being the
same kind of gear, the footprint values were around half: 0.52 kg CO> eq., 6.93 uPt and 7.79 MJ
per FU. Regarding Cantabrian purse seiners, the lowest footprint values were registered: 0.11 kg
COs eq., 0.34 uPt and 1.59 MJ 9 per kg of Atlantic mackerel captured, while the use of artisanal
fisheries presented intermediate values between those obtained by trawlers and seiners: 0.82 kg
COz eq., 13.16 uPt and 1.73 MIJ. Another example is the fishing of albacore tuna (Thunnus
alalunga) by French trawlers, Cantabrian seiners and artisanal fisheries. For this case, the trawling
gear also presented the highest footprint values, with a CF value of 4.25 kg CO: eq., 58.18 puPt
and 65.36 MJ per kg of albacore tuna captured. In contrast, artisanal fisheries fleet had the lowest
CF and EF values: 0.13 kg CO; eq. and 0.26 MJ, respectively, while purse seiners obtained the
lowest WF: 0.74 uPt. These results are in line with the well-documented literature that points out
that purse seine fleets targeting inshore fish stand out as one of the fishing gears that generate the
least environmental burdens since they are coastal and low fuel-consuming fisheries (Vazquez-
Rowe et al., 2010). In contrast, several studies around the world have found that trawlers are the
fleet group with the highest fuel consumption per kg of fish, partly because of the long distance
they travel to the fishing grounds (Jafarzadeh et al., 2016; Sandison et al., 2021). In fact, bottom
trawling was found to be up to five times less efficient than purse seining in some cases (Hognes
et al., 2012; Schau et al., 2009).

Regarding the NF scores, it is important to take into consideration that the nutritional assessment
depends only on the species of seafood captured and not on the fishing gear used. Consequently,
for the fishery scenario, around 25 species were assessed using the dimensionless NRF12.2 index,
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involving from top predators as tuna (e.g., Thunnus alalunga) to small pelagic as sardine (Sardina
pilchardus), along with cephalopods (e.g., Octopus vulgaris and Sepiida) and bivalves (e.g.,
Pecten maximus). The NF values ranged between 115 and 361, being Shub-chub mackerel
(Scomber japonicus) and the mix of sea bass (Dicentrarchus labrax) and gilthead seabream
(Sparus aurata) the species with the highest and lowest NF values, respectively. No large
contrasts were identified between pelagic and demersal species which reached an average
NRF12.2 index of 234 and 213, respectively. Cephalopods accomplished the highest mean score
(271) and bivalves the lowest with 187 points. The low NRF12.2 value for the latter is due to the
absence of omega-3 content, one of the most valuable nutrients to be promoted in seafood,
coupled with a high amount of saturated fat (0.23 g per 100 g), one of the nutrients to be limited
in the applied model. These outcomes are quite different from Koehn et al. (2022), who used a
modified version of the nutrient richness index developed by Drewnowski (2009), demonstrating
that small pelagic fish rated highest than bivalves and cephalopods. In this line, Bianchi et al.
(2022) found large variability within species groups in terms of nutrient density scores, but
suggested that wild salmonids and small pelagic performed the best.

3.1.2. Agquaculture systems

The results from aquaculture systems (Figure 2B) were divided into four fish and three shellfish
case studies. Globally, shellfish aquaculture achieved higher normalised scores (almost double)
for all individual footprints, meaning lower environmental impacts than farmed fish. In terms of
CF, the results per FU ranged from 0.08 for oysters (Crassostrea gigas and Crassostrea angulata)
to 10.30 kg CO; eq. for gilthead seabream (Sparus aurata), with ten times higher average values
for shellfish (0.55 kg CO- eq.) compared to fish aquaculture (5.21 kg CO: eq.). For the WF this
deviation increased, with averages values of 2.16 pPt for shellfish and 54.66 pPt for fish species.
As for the EF, the same differences recorded in the CF occurred, with average values for shellfish
and fish of 10.00 and 104.35 MJ per FU, respectively, being the maximum for the farming of
gilthead seabream (211 MJ). These wide ranges in terms of minimum and maximum values for
the environmental indicators could be related to the type of aquaculture implemented in the case
studies analysed. For example, those based on intensive aquaculture need a more controlled
production process in terms of environmental conditions, external feed or existence of an artificial
flow of water that need to be pumped, which translates into higher CF, WF and EF. Therefore,
given the particularity of each case study depending on the location and species assessed, it is
difficult to make equivalent comparisons. Finally, the nutritional quality of aquaculture products
calculated through the NF showed punctuations from 194 for gilthead seabream to 314 for
rainbow trout (Oncorhynchus mykiss), with shellfish and fish species obtaining a similar average
NF of 229.04 and 232.49, respectively. These findings were consistent with those of Gephart and
Golden (2022). These authors ranked a sample of aquaculture groups according to the total
environmental and nutrient scores, showing that bivalves performed best, followed by silver and
bighead carp, trout, and salmon. However, they notified significant heterogeneity in both
environmental performance and nutrient content performance, with almost all blue food groups
scoring best in at least one metric, leading to possible trade-offs in the assessment of the double
bottom line in aquaculture.

3.1.3. Processing systems

With the focus on the 22 case studies of processed products analysed (Figure 2C), these were
grouped into different processing techniques: freezing (5 case studies); canning in glass jar (4),
aluminium (7) and tinplate (3); and smoking, gutting, and salting, with one case study for each
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type. In addition, different scenarios related to the incorporation of diverse oils and other additives
were assessed for canning processes (see Tables SM1-SM3 for further information). In view of
Figure 2C, smoked, gutted and frozen products highlighted for reaching upper normalised scores,
thus related to having lower footprints. The smoked product got the lowest average CF per FU,
with 1.10 kg CO; eq., followed by the gutted product (1.61 kg CO- eq.) and frozen products (2.77
kg CO: eq.). The same ranking was observed for WF, with results of 7.30, 23.69 and 30.69 uPt,
for smoked, gutted and frozen items, respectively. In contrast, the gutted product achieved an EF
score (18.61 MJ) ten points lower than smoking (28.55 MJ). On the opposite side, canned goods
showed the worst performance, with tinplate canned products showing higher averages in CF per
FU (10.19 kg CO; eq.), WF (278.54 uPt) and EF (282.92 MJ). Then, products canned in
aluminium and glass jars followed behind tinplate case studies with CFs of 8.42 and 5.71 kg CO»
eq., respectively. In terms of WF 229.67 and 127.33 uPt were obtained for products canned in
aluminium and glass jar, respectively. As for the EF, canning in aluminium reached an impact
(193.51 MJ) almost two times above canning in glass jars (98.13 MJ). Finally, the average salting
results were intermediate (CF: 4.94 kg CO> eq.; WF: 48.75 uPt; EF: 74.41 MJ). Comparing the
most abundant type of processing in the sample, canning, with existing studies it was found that
the average CF was in the range of values reported for mussels canned in tinplate, with 4.32 kg
CO- eq. per kg. (Iribarren et al., 2010) and tuna canned in tinplate, with 8.4 kg CO- eq. per kg
(Avadi et al., 2015). If a more in-depth analysis is carried out, the stage of seafood production
(i.e., fishing or farming) usually has a significant contribution to the environmental burdens.
Therefore, if for example a comparison is carried out between frozen cod and sardine, results can
vary greatly because

On the nutrition side, NF values for all case studies were within the range of 101-306 with smoked
and canned in aluminium products having the lowest and highest averages (185.40 and 262.14,
respectively). The nutritional difference between case studies with the same fish species was due
to the rest of ingredients used and their proportion to elaborate the final product.

In summary, after analysing the individual footprints of each group per sector, it can be concluded
that, although some trends have been identified, it would be necessary to include a larger and
more diverse sample in future iterations to enable cross-system comparisons to obtain more
plausible results for the Atlantic area. On the other hand, a more detailed study of hotspots has
not been carried out due to the lack of equality in the resolution of results for the whole sample
and confidentiality issues related to the inventories. Limitations in terms of availability and
representativeness of the data used in each case study could have changed the results to a
significant extent. Likewise, it should not be overlooked that the main objective of the study is
not to identify hotspots of each case study, but rather to systematically quantify the impacts of
case studies of marine systems in the European Atlantic area.
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Figure 2. Individual indicators (i.e., carbon, water, energy and nutritional footprints) for each system
assessed: (A) fisheries, (B) aquaculture and (C) processing. The results are presented normalised and
averaged for the different groups within each system. The lowest value in terms of carbon, water and energy
footprints is assigned a score of 1, while the remaining products decrease in proportion, considering 0 as
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3.2.Composite indicator

The four individual footprints shown above (i.e., CF, WF, EF, NF) were aggregated into a single
value (i.e., the WEFnI), as shown in Figure 3, for each case study, according to the type of system:
fisheries (Figure 3A), aquaculture (Figure 3B), and processing (Figure 3C).

For the fisheries systems (Figure 3A), the list was mainly headed by species captured using purse
seine and artisanal fisheries. At the top was the case of chub mackerel purse seine with 99 out of
100 points. Behind this case were cuttlefish captured through artisanal fisheries and horse
mackerel captured through purse seiners, being scored with a WEFni of 94 points. A further 12
case studies exceeded 75 points (thus being green coloured), including not only different species
landed with the abovementioned fishing gears, but also the trawl fishery for Atlantic mackerel
(82 points). Shown as blue bars (varying the WEFni from 51 to 75 points), up to seven case studies
have an average value of approximately 70, being mainly represented by purse seiners and
trawlers, while pole and line catches of tuna are below 60. Subsequently, with scores between 26
and 50 points (yellow coloured) were 12 case studies comprising different types of fishing gears
(trammel net, longline, pots and traps, etc.) and species, such as common sole, saithe or octopus.
Finally, at the bottom (25 or less points and red coloured) there were two cases: octopus captured
with artisanal fisheries (19 points), and the albacore trawl fishery (9 points). When a detailed
comparison of fishing gears was carried out by setting mean WEFni values, purse seiners scored
the highest (69 points), followed by artisanal fisheries (66 points), dredges (64 points) and
trammel nets (56 points). Pole and line, trawls, and pots and traps obtained lower values, with 48,
45 and 32 points, respectively, while longline showed the worst WEFni performance (27 points).

When it came to the aquaculture products (Figure 3B), shellfish were found to score best, with
mussels reaching 88 points, followed by Pacific and Portuguese oysters, which scored 78 points.
In fact, this oyster mix performed slightly better than the one composed of European flat and
Pacific oysters, which reached 73 points, having a similar performance to farming of rainbow
trout and sea bass. At the end, with the lowest points, 25 and 24, were gilthead seabream and
turbot, respectively. The results for the WEFni showed the same trend as those found from the
individual footprints. Even though normalisation among case studies, it was difficult to draw clear
conclusions, despite some trends emerged showing a better performance of bivalves when
compared to fish farming.
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Figure 3. Water-Energy-Food nexus index (WEFni) results for each case study aggregated by system type:
(A) fisheries, (B) aquaculture, and (C) processing. *For fisheries systems: this purse seine case study for
the European anchovy is landed in a non-European port. For processing systems: EVOO denotes Extra
Virgin Olive Oil and O&A denotes Olives and Almonds as additive.

With regard to case studies of activities belonging to the seafood processing industry (Figure
3C), 5 frozen products were found with a score above 76 points, with pilchard freezing showing
the best performance (95 points). The other case studies concerned species ranging from salmon
or scallops to breaded products and frozen seafood in general. The smoked salmon scenario also
reached a high score (84 points). In addition, a canning scenario entered this top position, with 78
points for European pilchard with sunflower oil canned in aluminium. In the intermediate values,
between 26 and 75 scores, most canned products were scored, covering a variety of species,
additives and packaging formats. In addition, the cases of frozen European hake (73) and salted
cod (70) were also scored in intermediate levels. Among the different canning scenarios, albacore
tuna and Atlantic chub mackerel in glass jars achieved better scores, with natural products (i.e.,
without additives) followed by those with extra virgin olive oil (less refined than olive oil or
sunflower oil) scoring the highest WEFni. On the other hand, European anchovy canned in
tinplate with olive oil scored the worst with only 22 marks. These outcomes may suggest that the
use of glass jar packaging for canned products results in a lower environmental burden when
compared with aluminium and tinplate cans, thus suggesting that the type of packaging material
can improve the environmental performance of these preserved products (Almeida et al., 2022).
The ranking of canned scenarios revealed clearer conclusions using the composite indicator
compared with the individual footprints.

3.3. Sensitivity analysis

The WEFni obtained for the different case studies after carrying out the sensitivity analysis
applied to the FU, the weighting process and the consideration of both approaches are compiled
in Figure 4, classified in fisheries (A), aquaculture (B), or processing (C) systems. Moreover,
given the large number of case studies to which sensitivity analysis was applied (58), it was
decided to group them in a similar way as shown in Figure 2. Notwithstanding, the individual
results for each case study have been compiled in Tables SM8-SM10.

Regarding the fishing systems (Figure 4A), when the sensitivity analysis was conducted in
relation to the FU, it was observed that all fishing gears, except trawls and purse seines, decreased
their WEFni. This was triggered by the FUc assigned to each target species. A lower FUc
translates into a lower amount of seafood (in mass) to satisfy the RSI per person per day: 40 kcal
(Willett et al., 2019), resulting in a lower environmental impact (i.e., lower CF, WF, and EF) and
a higher WEFni. Moreover, the FU assigned to each species depends in turn on both its caloric
intake and its edible portion (i.e., CC and EP, respectively). Thus, it was identified that for several
species captured by trawls or purse seines (e.g., saithe, European pilchard or Atlantic mackerel),
the lowest FUc were recorded, varying approximately between 35 and 45 g of catches per person
per day (see Table SM4). Conversely, more than 90 g of catches were required per person per
day to satisfy the RSI through pots and traps (octopus) and trammel net (common sole) thus
leading to the largest reductions in terms of WEFni.

Similar results were reported when the weighting process was modified. In this case, the NF
associated with each species turns out to be now the key factor in increasing or decreasing the
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WEFni. This was because, by giving equal importance to the environment and food pillars, the
weighting factors assigned to each environmental footprint (i.e., CF, WF, and EF) has decreased
with respect to the baseline situation (from 25% to 16.67%), while the nutritional aspects have
seen their contribution double: from 25% to 50%. Therefore, the increase in the WEFni for trawls
and purse seines can be justified from the point of view that the target species of these fishing
gears were the ones with the highest NFs (see Table SM5), showing values usually higher than
270 for the NRF12.2 (e.g., Atlantic cod, chub mackerel and horse mackerel). Consequently, this
positioned them above the average of the whole sample of fisheries systems: around 230. On the
opposite side were the low NF of European hake (213.61) and skipjack tuna (210.32), which
implied that longline (minus 54 points) and pole and line (minus 50 points) revealed the greatest
reductions in terms of WEFn.

Likewise, when both approaches (FU and weighting process) are considered within the sensitivity
analysis of fisheries systems, a similar trend was observed once again, being trawling and purse
seine the only groups which increased its WEFni by 31 and 8 points, respectively. Conversely,
pots and traps, dredge, longline and trammel net were the most disadvantaged groups with
reductions from 54 to 42 points. Finally, when all fishing gears are compared with each other,
artisanal fisheries and purse seine benefit the most from the sensitivity analysis, moving from
sixth and seventh place respectively to at least the top two according to the WEFnI. In the opposite
situation was pots and traps, which has slipped from second place to the bottom of the ranking.

Concerning aquaculture systems (Figure 4B), after conducting the sensitivity analysis for the two
groups, fish and shellfish aquaculture, few differences were identified. The FU¢ of the fish
aquaculture group has on average 81.49 g of catches per person per day to meet the RSI, a much
lower value compared to shellfish aquaculture (266.67 g and 416.67 g for mussels and oysters,
respectively). This translates into fish aquaculture improving its WEFni by 3 points, while
shellfish aquaculture decreased 8 points. Moreover, the sensitivity analysis compromising the
weighting process implies reductions in both groups, with a higher decrease in shellfish than in
fish. This was because fish have a worse environmental performance in terms of CF, WF, and EF;
thus, in principle, this should have increased their WEFnNi by decreasing the total weighting of
these three footprints (from 75% to 50%). However, by increasing the weighting factor of the NF
the WEFni was decreased, as certain fish register worse values, such as gilthead seabream
(194.06) or turbot (207.02) compared to the shellfish species analysed, i.e., oyster and mussel,
with NF equal to 210.00 and 267.12, respectively. When the two approaches were addressed
together, it became clear that fish aquaculture was catching up shellfish aquaculture, with 15
points separating them in terms of WEFni. Lastly, according to the ranking, although both groups
tend to reduce their differences no change in positions occurred, with fish aquaculture remaining
in first place and shellfish aquaculture in second.

In relation to processing systems (Figure 4C), the sensitivity analysis of the FU affected mostly
salted and gutted products, decreasing their WEFni by 11 and 22 points, respectively, while for
the remaining processed systems, i.e., smoked, canned and frozen, the results remained almost
unchanged. This can be explained by the FU¢. reported by each case study for the salted and gutted
processes: 72.07 and 190.48 g of catches per person per day for Atlantic cod and Atlantic scallop,
respectively. These values are affected by the low EP of the great Atlantic scallop (25%) and by
the low CC of cod (74 kcal per 100 g edible). Consequently, both case studies were in
disadvantage compared to the others, being mainly composed by species such as albacore tuna,
European anchovy or Atlantic chub mackerel, which contain high values for both CC and EP,
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thus having a much lower FUce (46.71 g of catches per person per day). The modification of the
weighting process led to small reductions in the WEFni for canning (1 point) and freezing (5
points) process systems. Conversely, for salting, gutted and smoking processes, this variation
implied a reduction of at least 10 points, caused by the low NFs of cod, great Atlantic scallop and
salmon, respectively. These trends were exacerbated when the combined effects of FU and
weighting process were analysed, with further reductions in the WEFni for salting (17 points) and
gutted (24 points) processing systems. There were little variations in the ranking of the different
types of processing, with frozen products still occupying the first place, while canned and salted
products were the worst WEFni performers.
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Figure 4. Water-Energy-Food nexus index results of the sensitivity analysis for each case study divided by
system: (A) fisheries, (B) aquaculture, and (C) processing. White dots represent the original WEFni
obtained in the base case; red line and dots show the results of the sensitivity analysis performed by varying
the FU; line and dots in blue show the results of the sensitivity analysis carried out varying the weighting
factors; and line and dots in green show the results for the sensitivity analysis carried out with both
approaches jointly.

3.4. Strengths and weaknesses of the WEFni methodological guide

The methodological guidelines applied in this work allowed to assess the environmental impacts
and nutritional profiles of a sample of seafood species from the European Atlantic area through a
composite index: the WEFnI. In addition, this information can be represented as a percentage in
the form of a front-end ecolabel to be implemented in seafood products packaging. For that, a
design proposal was suggested by Entrena-Barbero et al. (2023a) with the goal to facilitate the
communication between producers and consumers. However, while the ecolabel can be a useful
tool to consumers that wish to make more sustainable purchases, the representation of results
through a single value can mask the main hotspots of the single indicators that compose the
WEFni for a more aware or expert audience. In this regard, methodological transparency is key.
Further developments in the WEFni ecolabel could include the provision of more detailed
information through online channels (e.g., by using a QR code) about the outcomes and
methodological procedures of the four individual footprints. In this regard, it is important to bear
in mind that the aims and limitations of composite indicators should be presented alongside where
the scores come from, what do they mean and what are the limits of their usefulness or
interpretability (Barclay et al., 2019).

Since the WEFni methodology implemented in the seafood sector can be applied also to different
food products, this should be adapted to the particularities of each foodstuff. In this regard, one
of the main aspects to be modified would be the "food" pillar within the WEF nexus (i.e., NF).
To do this, the NRF12.2 index used for the seafood products could be modified by adding or
disregarding certain nutrients to better assess the nutritional profile of products under evaluation.
However, it is also possible that certain aspects of the food pillar may be approached from the
point of view of ensuring food security in terms of productivity. This perspective was addressed
in the case of a WEFni proposal applied to dairy farms, where a milk yield indicator was
considered (Entrena-Barbero et al., 2023c). Likewise, it is important to take into consideration
that the population is not exclusively nourished by seafood products purchased at points of sale
(supermarket, groceries, etc.). Therefore, this WEF nexus thinking should be extended to different
food items that are consumed, as well as in other forms of food consumption such as those out-
of-home: meals and menus related to the HORECA (Hotels, restaurants and catering) channel.

To address the WEF nexus perspective, there are numerous methodologies to represent in both a
qualitative and quantitative manner depending on the objective. Among them, concept maps or
causal loop diagrams can be considered to represent at abstract level the interconnections within
a WEF nexus system, while other modelling can be applied in the case of quantitative results,
such as agent-based and input-output modelling (Susnik et al., 2022). In this paper an LCA was
followed, which stands out from other methodologies for the holistic quantification of
environmental burdens related to the interrelationships of the nexus by considering the resources
consumed throughout the life cycle of a product (Mannan et al., 2018).

Notwithstanding, the choice of approaching an LCA has in turn certain limitations related with
methodological assumptions. Some are related with the management of by-catch from fisheries.
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While some case studies considered them as co-products and used mass allocation procedures to
assign the corresponding environmental loads to them, others treated these as waste (output)
without clarifying their fate, which should be noted as a limitation when making comparisons and
interpreting results. In terms of data limitation, gaps related to non-available specific inputs were
filled by using the best available generic or extrapolated data from feasible sources. The
geographical and temporal coverage is also considered to generate some deviations in the general
guidelines, for instance certain hypotheses or modelling assumptions could be considered
obsolete. This again signals that the proposed guidelines should be kept up to date. Another key
aspect is the FU selected. Being 1 kg of seafood captured does not address the nutritional quality
of seafood products (FAO, 2021). The study of how the nutritional characteristics could modify
the results obtained has been addressed through a sensitivity analysis in which the CC, as well as
EP of each species were integrated under the basis of an RSI.

As regards environmental impact assessment, although global warming (CF), water scarcity (WF)
and energy requirements (EF) have important interrelations with food security, some other impact
categories have been left out of the scope of the study. For the case of seafood products, it is
relevant to include the ecological status of fishing grounds and its associated biodiversity loss. In
this concern, new LCA impact categories have been proposed as, for example, one that quantifies
ecosystem quality for fisheries based on several key aspects such as relative biomass, growth rate
and biotic resource depletion (Hélias et al., 2023). In addition, it would also be interesting to
include the impact associated to plastic leakage along the supply chain of seafood, that occur
during fishing activities (fishing gear loss), transportation (tyre particle loss) and processing and
end-of-life (plastic packaging loss) (Loubet et al., 2022). Such integration would enable to
discriminate different fishing methods associated with various fishing gear loss, different
packaging or end-of-life options for fishing gear and packaging (Schneider et al., 2023).

Lastly, to broaden the focus of the WEFni towards a sustainability point of view, as it only
considers the environmental pillar, the addition of socio-economic indicators would be important.
Examples of the above that apply to the seafood sector include human and labour rights, economic
viability, and ethics criteria (e.g., animal welfare). Some are already included in certification
schemes such as Friends of the Sea, Naturland Sustainable Capture Fishery of Marine, and
Agquaculture Stewardship Council (International Trade Centre, 2023).

4. Conclusions

In the current climate emergency situation, reducing the environmental impacts of food
production systems is key to reach climate goals and ensure global food security. Therefore, a
good option would be to modify dietary patterns by opting for foods with low environmental
burdens and high nutritional profiles, such as blue food. To facilitate this task, many ecolabels
exist on the market for seafood products, but most focus on a simple environmental indicator and
it is crucial to consider multiple interrelations. For this purpose, the WEFni methodology was
applied to a series of case studies in the European Atlantic area. From the results obtained, it can
be concluded that the WEFni makes each case study more easily interpretable, as they are
influenced by numerous particularities such as fishing gear, target species, location or processing
technique. In addition, general trends were found to allow the identification of fisheries,
aquaculture or seafood processing practices that can be more recommendable from a WEF nexus
perspective.
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The results of the sensitivity analysis carried out showed that the WEFni was considerably
modified, implying a reclassification of the fishing gear groups, as well as for the processing
types, while for aquaculture systems, some improvement was identified for fish farming
compared to shellfish farming. This therefore suggests that, on the one hand, a re-evaluation of
the chosen mass FU may be necessary, as the FUce has led to a better definition of the true function
of seafood production systems: to meet the recommended daily personal demand (i.e., the RSI),
ensuring food security within the WEF nexus. On the other hand, to better represent the
perspective of the WEF nexus in the context of the study, the process of equitable weighting of
the individual indicators could also be reconsidered when obtaining a WEFnI.

The outcomes provided in this paper may serve to apply the WEFni methodology to other case
studies, thus expanding LCA studies on seafood products. Besides, In addition, with appropriate
modifications that address the particularities of each sector, the WEFni ecolabel could be
extended to other food products and distribution channels.

Acknowledgements

This research was supported by the EAPA _576/2018 NEPTUNUS project, supported by Interreg
Atlantic area. Some authors belong to CRETUS and the Galician Competitive Research Group
(GRC) ED431C 2021/37, co-founded by Xunta de Galicia and FEDER (EU). E.E.B. is funded by
Xunta de Galicia PhD Grant (ED481A-2021/164). A.C.D. and P.Q. acknowledge FCT/MCTES
for the financial support to CESAM (UIDB/50017/2020 + UIDP/50017/2020 + LA/P/0094/2020),
through national funds, and to the research contracts CEECIND/02174/2017 and
CEECIND/00143/2017, respectively.

References

Almeida, C., Loubet, P., da Costa, T.P., Quinteiro, P., Laso, J., Baptista de Sousa, D., Cooney,
R., Mellett, S., Sonnemann, G., Rodriguez, C.J., 2022. Packaging environmental impact on
seafood supply chains: A review of life cycle assessment studies. J. Ind. Ecol. 26, 1961—
1978.

Andreas, R., Serenella, S., Jungbluth, N., 2020. Normalization and weighting: the open challenge
in LCA, in: International Journal of Life Cycle Assessment. Springer Science and Business
Media Deutschland GmbH, pp. 1859-1865. https://doi.org/10.1007/s11367-020-01790-0

Avadi, A., Bolafios, C., Sandoval, I., Ycaza, C., 2015. Life cycle assessment of Ecuadorian
processed tuna. Int. J. Life Cycle Assess. 20, 1415-1428. https://doi.org/10.1007/s11367-
015-0943-2

Barange, M., Bahri, T., Beveridge, M.C.M., Cochrane, K.L., Funge-Smith, S., Poulain, F., 2018.
Impacts of climate change on fisheries and aquaculture. United Nations’ Food Agric. Organ.
12, 628-635.

Bianchi, M., Hallstrém, E., Parker, RW.R., Mifflin, K., Tyedmers, P., Ziegler, F., 2022.
Assessing seafood nutritional diversity together with climate impacts informs more
comprehensive dietary advice. Commun. Earth Environ. 3. https://doi.org/10.1038/s43247-
022-00516-4

Bogard, J.R., Farmery, A.K,, Little, D.C., Fulton, E.A., Cook, M., 2019. Will fish be part of future
healthy and  sustainable  diets?  Lancet Planet. Heal. 3, 159-160.
https://doi.org/10.1016/S2542-5196(19)30018-X

Boulay, A.M., Bare, J., Benini, L., Berger, M., Lathuilliere, M.J., Manzardo, A., Margni, M.,
Motoshita, M., Nlfez, M., Pastor, A.V., Ridoutt, B., Oki, T., Worbe, S., Pfister, S., 2018.

22



720
721
722

723
724
725

726
727
728
729

730
731
732
733
734
735
736

737
738
739

740
741

742
743
744
745
746

747
748
749
750
751
752

753
754

755
756
757

758

759
760
761
762
763

764
765
766
767
768

The WULCA consensus characterization model for water scarcity footprints: assessing
impacts of water consumption based on available water remaining (AWARE). Int. J. Life
Cycle Assess. 23, 368-378. https://doi.org/10.1007/s11367-017-1333-8

Cansino-Loeza, B., Munguia-Lo6pez, A. del C., Ponce-Ortega, J.M., 2022. A water-energy-food
security nexus framework based on optimal resource allocation. Environ. Sci. Policy 133,
1-16. https://doi.org/10.1016/j.envsci.2022.03.006

Ceballos-Santos, S., Laso, J., Ulloa, L., Ruiz Salmoén, I., Margallo, M., Aldaco, R., 2023.
Environmental performance of Cantabrian (Northern Spain) pelagic fisheries: Assessment
of purse seine and minor art fleets under a life cycle approach. Sci. Total Environ. 855.
https://doi.org/10.1016/j.scitotenv.2022.158884

Cinner, J.E., Caldwell, I.R., Thiault, L., Ben, J., Blanchard, J.L., Coll, M., Diedrich, A., Eddy,
T.D., Everett, J.D., Folberth, C., Gascuel, D., Guiet, J., Gurney, G.G., Heneghan, R.F.,
Jagermeyr, J., Jiddawi, N., Lahari, R., Kuange, J., Liu, W., Maury, O., Miiller, C., Novaglio,
C., Palacios-Abrantes, J., Petrik, C.M., Rabearisoa, A., Tittensor, D.P., Wamukota, A.,
Pollnac, R., 2022. Potential impacts of climate change on agriculture and fisheries
production in 72 tropical coastal communities. Nat. Commun. 13, 1-11.
https://doi.org/10.1038/s41467-022-30991-4

Clark, M.A., Springmann, M., Hill, J., Tilman, D., 2019. Multiple health and environmental
impacts of foods. Proc. Natl. Acad. Sci. U. S. A. 116, 23357-23362.
https://doi.org/10.1073/pnas.1906908116

Cloatre, T., 2018. Methodological report for the French LCI Project on Fisheries. ADEME-
Agence I’Environnement la Maitrise 1’Energie.

Costello, C., Cao, L., Gelcich, S., Cisneros-Mata, M., Free, C.M., Froehlich, H.E., Golden, C.D.,
Ishimura, G., Maier, J., Macadam-Somer, I., Mangin, T., Melnychuk, M.C., Miyahara, M.,
de Moor, C.L., Naylor, R., Nestbakken, L., Ojea, E., O’Reilly, E., Parma, A.M., Plantinga,
A.J., Thilsted, S.H., Lubchenco, J., 2020. The future of food from the sea. Nature 588, 95—
100. https://doi.org/10.1038/s41586-020-2616-y

Crona, B.l., Wassénius, E., Jonell, M., Koehn, J.Z., Short, R., Tigchelaar, M., Daw, T.M., Golden,
C.D., Gephart, J.A., Allison, E.H., Bush, S.R., Cao, L., Cheung, W.W.L., DeClerck, F.,
Fanzo, J., Gelcich, S., Kishore, A., Halpern, B.S., Hicks, C.C., Leape, J.P., Little, D.C.,
Micheli, F., Naylor, R.L., Phillips, M., Selig, E.R., Springmann, M., Sumaila, U.R., Troell,
M., Thilsted, S.H., Wabnitz, C.C.C., 2023. Four ways blue foods can help achieve food
system ambitions across nations. Nature. https://doi.org/10.1038/s41586-023-05737-x

Cucurachi, S., Scherer, L., Guinée, J., Tukker, A., 2019. Life Cycle Assessment of Food Systems.
One Earth 1, 292-297. https://doi.org/10.1016/j.0neear.2019.10.014

Drewnowski, A., 2009. Defining Nutrient Density: Development and Validation of the Nutrient
Rich Foods Index. J. Am. Caoll. Nutr. 28, 421-426.
https://doi.org/10.1080/07315724.2009.10718106

Ecolabel Index, 2023. Ecolabel Index [WWW Document].

Entrena-Barbero, E., Ceballos, S., Cortés, A., Esteve-Llorens, X., Moreira, M.T., Villanueva-Rey,
P., Quifioy, D., Almeida, C., Marques, A., Quinteiro, P., Dias, A.C., Laso, J., Margallo, M.,
Aldaco, R., Feijoo, G., 2023a. Methodological guidelines for the calculation of a Water-
Energy-Food nexus index for seafood products. Sci. Total Environ. 162845.
https://doi.org/10.1016/j.scitotenv.2023.162845

Entrena-Barbero, E., Ceballos, S., Cortés, A., Esteve-Llorens, X., Moreira, M.T., Villanueva-Rey,
P., Quifioy, D., Almeida, C., Marques, A., Quinteiro, P., Dias, A.C., Laso, J., Margallo, M.,
Aldaco, R., Feijoo, G., 2023b. Methodological guidelines for the calculation of a Water-
Energy-Food nexus index for seafood products. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2023.162845

23



769
770
771
772

773
774

775
776

77
778
779

780
781
782
783
784

785
786
787

788
789

790
791
792
793
794

795
796
797

798
799
800
801
802
803

804
805
806

807
808
809

810
811
812

813
814

815
816

Entrena-Barbero, E., Rebolledo-Leiva, R., Vasquez-lbarra, L., Ferndndez, M., Feijoo, G.,
Gonzélez-Garcia, S., Moreira, M.T., 2023c. Water-Energy-Food nexus index proposal as a
sustainability criterion on dairy farms. Sci. Total Environ. 874, 162507.
https://doi.org/10.1016/j.scitotenv.2023.162507

EUMOFA, 2023. EU and Country profiles update 2022 [WWW Document]. URL
https://www.eumofa.eu/eu-and-country-profiles-update-2022 (accessed 2.16.23).

FAO, 2022. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation.
FAO Rome.

FAO, 2021. Integration of environment and nutrition in life cycle assessment of food Items:
opportunities and challenges. Integr. Environ. Nutr. life cycle Assess. food Items Oppor.
challenges. https://doi.org/10.4060/ch8054en

Fernandez-Rios, A., Laso, J., Campos, C., Ruiz-Salmoén, 1., Hoehn, D., Cristébal, J., Batlle-Bayer,
L., Bala, A., Fullana-i-Palmer, P., Puig, R., Aldaco, R., Margallo, M., 2021. Towards a
Water-Energy-Food (WEF) nexus index: A review of nutrient profile models as a
fundamental pillar of food and nutrition security. Sci. Total Environ. 789.
https://doi.org/10.1016/j.scitotenv.2021.147936

Frischknecht, R., Jungbluth, N., Althaus, H.J., Bauer, C., Doka, G., Dones, R., Hischier, R.,
Hellweg, S., Humbert, S., Koéllner, T., Loerincik, Y., Margini, M., Nemecek, T., 2007.
Implementation of Life Cycle Impact Assessment Methods. ecoinvent report n°. 3, v2.0.

Gephart, J.A., Golden, C.D., 2022. Environmental and nutritional double bottom lines in
aquaculture. One Earth. https://doi.org/10.1016/j.oneear.2022.03.018

Gephart, J.A., Henriksson, P.J.G., Parker, R.W.R., Shepon, A., Gorospe, K.D., Bergman, K.,
Eshel, G., Golden, C.D., Halpern, B.S., Hornborg, S., Jonell, M., Metian, M., Mifflin, K.,
Newton, R., Tyedmers, P., Zhang, W., Ziegler, F., Troell, M., 2021. Environmental
performance of blue foods. Nature 597, 360-365. https://doi.org/10.1038/541586-021-
03889-2

Giacomarra, M., Crescimanno, M., Vrontis, D., Miret Pastor, L., Galati, A., 2021. The ability of
fish ecolabels to promote a change in the sustainability awareness. Mar. Policy 123, 104292,
https://doi.org/10.1016/j.marpol.2020.104292

Golden, C.D., Koehn, J.Z., Shepon, A., Passarelli, S., Free, C.M., Viana, D.F., Matthey, H.,
Eurich, J.G., Gephart, J.A., Fluet-Chouinard, E., Nyboer, E.A., Lynch, A.J., Kjellevold, M.,
Bromage, S., Charlebois, P., Barange, M., Vannuccini, S., Cao, L., Kleisner, K.M., Rimm,
E.B., Danaei, G., DeSisto, C., Kelahan, H., Fiorella, K.J., Little, D.C., Allison, E.H., Fanzo,
J.,  Thilsted, S.H., 2021. Aquatic foods to nourish nations. Nature.
https://doi.org/10.1038/541586-021-03917-1

Hélias, A., Stanford-Clark, C., Bach, V., 2023. A new impact pathway towards ecosystem quality
in life cycle assessment: characterisation factors for fisheries. Int. J. Life Cycle Assess. 28,
367-379.

Heller, M.C., Keoleian, G.A., Willett, W.C., 2013. Toward a life cycle-based, diet-level
framework for food environmental impact and nutritional quality assessment: A critical
review. Environ. Sci. Technol. 47, 12632-12647. https://doi.org/10.1021/es4025113

Hognes, E.S., Winther, U., Ellingsen, H., Ziegler, F., Emanuelsson, A., Sund, V., 2012. Carbon
footprint and energy use of Norwegian fisheries and seafood products, Sustainable Maritime
Transportation and Exploitation of Sea Resources. https://doi.org/10.1201/b11810-152

International Food Information Council, 2020. 2020 FOOD & HEALTH SURVEY International
Food Information Council.

International Trade Centre, 2023. Standards Map - The World’s largest database for sustainability
standards [WWW Document]. URL https://standardsmap.org/en/home

24



817
818
819
820

821
822
823

824
825

826
827

828
829
830

831
832

833
834
835

836
837
838
839
840
841

842
843
844

845
846
847

848
849

850
851
852

853
854
855
856

857
858
859
860

861
862
863
864

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working Group
| to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.
Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y.
Chen,. https://doi.org/10.3724/sp.j.7103161536

Iribarren, D., Hospido, A., Moreira, M.T., Feijoo, G., 2010. Carbon footprint of canned mussels
from a business-to-consumer approach. A starting point for mussel processors and policy
makers. Environ. Sci. Policy 13, 509-521. https://doi.org/10.1016/j.envsci.2010.05.003

ISO, 2006a. 1SO 14040:2006 - Environmental Management - Life Cycle Assessment - Principles
and Framework.

ISO, 2006b. ISO 14044:2006 - Environmental Management - Life Cycle Assessment -
Requirements and Guidelines.

Jafarzadeh, S., Ellingsen, H., Aanondsen, S.A., 2016. Energy efficiency of Norwegian fisheries
from 2003 to 2012. J. Clean. Prod. 112, 3616—-3630.
https://doi.org/10.1016/j.jclepro.2015.06.114

Koehn, J.Z., Allison, E.H., Golden, C.D., Hilborn, R., 2022. The role of seafood in sustainable
diets. Environ. Res. Lett. 17, 035003. https://doi.org/10.1088/1748-9326/ac3954

Langlois, J., Fréon, P., Delgenes, J.P., Steyer, J.P., Hélias, A., 2014. New methods for impact
assessment of biotic-resource depletion in life cycle assessment of fisheries: Theory and
application. J. Clean. Prod. 73, 63—71. https://doi.org/10.1016/j.jclepro.2014.01.087

Laso, J., Ruiz-salm, I., Villanueva-rey, P., Quinteiro, P., Cl, A., Almeida, C., Entrena-barbero, E.,
Feijoo, G., Loubet, P., Sonnemann, G., Cooney, R., Clifford, E., Regueiro, L., Alonso, D.,
Sousa, B. De, Jacob, C., Noirot, C., Martin, J., Raffray, M., Rowan, N., Mellett, S., 2022.
Achieving Sustainability of the Seafood Sector in the European Atlantic Area by Addressing
Eco-Social ~ Challenges:  The  NEPTUNUS  Project.  Sustainability  14.
https://doi.org/10.3390/su14053054

Loubet, P., Couturier, J., Arduin, R.H., Sonnemann, G., 2022. Life cycle inventory of plastics
losses from seafood supply chains: Methodology and application to French fish products.
Sci. Total Environ. 804, 150117.

Mannan, M., Al-Ansari, T., Mackey, H.R., Al-Ghamdi, S.G., 2018. Quantifying the energy, water
and food nexus: A review of the latest developments based on life-cycle assessment. J.
Clean. Prod. 193, 300-314. https://doi.org/10.1016/j.jclepro.2018.05.050

Marine Fish PEFCR, 2022. Leading the Environmental Footprint of Marine Fish Products
[WWW Document]. URL https://www.marinefishpefcr.eu/

McAuliffe, G.A., Takahashi, T., Lee, M.R.F., 2020. Applications of nutritional functional units
in commodity-level life cycle assessment (LCA) of agri-food systems. Int. J. Life Cycle
Assess. 25, 208-221. https://doi.org/10.1007/s11367-019-01679-7

Obiero, K., Meulenbroek, P., Drexler, S., Dagne, A., Akoll, P., Odong, R., Kaunda-Arara, B.,
Waidbacher, H., 2019. The contribution of fish to food and nutrition security in Eastern
Africa: Emerging trends and future outlooks. Sustain. 11.
https://doi.org/10.3390/su11061636

Ruiz-Salmon, 1., Fernandez-Rios, A., Campos, C., Laso, J., Margallo, M., Aldaco, R., 2021a. The
fishing and seafood sector in the time of COVID-19: Considerations for local and global
opportunities and responses. Curr. Opin. Environ. Sci. Heal. 23, 100286.
https://doi.org/10.1016/j.coesh.2021.100286

Ruiz-Salmon, 1., Laso, J., Margallo, M., Villanueva-Rey, P., Rodriguez, E., Quinteiro, P., Dias,
A.C., Almeida, C., Nunes, M.L., Marques, A., Cortés, A., Moreira, M.T., Feijoo, G., Loubet,
P., Sonnemann, G., Morse, A.P., Cooney, R., Clifford, E., Regueiro, L., Méndez, D.,
Anglada, C., Noirot, C., Rowan, N., Vazquez-Rowe, I., Aldaco, R., 2021b. Life cycle

25



865
866
867

868
869
870

871
872
873

874
875
876

877
878
879
880

881
882
883

884
885
886

887
888
889
890
891
892

893
894
895
896

897
898
899

900
901
902

903
904
905

906
907
908
909
910
911
912
913

assessment of fish and seafood processed products — A review of methodologies and new
challenges. Sci. Total Environ. 761, 144094.
https://doi.org/10.1016/j.scitotenv.2020.144094

Sandison, F., Hillier, J., Hastings, A., Macdonald, P., Mouat, B., Marshall, C.T., 2021. The
environmental impacts of pelagic fish caught by Scottish vessels. Fish. Res. 236.
https://doi.org/10.1016/j.fishres.2020.105850

Schau, E.M., Ellingsen, H., Endal, A., Aanondsen, S.A., 2009. Energy consumption in the
Norwegian fisheries. J. Clean. Prod. 17, 325-334.
https://doi.org/10.1016/j.jclepro.2008.08.015

Schneider, F., Parsons, S., Clift, S., Stolte, A., Kriiger, M., McManus, M., 2023. Life cycle
assessment (LCA) on waste management options for derelict fishing gear. Int. J. Life Cycle
Assess. 28, 274-290. https://doi.org/10.1007/s11367-022-02132-y

Sigurdsson, V., Larsen, N.M., Palsdéttir, R.G., Folwarczny, M., Menon, R.G.V., Fagerstram, A.,
2022. Increasing the effectiveness of ecological food signaling: Comparing sustainability
tags with eco-labels. J. Bus. Res. 139, 1099-1110.
https://doi.org/10.1016/j.jbusres.2021.10.052

Simpson, G.B., Jewitt, G.P.W., 2019. The development of the water-energy-food nexus as a
framework for achieving resource security: A review. Front. Environ. Sci. 7, 1-9.
https://doi.org/10.3389/fenvs.2019.00008

Sonesson, U., Davis, J., Flysjo, A., Gustavsson, J., Witthoft, C., 2017. Protein quality as
functional unit— A methodological framework for inclusion in life cycle assessment of food.
J. Clean. Prod. 140, 470-478. https://doi.org/10.1016/j.jclepro.2016.06.115

Springmann, M., Clark, M., Mason-D’Croz, D., Wiebe, K., Bodirsky, B.L., Lassaletta, L., de
Vries, W., Vermeulen, S.J., Herrero, M., Carlson, K.M., Jonell, M., Troell, M., DeClerck,
F., Gordon, L.J., Zurayk, R., Scarborough, P., Rayner, M., Loken, B., Fanzo, J., Godfray,
H.C.J.,, Tilman, D., Rockstrom, J., Willett, W., 2018. Options for keeping the food system
within environmental limits. Nature 562, 519-525. https://doi.org/10.1038/s41586-018-
0594-0

Struijs, J., Beusen, A., Jaarsveld, V.H., Huijbregts, M.A.J., 2009. Aquatic Eutrophication. Chapter
6 in: Goedkoop, M., Heijungs, R., Huijbregts, M.A.J., De Schryver, A., Struijs, J., Van
Zelm, R. (2009). ReCiPe 2008 - A life cycle impact assessment method which comprises
harmonised category indicators at the midpoint and.

Susnik, J., Masia, S., Jewittt, G., Simpson, G., 2022. Chapter 5 - Tools and indices for WEF nexus
analysis. Water-Energy-Food Nexus Narrat. Resour. Secur. 67-89.
https://doi.org/https://doi.org/10.1016/B978-0-323-91223-5.00013-7

Véazquez-Rowe, |., Moreira, M.T., Feijoo, G., 2010. Life cycle assessment of horse mackerel
fisheries in Galicia (NW Spain): Comparative analysis of two major fishing methods. Fish.
Res. 106, 517-527. https://doi.org/10.1016/j.fishres.2010.09.027

Weidema, B.P., Stylianou, K.S., 2020. Nutrition in the life cycle assessment of foods—function
or impact? Int. J. Life Cycle Assess. 25, 1210-1216. https://doi.org/10.1007/s11367-019-
01658-y

Willett, W., Rockstrém, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., Garnett, T.,
Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon, L.J., Fanzo, J., Hawkes,
C., Zurayk, R., Rivera, J.A., De Vries, W., Majele Sibanda, L., Afshin, A., Chaudhary, A.,
Herrero, M., Agustina, R., Branca, F., Lartey, A., Fan, S., Crona, B., Fox, E., Bignet, V.,
Troell, M., Lindahl, T., Singh, S., Cornell, S.E., Srinath Reddy, K., Narain, S., Nishtar, S.,
Murray, C.J.L., 2019. Food in the Anthropocene: the EAT—Lancet Commission on healthy
diets from sustainable food systems. Lancet 393, 447-492. https://doi.org/10.1016/S0140-
6736(18)31788-4

26



914

27



