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1. Introduction20 

The “ecological footprint” aims to quantify the impacts on environment associated with 21 
human activities (Moffatt, 2000). Since the development of this concept several footprints have 22 
emerged, being most of them based on the Life Cycle Assessment (LCA) (Hauschild et al., 2018). 23 
The latter consists in the analysis of the environmental aspects related to a product or service 24 
throughout their different life cycle stages: raw materials extraction, manufacturing, logistics, use 25 
and end-of-life (EoL) treatment (ISO, 2016). Moreover, footprints can be applied in a wide variety 26 
of contexts: from agri-food systems (Notarnicola et al., 2017) to cities (Rama et al., 2021). 27 
According to Hauschild et al. (2018), their main strengths rely on being: (i) suitable for 28 
transferring information to non-environmental experts, (ii) accessible and intuitive, and (iii) 29 
relatively easy to perform when few data are available. Footprints can also increase environmental 30 
awareness, constituting a link between life cycle thinking and policy makers (Ghita et al., 2018), 31 
but the focus on a single environmental problem is one of their main drawbacks. 32 

Concerning LCA literature focusing on the seafood sector (i.e., fisheries, aquaculture and 33 
processing), these have experienced a proliferation over the last two decades. Despite this, there 34 
are currently certain discrepancies in the way they are approached, such as in the definition of the 35 
system under study, its boundaries or function. Moreover, the impacts categories considered are 36 
often evaluated individually, without carrying out a global analysis that highlights their 37 
interconnections so as to achieve more robust and representative results (Ruiz-Salmón et al., 38 
2021). However, the first steps are already being taken towards the construction of a common 39 
Life Cycle Inventory (LCI) with the objective of having a common framework (Avadí et al., 40 
2020). 41 

Consequently, on the one hand, the assessment of environmental impacts of seafood 42 
production as independent indicators may lead to limited interpretations, although a combination 43 
of them taking into account their synergies is of interest with the objective of broadening the 44 
scope of the study. On the other hand, the consideration of following a holistic view to integrate 45 
the positive contributions of these foods in nutritional terms to their environmental burdens 46 
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remains largely unexplored. For example, in the case of fisheries, many decarbonization policies 47 
are focused on quantifying the greenhouse gas (GHG) emissions. However, other positive 48 
contributions related to fish consumption are often overlooked, such as its low proportion of GHG 49 
emitted per kg of protein provided, are often overlooked (Entrena-Barbero et al., 2022). 50 

It is from the above rational that the "Water-Energy-Food (WEF) nexus” concept 51 
emerged with the aim of promoting the inseparable links between the use of resources to provide 52 
the basic and universal rights of food provision, water supply and energy security (Biggs et al., 53 
2015). Associated with the nexus approach is the idea of not prioritizing any specific resource, 54 
but rather recognizing the synergies and trade-offs in resource management (Proctor et al., 2021). 55 
In addition, in recent years, the food sector has become an object of study to improve its current 56 
situation because of the multiple obstacles it has to deal with, such as food waste (Kibler et al., 57 
2018), high levels of pollution (Parker et al., 2018) or food shortages in the supply chain (Singh 58 
et al., 2021). In relation to the latter, seafood can be crucial with the aim of tackling malnutrition 59 
due to its high nutritional value (Golden et al., 2021). However, fisheries face as well a number 60 
of sustainability challenges related to the recovery of fishing stocks (Worm et al., 2009), financial 61 
stability of fishermen (Holland et al., 2020), as well as the consequences of climate change 62 
(Plagányi, 2019).  63 

In this regard, the European Union opted for the promotion of sustainable production as 64 
a strategy for the development of the fisheries sector, improving the use of marine resources, 65 
while increasing the economic and environmental aspects for regions with productive sectors 66 
associated with the sea of notable importance, the so-called “blue growth” (European 67 
Commission, 2017). Furthermore, this strategy has already been applied to control the fisheries 68 
management plans of multiple institutions, although there are still many problems in biological 69 
(depletion of fishing grounds) and economic (low monetary profit ranges) terms (Costello et al., 70 
2016). This has resulted in the fishing industry to include some measures such as improving 71 
resource efficiency through technological advances or added-value certifications (Boonstra et al., 72 
2018). As a result, there is a growing interest in conducting LCA studies of seafood products 73 
(Ziegler et al., 2016), despite the fact that there is still no standardised methodology. 74 

Hence, this document is intended to provide technical guidance with the dual objective 75 
of, on the one hand, shedding light on the harmonisation of LCA studies applied to the seafood 76 
sector and, on the other hand, estimating a WEF nexus index (WEFni), thus following an 77 
integrative perspective for seafood ecolabelling. This composite indicator considers both the 78 
negative contribution of seafood products according to their environmental burdens (following a 79 
multifootprint point of view: Carbon (CF), Water (WF) and Energy (EF) Footprints), as well as 80 
its positive contribution in terms of nutrients intake thanks to the Nutritional Footprint (NF) 81 
assessment. For that, the following topics were addressed: (i) selection of the most suitable 82 
Functional Unit (FU) to make comparisons among seafood products; (ii) definition of the System 83 
Boundaries (SB), identifying the mandatory and optional elements; (iii) consideration of the 84 
minimum LCI data required for each stage, as well as the most appropriate allocation factors; (iv) 85 
identification of the Life Cycle Impact Assessment (LCIA) methods for calculating the 86 
environmental footprints chosen: CF, WF and EF; (v) nutritional characterisation of seafood 87 
products for estimating the NF associated; and (vi) integration of the four indicators into a single 88 
value (i.e., the WEFni) to be represented in the form of an ecolabel that allows to create a 89 
communication channel between producers and customers.  90 

The methodological guidelines introduced through this paper are expected to serve as 91 
reference within the NEPTUNUS project. This project aims to implementing a circular economy 92 
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through the definition of eco-innovation approaches (Laso et al., 2022). Therefore, the 93 
NEPTUNUS project partners will apply for the first time the procedure and the ecolabel presented 94 
here to a sample of more than 50 case studies. These were based on the production of seafood 95 
products through fishing, aquaculture and processing for several countries of the European 96 
Atlantic area. Furthermore, the results obtained will be presented and evaluated in a forthcoming 97 
scientific publication, thus making available to other LCA practitioners a useful database based 98 
on seafood production following a WEF nexus perspective to foster its reproducibility, as well as 99 
the improvement of the methodology proposed in future iterations. 100 

For the proper development of this methodological guide, the following documents were 101 
considered: (i) ISO 14040 and ISO 1044 standards on LCA (ISO, 2006a, 2006b); (ii) suggestions 102 
for updating the Product Environmental Footprint (PEF) method (Zampori and Pant, 2019); (iii) 103 
Product Environmental Footprint Category Rules (PEFCR) guidance (European Commission, 104 
2018); (iv) PAS 2050-2:2012 Assessment of Life Cycle greenhouse gas emissions - 105 
Supplementary requirements for the application of PAS 2050:2011 to seafood and other aquatic 106 
food products (BSI, 2012); and (v) ISO 22948:2020 carbon footprint for seafood - Product 107 
category rules (CFP-PCR) for finfish (ISO, 2020). 108 

2. Assessing the environmental impacts of seafood products  109 

The two international standards relative to the LCA (i.e., ISO 14040 and ISO 14044) were 110 
taken as reference to carried out the assessment of the environmental impacts related to seafood 111 
products. Thus, the procedure was divided into 4 steps: (i) goal and scope definition, (ii) inventory 112 
analysis, (iii) impact assessment and (iv) interpretation of results. 113 

2.1. Goal and scope definition 114 

On the one hand, the goal was to propose a common way for the development of LCA 115 
studies for seafood products in relation to the calculation of three environmental footprints: CF, 116 
WF and EF. On the other hand, the scope covered any activity related to seafood products for 117 
human consumption from fisheries, aquaculture or processing sectors, including both fresh and 118 
preserved products which use techniques such as freezing, salting or canning. Therefore, the 119 
production of fish oil, fishmeal or any other product used for animal feed was excluded. 120 

2.1.1. Functional unit 121 

The FU is the quantified performance to be used as reference basis that allows 122 
comparisons to be made when the products obtained by the systems under study can fulfil the 123 
same or an equivalent function (ISO, 2006a). Consequently, because the environmental footprint 124 
calculation was based on making a comparative assessment of seafood products from an 125 
environmental sustainability point of view, the following FU was selected: 1 kg of seafood, either 126 
landed at port or produced at the aquaculture or factory gates, including the associated packaging 127 
material for processed seafood products. 128 

2.1.2. System boundaries 129 

The different approaches that can be considered in a LCA study according to the stages 130 
covered in the seafood supply chain are shown in Figure 1. This guide provides flexibility for 131 
LCA practitioners to define the SB, but some rules should be applied: (i) the minimum scope will 132 
be cradle-to-(port/farm/factory) gate, including surveys for the collection of information from 133 
fishing, farming activities or processing facilities, respectively; (ii) life cycle stages included and 134 
excluded will be indicated; (iii) a system diagram will be provided; (iv) the FU and reference flow 135 
will be consistent with the chosen SB (Helmes et al., 2020). 136 
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 137 
Figure 1. System boundaries of a LCA study according to the covered stages of the seafood supply chain. 138 
*External feeding is an optional element in aquaculture, as some of them do not use it (e.g., bivalves or 139 
algae). Dotted arrow represents the possibility that feeding comes from by-products. 140 

Therefore, to define the different SB in a LCA study about seafood production, it was 141 
considered that up to three different types of systems were possible: fishing, aquaculture and 142 
processing. 143 

Regarding the definition of the SB for a fishing system, vessel operations related to the 144 
production, transport and consumption of the inputs required (e.g., cooling agents, nets, baits, 145 
etc.) should be included. In addition, vessel maintenance also needs to be considered, with vessel 146 
construction as an optional element. With this in mind and based on previous scientific articles, 147 
the SB for the assessment of the environmental impacts related to fishing activities should include 148 
the elements listed in Figure 2 (Avadí and Fréon, 2013; Villanueva-Rey et al., 2018).  149 
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 150 

Figure 2. System boundaries for fishing systems in a LCA study. 151 

In the case of aquaculture production systems, the recommended elements are those 152 
shown in Figure 3, including the aquafeed production where applicable and the aquaculture 153 
operations. Concerning the facilities construction, given the difficulty of obtaining high quality 154 
data about the capital goods, this is an optional element. In addition, undesirable process outputs, 155 
such as wastewater, should be included within the SB, as well as direct emissions produced by 156 
the employment of fossil fuels (if these are directly burned in boilers or similar). 157 
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 158 

Figure 3. System boundaries for aquaculture systems in a LCA study.  159 

As shown in Figure 4, the SB of the processing systems can be divided into the 160 
processing stage (e.g., washing, boiling, freezing, etc.) and packaging operations. The most 161 
common elements considered within the SB of the seafood processing systems are electricity, fuel 162 
(e.g., diesel or natural gas), water, plastics, chemicals and additives (understood as any element 163 
that is included in the packaging along with the seafood products, such as sauces). With respect 164 
to the packaging operations, all elements that make up the packaging are relevant (whether the 165 
seafood is canned or simply filleted). Items used to transport the seafood products through the 166 
facility, such as polystyrene trays or wooden pallets should be considering, taking into account 167 
the reuse rate and shelf life. Finally, the treatment of the wastes produced should be included 168 
within the SB. The most common are organic remains, that can be transformed into products or 169 
co-products (e.g., fish viscera and bones), as well as wastes from the packaging operations (e.g., 170 
plastics or aluminium). 171 
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 172 

Figure 4. System boundaries for processing systems in a LCA study. 173 

2.1.3. System boundaries exclusions 174 

For LCA studies on seafood products, data on elementary flows to and from systems that 175 
contribute at least 99% of the stated environmental impacts shall be included. Then, satisfactory 176 
testing of the cut-off rules is done by a combination of expert judgment based on experience with 177 
similar systems and a sensitivity analysis where it is possible to understand how the ignored input 178 
or output might affect the results. Consequently, processes with small individual impacts (e.g., 179 
less than 0.5% of the total) can be ignored. An example of the above is the construction stage of 180 
fishing vessels and facilities for aquaculture and processing factories, optional items to be 181 
included within the SB in this guide. This is due to their long lifetime, which means that when 182 
environmental impacts are relativised to annual production levels, their relative contributions are 183 
negligible. However, if good quality data is available, this guide encourages the inclusion of the 184 
construction stage. For water consumption, some exclusions can be considered to simplify data 185 
collection, such as the volume of water incorporated in seafood meat, as its contribution is not 186 
likely to affect the total WF. In addition, as far as aquaculture is concerned, other aspects such as 187 
the volume of brackish water abstracted and released in the same receiving water bodies should 188 
be disregarded, as it is not addressed in the water use impact assessment. 189 
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2.2. Inventory analysis 190 

2.2.1 Data acquisition 191 

Data acquisition is the most relevant step in a LCA study as the LCI directly influences 192 
the quality and representativeness of the results (Ciroth et al., 2020). Obtaining primary data 193 
should be a priority, although secondary information from scientific studies and databases can be 194 
used to fill some gaps and for background processes (e.g., chemical production or electricity 195 
generation). To obtain good quality primary data, surveys are recommended to be completed by 196 
the responsible agents for further analysis (i.e., skipper for fisheries studies and plant manager in 197 
the case of aquaculture and seafood processing facilities).  198 

2.2.2. Emissions modelling 199 

In terms of emissions to air from combustion of fuels (normally, diesel or natural gas), it 200 
is highly recommended to collect real measurement data. The above is due to fuel emissions is 201 
governed, among other uncontrollable factors, by the variability of sea storms and crew expertise 202 
(Vázquez-Rowe and Tyedmers, 2013). In addition, fuel consumption emissions could also be 203 
estimated through different approaches available in the literature, such as making use to the 204 
updated European Monitoring and Evaluation Programme/European Environment Agency 205 
(EMEP/EEA) air pollutant emissions inventory guidebook (EMEP/EEA, 2019).  206 

Regarding the direct emissions to water from the use of antifouling paint, these should be 207 
quantified following recommendations in the fisheries LCA literature: two-thirds of the original 208 
antifouling paint applied to vessels (Hospido and Tyedmers, 2005). 209 

Regarding Abandoned, Lost or Discarded Fishing Gear (ALDFG), it is highly 210 
recommended to estimate it in terms of marine litter at the fishing stage (Vázquez-Rowe et al., 211 
2012). This is based on the fact that ALDFG affects the three dimensions of sustainability: society, 212 
economy and environment through certain aspects such as hazards to navigation, ghost fishing 213 
and impacts on benthic ecosystems, respectively (FAO, 2019). 214 

In acquiring specific data for the estimation of the WF indicator, the following parameters 215 
shall be considered (ISO, 2014): (i) quantities (mass or volume) of water as input (water 216 
withdrawal) and output (released into the same watershed in the same period, the same watershed 217 
but in a different period, a different watershed or ocean); (ii) types of water resources used (i.e., 218 
surface water, seawater, rainwater, groundwater); (iii) data describing water quality parameters 219 
(e.g., chemical characteristics); (iv) geographical location of water used or affected (including for 220 
water withdrawal or release); (v) emissions to air, water, and soil that impact water quality. 221 

Apart from the above, the next recommendations should be taken into account according 222 
to the system evaluated: 223 

- For fishing systems, it is necessary to consider direct freshwater consumption during 224 
fishing vessel operations required for conservation (e.g., ice consumption) and during 225 
fishing vessel maintenance (e.g., vessel cleaning). 226 

- For aquaculture systems, it is a key factor to account the direct water consumption and 227 
quality degradation. In the specific case of closed farming systems, water consumption 228 
occurs during egg, larvae or fingerlings production and the growth phase, and includes 229 
the water evaporated from the system, incorporated into seafood, and used to wash ponds 230 
and facilities. Water quality degradation can occur on-site at aquaculture facilities 231 
(Gephart et al., 2017), as well as by the release of eutrophying emissions from the 232 
combustion of fuel. 233 
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- For processing systems, it is important to be concerned about the direct freshwater 234 
consumption that occurs due to water withdrawal for seafood processing activities (i.e., 235 
washing, freezing, etc.), water evaporation during the process (i.e., cooking, boiling, etc.), 236 
and freshwater deliberated added to the product (e.g., use of water as a preserving liquid 237 
for canned products). Direct water quality degradation is mainly related to the discharge 238 
of wastewater from the processing activities, as well as by the release of eutrophying 239 
emissions from the combustion of fuels.   240 

Data to address electricity mix modelling can be obtained from different sources. First, 241 
the supplier-specific electricity product/mix will be obtained directly from the utility provider. In 242 
addition, it must be certified in the case of the energy origin assurance statement (e.g., instruments 243 
proving the origin of electricity from renewable sources). Second, the country-specific residual 244 
electricity mix will be modelled based on reliable data. Third, other relevant data can be found in 245 
the publications of the International Energy Agency, as well as other relevant national authorities. 246 
For instance, in a Spanish context within the Atlantic area, the database of the Association of 247 
Issuing Bodies could be used considering a sufficiently long period to avoid annual energy 248 
fluctuations (e.g., three-year period: 2017 to 2019). In addition, the different energy sources 249 
consumed for electricity production in Spain should be taken into account (Table 1). 250 

Table 1. Demand (%) by energy source in Spain during the 2017-2019 period (AIB, 2019). 251 

Energy 
Demand (%) 

2017 2018 2019 2017-19 

Renewables (unspecified) 0.46 0.49 0.00 0.32 

Solar 1.75 1.73 1.86 1.67 

Wind 1.62 2.42 2.17 2.17 

Hydro and Marine 1.10 1.63 0.56 1.12 

Geothermal 0.01 0.00 0.00 0.00 

Biomass 0.63 0.13 0.77 0.48 

Nuclear 30.29 33.89 35.70 33.31 

Fossil (unspecified) 1.65 1.82 1.14 1.50 

Lignite 4.66 16.62 0.28 7.22 

Hard coal 21.10 8.35 10.91 13.44 

Gas 31.41 26.95 39.94 32.79 

Oil 5.32 5.96 6.67 5.99 

2.2.3. Allocation strategies 252 

If a system provides more than one function (i.e., provides several goods or services) it 253 
is considered multifunctional. In the literature on LCA applied to seafood, most studies are 254 
multiproduct systems because several fishing gears harvest by-catch species and aquaculture 255 
facilities use co-products as feed ingredients or are oriented towards a multispecies farming 256 
system. In the same way, it is common for processing plants to generate by-products.  257 

In these situations, all inputs and emissions derived from the process must be allocated 258 
to the product of interest. In this regard, the PEF method (Zampori and Pant, 2019) and ISO 14044 259 
(ISO, 2006b), propose the following hierarchy of decisions: First, subdivision or expansion of the 260 
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system should be used to avoid allocation. Second, allocation, which consists of distributing the 261 
inputs and outputs of the system among its different products or functions in a way that reflects 262 
the relevant and quantifiable relationships between them. Therefore, this guide has opted for the 263 
second recommended option, carrying out an allocation process since its purpose was to analyse 264 
the environmental impacts related to each specimen. 265 

In relation to the different allocation procedures, some authors point out that mass content 266 
is a direct and easy way for sharing the environmental burdens in a LCA food study, while the 267 
economic allocation is a good alternative when the fleet is responsible for catching species with 268 
large differences in monetary values. Conversely, others authors claim that mass allocation is 269 
implausible from a scientific point of view, as well as the economic allocation turns out to be a 270 
rough approximation of the amount of material and energy flows associated with the system under 271 
study (Ayer et al., 2007; Winther et al., 2009). Consequently, having reviewed the advantages 272 
and disadvantages of the different types of allocations available, the allocation rules 273 
recommended in this guide are summarized in Table 2, given priority to mass allocation over the 274 
economic alternative, as it is the simplest and most repeated method for seafood products, 275 
avoiding the natural fluctuation of their market price (Vázquez-Rowe et al., 2011). Thus, as a 276 
second option and if reliable economic data are available, economic allocation can be applied 277 
with a minimum average of three-years period. 278 

Table 2. Allocation rules for the three seafood production systems. 279 

Process Allocation Modelling instructions 

Fishing co-product 
allocation Mass 

Despite the selectivity of the fishing gear, several species are 
caught in addition to the target species. In this sense, the 
allocation will be made according to the total amount of catches 
of each specimen (including by-catch species). 

Aquaculture co-product 
allocation Mass 

Aquaculture operations usually focus on the production of a 
single species, although in some cases it is possible that several 
species may be produced together. In such cases, the same 
procedure as for fisheries allocation will apply. 

Processing co-product 
allocation Mass 

Different products can be obtained from the same seafood 
species. For instance, fillets, tails, fish sticks and croquettes can 
be obtained from hake. In this case, the total annual production 
of each production line will be used to establish the allocation 
factors. In addition, it is important to note that the edible weight 
should be used to establish the annual production. 

2.2.4. End-of-life modelling 280 

The PEF methodology recommends modelling the EoL stage using the Circular Footprint 281 
Formula. This formula is promoted with the objective of including the entire life cycle of the 282 
material used: the virgin and recycled fractions used in the manufacturing stage, the percentage 283 
of the material to be recycled once used, as well as the waste management of the non-recycled 284 
part: incineration or landfill disposal (European Commission, 2018). The formula, the description 285 
of the parameters that compose it, as well as their respective values are available in Annex C of 286 
“Suggestions for updating the Product Environmental Footprint (PEF) method” (Zampori and 287 
Pant, 2019) for several material flows. 288 

2.3. Impact assessment 289 

This section describes the different considerations and calculation methodologies 290 
selected for each of the environmental footprints that make up the WEFni: CF, WF and EF. 291 
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The principles, requirements and guidelines for the quantification and reporting of the CF 292 
of a product are found in ISO 14067 (ISO, 2018), consistent with international standards on LCA 293 
(i.e., ISO 14040, 14044). In this regard, this guide encourage to use the last version available of 294 
the following characterisation method: the 100-year time horizon Global Warming Potentials 295 
proposed by the Intergovernmental Panel on Climate Change (IPCC, 2021). 296 

The procedure for calculating the WF of a seafood product will follow the PEF guidance 297 
(European Commission, 2018; Zampori and Pant, 2019). Moreover, according to ISO 14046  298 
(ISO, 2014), the WF profile of a product may comprise impact categories related to both 299 
freshwater consumption and water degradation. Therefore, the WF of a seafood production 300 
system should comprise one category for freshwater consumption (referred to as water use in the 301 
PEF method) and two categories for water degradation (freshwater eutrophication and marine 302 
eutrophication). The PEF method  recommends the following characterisation methods: AWARE 303 
(Boulay et al., 2018) for water use impact category, and ReCiPe (Struijs et al., 2009) for the 304 
freshwater eutrophication and marine eutrophication impact categories. Normalisation and 305 
weighting should also be performed using the respective factors from the PEF guidelines to 306 
aggregate the WF impacts into a single indicator resulting from the sum of the weighted results 307 
of the three impact categories. 308 

In terms of energy consumption, this can be modelled following different approaches 309 
based on the goal and scope of the LCA conducted. Notwithstanding, the assessment method 310 
should consider the energy consumed throughout the entire life cycle of a given process, product, 311 
or service, both directly and indirectly (e.g., electricity consumption and energy embodied in the 312 
manufacture of raw materials, respectively). In this sense, the Cumulative Energy Demand (using 313 
Lower Heating Values) shall be the LCIA method implemented to calculate the EF (Frischknecht 314 
et al., 2007) since it is aligned with the PEF method. 315 

2.4. Interpretation of results 316 

The results of the three environmental footprints obtained can be interpreted individually 317 
to identify the main hotspots of the seafood products assessed from an environmental point of 318 
view. Later, the CF, WF and EF together with the NF, will then form the basis for a process of 319 
normalisation, weighting and integration to obtain a single indicator, the WEFni. 320 

3. Estimating the nutritional profile of seafood products  321 

Regarding the estimation of a NF applied to seafood products, the objective was to 322 
characterize them from a nutrient density point of view. For this purpose, the Nutrient Rich Food 323 
(NRF) index in its version NRF9.3 was taken as reference, since it is the indicator that best 324 
correlates with the benefits reported by food in terms of the amount of nutrients intake (Fulgoni 325 
et al., 2009). This index considers a balance obtained through the positive contribution of 9 326 
nutrients to be Promoted (NP) and the detriment of 3 nutrients to be Limited (NL) (Drewnowski 327 
et al., 2009). Therefore, to calculate the nutritional profiles of seafood products, a modified 328 
version of the NRF9.3 index was proposed: the NRF12.2 index, based on 12 NP and 2 NL. In 329 
comparison with the NRF9.3 index, the NRF12.2 index has excluded one NP (fibre) and one NL 330 
(added sugar) because they are absent in seafood. Likewise, four NP were included: one fatty acid 331 
(omega 3), two minerals (iodine and selenium) and one vitamin (vitamin D), as seafood products 332 
are an important source of these nutrients in the diet (Burk, 2007; Kris-Etherton et al., 2002; Lock 333 
et al., 2010; Nerhus et al., 2018).  334 

For the estimation of the NRF12.2 index, the NP and the NL were relativised according 335 
to a series of Recommended Values (RVs) and Maximum Recommended Values (MRVs), 336 
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respectively. For this purpose, the information was collected from different databases, assuming 337 
average values between men and women for an adult person (over 18 years of age), appearing 338 
collected in Table 3. Likewise, the NP were capped at the maximum of the RVs to avoid any 339 
profit from over-consumption. By this measure, those seafood products which contain a very large 340 
amount of a specific nutrient (i.e., omega-3 in blue fish), do not obtain a disproportionately high 341 
NF relative to other fish specimens (i.e., white fish). Finally, the NF of a seafood product “i” was 342 
estimated in relation to Equations 1-3, being nutrients data on a percentage basis (i.e., referenced 343 
per 100 g of final product).  344 

NRF12.2i = NP12i,j - NL2i,k Equation 1 

NP12i,j = �
�nutrienti,j�capped

RVj
·100

12

j=1

 Equation 2 

NL2i,k = �
nutrienti,k

MRVk
·100

2

k=1

 Equation 3 

Where: 345 

i   seafood product assessed 346 

NRF12.2i  nutrient rich food index (NRF12.2) of the seafood product “i” 347 

j   nutrients to be promoted (protein, omega 3, K, Ca, Fe, Mg, I, Se and 348 
vitamins A, C, D and E) 349 

k   nutrients to be limited (saturated fat and Na)  350 

NP12i,j   contribution of “j” according to the seafood product “i” 351 

RVj   recommended value for “j” 352 

�nutrienti,j�capped
 “j” of the seafood product “i” (each “j” is capped at its corresponding 353 

RV) 354 

NL2i,k   contribution of “k” according to the seafood product “i” 355 

MRVk   maximum recommended value for “k” 356 

nutrienti,k  “k” of the seafood product “i” 357 

Regarding the processed seafood products, the liquids or preservatives considered as 358 
edible (e.g., sunflower oil or tomato sauce) should be included. Otherwise, in the case of non-359 
edible preservative liquids, only the drained weight of the seafood product shall be taken into 360 
account (e.g., sardine in brine). Thus, the final NRF12.2 index for processed seafood products 361 
shall be equal to the weighted sum of each of its constituent ingredients, i.e. the main food 362 
(seafood product) together with the other additional ingredients (see Equation 4). 363 

NRF12.2i = �NRF12.2j·Xj

n

j=1

 Equation 4 

 364 
Where: 365 



13 
 

i   seafood product assessed 366 

NRF12.2i  nutrient rich food index (NRF12.2) of the seafood product “i” 367 

j   ingredient present in the content of the processed seafood product 368 

NRF12.2j  nutrient rich food index (NRF12.2) of the ingredient “j” 369 

Xj   percentage of the ingredient “j” 370 

n   number of ingredients that constitute the seafood product “i” 371 

Table 3. Recommended values (RV) and maximum recommended values (MRV) per capita (*EFSA 372 
(2017), **FDA (2020)). 373 

4. Ecolabelling seafood products through a Water-Energy-Food nexus index 374 

Once the different indicators were selected and assessed, a process of normalisation, 375 
weighting and integration was performed to obtain a composite index integrating them: the 376 
WEFni.  377 

On the one hand, normalisation was used to express the values of the indicators in a way 378 
that could be compared between the case studies evaluated. In this sense, a linear normalisation 379 
in percentage (from 0 to 100) can be made by differentiating between the three seafood production 380 
systems (i.e., fishing, aquaculture and processing). However, it is possible to analyse further 381 
divisions within the same system (e.g., fishing gears in fishing systems). For this purpose, the 382 
maximum and minimum values of each footprint obtained were taken as a reference. Thus, while 383 
the seafood product with the lowest environmental footprint in terms of CF, WF or EF was 384 
assigned a score of 100, the rest of the seafood products were decreasing in their scores 385 
proportionally, considering the cases with the maximum environmental footprints with a 386 
normalised value of 0. Conversely, since the NF should be as high as possible, the seafood product 387 
with the highest and lowest values will become scores of 100 and 0, respectively (see Equations 388 
5 and 6). 389 

EnFni  = 
EnFmax - EnFi

EnFmax - EnFmin
 Equation 5 

Nutrients to be Promoted (NP) Nutrients to be Limited (NL) 
Nutrient RV (g) Nutrient MRV (g) 
Protein* 57 Saturated fat** 20 

Omega-3* 0.25 Na* 2 

K* 3.5   
Ca* 0.95   
Fe* 0.0135   
Mg* 0.325   

I* 0.000175   
Se* 0.00007   

Vitamin A* 0.0007   
Vitamin C* 0.1025   
Vitamin D* 0.000015   
Vitamin E* 0.012   
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NFni  = 
NFi - NFmin

NFmax - NFmin
 Equation 6 

Where: 390 

i  seafood product assessed 391 

EnFni  normalised value of the environmental footprints (i.e., CF, WF and EF) for the 392 
seafood product “i” 393 

EnFmax  maximum value of the environmental footprints (i.e., CF, WF and EF) within the 394 
sample assessed 395 

EnFmin  minimum value of the environmental footprints (i.e., CF, WF and EF) within the 396 
sample assessed 397 

EnFi  value of the environmental footprints (i.e., CF, WF and EF) for the seafood 398 
product “i” 399 

NFni  normalised value of the nutritional footprint for the seafood product “i” 400 

NFmax  maximum value of the nutritional footprint within the sample assessed 401 

NFmin  minimum value of the nutritional footprint within the sample assessed 402 

NFi  value of the nutritional footprint for the seafood product “i” 403 

On the other hand, regarding the weighting process, the four indicators addressed were 404 
considered to equally represent the WEF nexus concept and therefore, with a total of four 405 
indicators, each was assigned a relative weighting factor of 25. As regards their integration, a 406 
summatory was carried out, thus obtaining the WEFni, which evaluates seafood products through 407 
a single value ranging from 0 to 100. The weighting and integration procedures once the 408 
normalised values of the footprints appear in Equation 7.  409 

WEFnii  =  � Yi,j · Wj

4

j=1

 Equation 7 

Where: 410 

i   seafood product assessed 411 

WEFnii   Water-Energy-Food nexus index of the seafood product “i” (0-100) 412 

j   footprint (carbon, water, energy or nutritional footprints)  413 

Yi,j   normalised value of the seafood product “i” for the footprint “j” (0-1) 414 

Wj   weighting factor of the footprint “j” (25 for each footprint) 415 

Finally, the WEFni is expressed in a  front-end ecolabelling format to be applied to 416 
seafood products with the purpose of serving as a communication channel for consumers, 417 
allowing an easy interpretation thorough a single value, as well as a direct comparison with other 418 
seafood products. Regarding the success and acceptance of the WEF nexus ecolabel in the market, 419 
two key factors must be considered: consumer understanding and acceptance, as well as the 420 
interest of retailers in applying it to their seafood products (Weitzman and Bailey, 2018). With 421 
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this in mind, for its design (see Figure 5) it was chosen to represent the WEFni in a percentage 422 
range (from 0 to 100%) integrated in a range of 4 colours: red (0-24%), yellow (25-50%), blue 423 
(51-75%) and green (76-100%). 424 

 425 
Figure 5. Design of the Water-Energy-Food nexus ecolabel for seafood products applied to four 426 
hypothetical case studies. 427 

5. Discussion 428 

5.1. Advantages and disadvantages of the methodological guidelines 429 

Addressing LCA studies applied to seafood products that focus on a single indicator may 430 
provide useful information regarding the system assessed. However, in seeking to broaden the 431 
scope following a WEF nexus perspective, it becomes crucial to take into account the 432 
interdependences between water demand (WF), energy requirements (EF) and nutritional supply 433 
of produced seafood (NF) in a context of climate change (CF). Bearing in mind the above, the 434 
integration of several indicators through a single value (i.e., the WEFni) varying in a percentage 435 
could imply a potential option to gain in the visualisation of the results, especially for the average 436 
consumer, who often has no prior knowledge of environmental or nutritional issues. On the 437 
downside would be the increased difficulty in identifying major hotspots, such as a non-optimised 438 
energy production process or an excess of fuel burned in relation to the catches obtained. The 439 
above, in turn, would lead to a lack of precision in masking the individual contributions of some 440 
of the indicators (e.g., the individual influences of each nutrient within the NF).  441 

About the selected FU, this was based on the mass content of the seafood products 442 
evaluated. However, in this way is nor being represented the true basic function of food, which is 443 
to nourish the population (Weidema and Stylianou, 2020). Therefore, there is a changing trend 444 
whereby the nutritional perspective is beginning to be considered when conducting environmental 445 
impact studies of foodstuffs (McAuliffe et al., 2020). Despite the above, this shortcoming was 446 
partially remedied when considering a specific nutritional index for the kind of food under study 447 
(NRF12.2). Concerning the established system boundaries, although the case studies for fisheries, 448 
aquaculture and processing have been defined in this guide, it would be necessary to include a 449 
fourth case because there are currently many hybrid seafood production systems that combine 450 
aspects of fisheries and aquaculture (Klinger et al., 2013). 451 

In the context of the procedures followed to obtain the values of the WEFni, the methods 452 
for the normalisation and weighting of the footprints are not standardised yet, in addition to ISO 453 

0–24% 25–50% 51–75% 76–100%
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does not support its use for LCA comparisons (Andreas et al., 2020). On the one hand, for 454 
proposing an external normalisation procedure it would be necessary to consider relevant, official 455 
or known parameters to establish general criteria during the decision-making process. In this line, 456 
Pizzol et al. (2017) suggest some approaches, such as aggregate, production-based, or 457 
consumption-based normalisation. However, the WEFni proposed is based on an internal 458 
normalisation with the purpose of carrying out a comparison among seafood products. On the 459 
other hand, the weighting process is even more controversial than normalisation, as the decision-460 
making process in this aspect is often based on subjective opinions rather than on scientific 461 
grounds. In this context, several weighting techniques can be applied: panel weighting (based on 462 
the opinion of a group of people), binary weighting (for zero or equal weights) or monetary 463 
weighting (according to monetary valuation), among others (Andreas et al., 2020). Furthermore, 464 
despite several mathematical methods being available to determine the weights of a set of 465 
indicators in an objective manner, known as multiple-criteria decision analysis (Odu, 2019), it 466 
has been decided to prioritise the simplicity by opting to consider the same weight for all 467 
indicators, thus opening the door to easy replication of the methodology in other case studies.  468 

Having analysed the advantages and disadvantages of the methodological framework 469 
proposed, the main challenge is to build the foundations of a harmonised procedure for assessing 470 
both the negative environmental burdens and the beneficial nutritional values of seafood products 471 
through a novel single index shown in an ecolabel, allowing comparisons to be made between 472 
them. Likewise, this guide represents only the starting point for the NEPTUNUS project 473 
consortium to create a database of LCIs scored by the WEFni. However, it is vital to encourage 474 
LCA practitioners to adapt the studies of seafood production available in the literature to the 475 
particularities of the WEF nexus approach.  476 

4.2. Challenges and priorities of the ecolabel implementation  477 

For producers interested in implementing the voluntary WEF nexus ecolabel, it is 478 
necessary to implement a certification scheme. On the basis that the methodological guidelines 479 
will be carried out for the first time in a European Atlantic context, it would be crucial for a 480 
European eco-certification institution to delegate competences to other national institutions. In 481 
this way, through the institutions at national level, companies could implement the WEF nexus 482 
ecolabel as a sign of transparency for their consumers, as well as of leadership in environmental 483 
policies. Therefore, the WEF nexus ecolabel was designed primarily for public understanding and 484 
to encourage producers to carry out the implementation process. For this purpose, it was decided 485 
to cover only the WEFni, although it could be interesting to implement some additional 486 
information online (e.g., through a code that can be scanned with a smartphone), such as the 487 
values of the four footprints along with a brief description of the calculation procedure. Likewise, 488 
the ecolabel should be renewed per fishing season (i.e., annually) with the objective that the 489 
company to be certified establishes a strategic plan to stay at the forefront of environmentally 490 
friendly measures, while creating a distinctive mark with respect to the WEFni obtained compared 491 
to other seafood products. 492 

Regarding ecolabels for seafood products, these are increasing as awareness of more 493 
sustainable production and consumption grows (Hilger et al., 2019). Consequently, it is expected 494 
that “greener” markets are the way forward for the coming years (Prieto-Sandoval et al., 2020). 495 
Nevertheless, economic value is often the most influential factor in consumer choice (Barclay and 496 
Miller, 2018), so ecolabelling will only gain market share if it allows consumers to positively 497 
differentiate the most sustainable products and best practices in order to prioritise it over price.  498 
For instance, Neumayr and Moosauer (2021) concluded through a survey that consumers  prefer 499 
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intuitive ecolabels with traffic light colours. In this regard, previous studies reported that 500 
consumers are willing to pay 15-30% more if the ecolabel guarantees that the seafood is healthy 501 
and sustainably produced (Cantillo et al., 2021). From the point of view of producers, they are 502 
sometimes concerned about adding new labels because it may mean higher costs for packaging 503 
material or less visibility of their own brand, as well as label overload and gaps in understanding 504 
them could lead to confusion (van Asselt et al., 2021).  505 

5. Conclusions 506 

The methodological guidelines described in this work lay the foundations for estimating 507 
a new WEFni that attempts to provide a holistic approach for the comparative assessment of 508 
seafood products by penalising their environmental burdens while positively considering their 509 
nutritional profiles. Furthermore, this composite indicator has been illustrated in an easy-to-510 
understand ecolabel that tries to pave the way for producers and consumers to manufacture and 511 
purchase, respectively, seafood products in a reliable manner, communicating their compliance 512 
with sustainability criteria.  513 

Likewise, with the goal that the proposed ecolabel can be applied in a near future to the 514 
main products of the supply chains in the seafood market, it could be necessary to carried out 515 
multiple iterations of the methodology proposed, modifying certain aspects such as the footprints, 516 
FU or allocation methods selected, as well as the normalisation and weighting procedures 517 
considered to achieve an approximation as close as possible of the true state of the seafood sector 518 
under the umbrella of the WEF nexus thinking.  519 

Finally, for bringing this eco-certification to other food sectors, it would be necessary to 520 
reconsider what are the best indicators to follow a WEF nexus perspective. For example, a NF 521 
proposal should be made that is adapted to the types of food or food sector to be evaluated. In 522 
addition, to make the comparison between different food types, the FU should make it appropriate 523 
for meals or diets (e.g., serving size or caloric content). 524 

Acknowledgements 525 

This research was supported by the EAPA_576/2018 NEPTUNUS project, supported by Interreg 526 
Atlantic area. Some authors belong to CRETUS and the Galician Competitive Research Group 527 
(GRC) ED431C 2021/37, co-founded by Xunta de Galicia and FEDER (EU). E.E.B. is funded by 528 
Xunta de Galicia PhD Grant (ED481A-2021/164). A.C.D. and P.Q. acknowledge FCT/MCTES 529 
for the financial support to CESAM (UIDB/50017/2020 + UIDP/50017/ 2020 + 530 
LA/P/0094/2020), through national funds, and to the research contracts CEECIND/02174/2017 531 
and CEECIND/00143/2017, respectively.  532 

References 533 

AIB, 2019. Association of issuing bodies - Guaranteeing the origin of European energy. European 534 
Residual Mix for the period 2015-2019. Available online on: https://www.aib-net.org/. 535 

Andreas, R., Serenella, S., Jungbluth, N., 2020. Normalization and weighting: the open challenge 536 
in LCA, in: International Journal of Life Cycle Assessment. Springer Science and Business 537 
Media Deutschland GmbH, pp. 1859–1865. https://doi.org/10.1007/s11367-020-01790-0 538 

Avadí, A., Fréon, P., 2013. Life cycle assessment of fisheries: A review for fisheries scientists 539 
and managers. Fish. Res. 143, 21–38. https://doi.org/10.1016/j.fishres.2013.01.006 540 

Avadí, A., Vázquez-Rowe, I., Symeonidis, A., Moreno-Ruiz, E., 2020. First series of seafood 541 
datasets in ecoinvent: setting the pace for future development. Int. J. Life Cycle Assess. 25, 542 
1333–1342. https://doi.org/10.1007/s11367-019-01659-x 543 



18 
 

Ayer, N.W., Tyedmers, P.H., Pelletier, N.L., Sonesson, U., Scholz, A., 2007. Co-product 544 
allocation in life cycle assessments of seafood production systems: Review of problems and 545 
strategies. Int. J. Life Cycle Assess. 12, 480–487. https://doi.org/10.1065/lca2006.11.284 546 

Barclay, K., Miller, A., 2018. The sustainable seafood movement is a Governance concert, with 547 
the audience playing a key role. Sustainability 10, 1–20. 548 
https://doi.org/10.3390/su10010180 549 

Biggs, E.M., Bruce, E., Boruff, B., Duncan, J.M.A., Horsley, J., Pauli, N., McNeill, K., Neef, A., 550 
Van Ogtrop, F., Curnow, J., Haworth, B., Duce, S., Imanari, Y., 2015. Sustainable 551 
development and the water-energy-food nexus: A perspective on livelihoods. Environ. Sci. 552 
Policy 54, 389–397. https://doi.org/10.1016/j.envsci.2015.08.002 553 

Boonstra, W.J., Valman, M., Björkvik, E., 2018. A sea of many colours – How relevant is Blue 554 
Growth for capture fisheries in the Global North, and vice versa? Mar. Policy 87, 340–349. 555 
https://doi.org/10.1016/j.marpol.2017.09.007 556 

Boulay, A.M., Bare, J., Benini, L., Berger, M., Lathuillière, M.J., Manzardo, A., Margni, M., 557 
Motoshita, M., Núñez, M., Pastor, A.V., Ridoutt, B., Oki, T., Worbe, S., Pfister, S., 2018. 558 
The WULCA consensus characterization model for water scarcity footprints: assessing 559 
impacts of water consumption based on available water remaining (AWARE). Int. J. Life 560 
Cycle Assess. 23, 368–378. https://doi.org/10.1007/s11367-017-1333-8 561 

BSI, 2012. PAS 2050-2:2012 Assessment of life cycle greenhouse gas emissions. Supplementary 562 
requirements for the aplication of PAS 2050:2011 to seafood and aquatic food products. 563 

Burk, R.F., 2007. Selenium in Nutrition and Health, The American Journal of Clinical Nutrition. 564 
https://doi.org/10.1093/ajcn/86.1.270 565 

Cantillo, J., Martín, J.C., Román, C., 2021. A hybrid fuzzy topsis method to analyze the coverage 566 
of a hypothetical eu ecolabel for fishery and aquaculture products (Faps). Appl. Sci. 11, 1–567 
21. https://doi.org/10.3390/app11010112 568 

Ciroth, A., Foster, C., Hildenbrand, J., Zamagni, A., 2020. Life cycle inventory dataset review 569 
criteria—a new proposal. Int. J. Life Cycle Assess. 25, 483–494. 570 
https://doi.org/10.1007/s11367-019-01712-9 571 

Costello, C., Ovando, D., Clavelle, T., Kent Strauss, C., Hilborn, R., Melnychuk, M.C., Branch, 572 
T.A., Gaines, S.D., Szuwalski, C.S., Cabral, R.B., Rader, D.N., Leland, A., 2016. Global 573 
fishery prospects under contrasting management regimes. Proc. Natl. Acad. Sci. U. S. A. 574 
113, 5125–5129. https://doi.org/10.1073/pnas.1520420113 575 

Drewnowski, A., Maillot, M., Darmon, N., 2009. Testing nutrient profile models in relation to 576 
energy density and energy cost. Eur. J. Clin. Nutr. 63, 674–683. 577 
https://doi.org/10.1038/ejcn.2008.16 578 

EFSA, 2017. Dietary reference values for nutrients summary report. 579 
https://doi.org/10.2903/sp.efsa.2017.e15121 580 

EMEP/EEA, 2019. EMEP/EEA air pollutant emission inventory guidebook (EMEP CORINAIR 581 
emission inventory guidebook) 2019: Technical guidance to prepare national emission 582 
inventories. EEA Report 13/2019. EEA Tech. Rep. 583 

Entrena-Barbero, E., Feijoo, G., González-García, S., Moreira, M.T., 2022. Blue carbon 584 
accounting as metrics to be taken into account towards the target of GHG emissions 585 
mitigation in fisheries. Sci. Total Environ. 847, 157558. 586 
https://doi.org/10.1016/j.scitotenv.2022.157558 587 

European Commission, 2018. Product Environmental Footprint Category Rules Guidance 588 
(version 6.3). 589 

European Commission, 2017. Blue Growth Strategy. Eur. Files. 590 



19 
 

FAO, 2019. Voluntary Guidelines on the Marking of Fishing Gear. 591 

FDA, 2020. Daily Value and Percent Daily Value: Changes on the New Nutrition and Supplement 592 
Facts Labels [WWW Document]. URL www.FDA.gov/NewNutritionFactsLabel 593 

Frischknecht, R., Jungbluth, N., Althaus, H.J., Bauer, C., Doka, G., Dones, R., Hischier, R., 594 
Hellweg, S., Humbert, S., Köllner, T., Loerincik, Y., Margini, M., Nemecek, T., 2007. 595 
Implementation of Life Cycle Impact Assessment Methods. ecoinvent report no. 3, v2.0. 596 

Fulgoni, V.L., Keast, D.R., Drewnowski, A., 2009. Development and validation of the nutrient-597 
rich foods index: A tool to measure nutritional quality of foods. J. Nutr. 139, 1549–1554. 598 
https://doi.org/10.3945/jn.108.101360 599 

Gephart, J.A., Troell, M., Henriksson, P.J.G., Beveridge, M.C.M., Verdegem, M., Metian, M., 600 
Mateos, L.D., Deutsch, L., 2017. The ‘ seafood gap ’ in the food-water nexus literature — 601 
issues surrounding freshwater use in seafood production chains. Adv. Water Resour. 110, 602 
505–514. https://doi.org/10.1016/j.advwatres.2017.03.025 603 

Ghita, S.I., Saseanu, A.S., Gogonea, R.M., Huidumac-Petrescu, C.E., 2018. Perspectives of 604 
ecological footprint in European context under the impact of information society and 605 
sustainable development. Sustain. 10, 1–25. https://doi.org/10.3390/su10093224 606 

Golden, C.D., Koehn, J.Z., Shepon, A., Passarelli, S., Free, C.M., Viana, D.F., Matthey, H., 607 
Eurich, J.G., Gephart, J.A., Fluet-Chouinard, E., Nyboer, E.A., Lynch, A.J., Kjellevold, M., 608 
Bromage, S., Charlebois, P., Barange, M., Vannuccini, S., Cao, L., Kleisner, K.M., Rimm, 609 
E.B., Danaei, G., DeSisto, C., Kelahan, H., Fiorella, K.J., Little, D.C., Allison, E.H., Fanzo, 610 
J., Thilsted, S.H., 2021. Aquatic foods to nourish nations. Nature. 611 
https://doi.org/10.1038/s41586-021-03917-1 612 

Hauschild, M.Z., Olsen, S.I., Rosenbaum, R.K., 2018. Life Cycle Assessment: Theory and 613 
Practice. Springer International Publishing. 614 

Helmes, R., Ponsioen, T., Blonk, H., Vieira, M., Goglio, P., Linden, R. Van Der, Rojas, P.G., 615 
Verweij-novikova, I., 2020. Hortifootprint Category Rules: towards a PEFCR for 616 
horticultural products. 617 

Hilger, J., Hallstein, E., Stevens, A.W., Villas-Boas, S.B., 2019. Measuring Willingness to Pay 618 
for Environmental Attributes in Seafood. Environ. Resour. Econ. 73, 307–332. 619 
https://doi.org/10.1007/s10640-018-0264-6 620 

Holland, D.S., Abbott, J.K., Norman, K.E., 2020. Fishing to live or living to fish: Job satisfaction 621 
and identity of west coast fishermen. Ambio 49, 628–639. https://doi.org/10.1007/s13280-622 
019-01206-w 623 

Hospido, A., Tyedmers, P., 2005. Life cycle environmental impacts of Spanish tuna fisheries. 624 
Fish. Res. 76, 174–186. https://doi.org/10.1016/j.fishres.2005.05.016 625 

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working Group 626 
I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. 627 
Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. 628 
Chen,. https://doi.org/10.3724/sp.j.7103161536 629 

ISO, 2020. ISO 22948:2020 - Carbon footprint for seafood - Product category rules (CFP-PCR) 630 
for finfish. 2020. 631 

ISO, 2018. ISO 14067:2018 - Greenhouse gases – Carbon footprint of products – requirements 632 
and guidelines for quantification and communication. Geneve. 633 

ISO, 2016. ISO 14004:2016 - Environmental management systems - General guidelines on 634 
implementation. 635 

ISO, 2014. ISO 14046:2014 - Environmental Management - Water Footprint - Principles, 636 
requirements and guidelines. 637 



20 
 

ISO, 2006a. ISO 14040:2006 - Environmental Management - Life Cycle Assessment - Principles 638 
and Framework. 639 

ISO, 2006b. ISO 14044:2006 - Environmental Management - Life Cycle Assessment - 640 
Requirements and Guidelines. 641 

Kibler, K.M., Reinhart, D., Hawkins, C., Motlagh, A.M., Wright, J., 2018. Food waste and the 642 
food-energy-water nexus: A review of food waste management alternatives. Waste Manag. 643 
74, 52–62. https://doi.org/10.1016/j.wasman.2018.01.014 644 

Klinger, D.H., Turnipseed, M., Anderson, J.L., Asche, F., Crowder, L.B., Guttormsen, A.G., 645 
Halpern, B.S., O’Connor, M.I., Sagarin, R., Selkoe, K.A., Shester, G.G., Smith, M.D., 646 
Tyedmers, P., 2013. Moving beyond the fished or farmed dichotomy. Mar. Policy 38, 369–647 
374. https://doi.org/10.1016/j.marpol.2012.06.015 648 

Kris-Etherton, P.M., Harris, W.S., Appel, L.J., 2002. Fish consumption, fish oil, omega-3 fatty 649 
acids, and cardiovascular disease. Circulation 106, 2747–2757. 650 
https://doi.org/10.1161/01.CIR.0000038493.65177.94 651 

Laso, J., Ruiz-salm, I., Villanueva-rey, P., Quinteiro, P., Cl, A., Almeida, C., Entrena-barbero, E., 652 
Feijoo, G., Loubet, P., Sonnemann, G., Cooney, R., Clifford, E., Regueiro, L., Alonso, D., 653 
Sousa, B. De, Jacob, C., Noirot, C., Martin, J., Raffray, M., Rowan, N., Mellett, S., 2022. 654 
Achieving Sustainability of the Seafood Sector in the European Atlantic Area by Addressing 655 
Eco-Social Challenges: The NEPTUNUS Project. Sustainability 14. 656 
https://doi.org/10.3390/su14053054 657 

Lock, E.J., WaagbØ, R., Wendelaar Bonga, S., Flik, G., 2010. The significance of vitamin D for 658 
fish: A review. Aquac. Nutr. 16, 100–116. https://doi.org/10.1111/j.1365-659 
2095.2009.00722.x 660 

McAuliffe, G.A., Takahashi, T., Lee, M.R.F., 2020. Applications of nutritional functional units 661 
in commodity-level life cycle assessment (LCA) of agri-food systems. Int. J. Life Cycle 662 
Assess. 25, 208–221. https://doi.org/10.1007/s11367-019-01679-7 663 

Moffatt, I., 2000. Ecological footprints and sustainable development. Ecol. Econ. 32, 359–362. 664 
https://doi.org/10.1016/S0921-8009(99)00154-8 665 

Nerhus, I., Markhus, M.W., Nilsen, B.M., Øyen, J., Maage, A., Ødegård, E.R., Midtbø, L.K., 666 
Frantzen, S., Kögel, T., Graff, I.E., Lie, Ø., Dahl, L., Kjellevold, M., 2018. Iodine content 667 
of six fish species, Norwegian dairy products and hen’s egg. Food Nutr. Res. 62, 1–13. 668 
https://doi.org/10.29219/fnr.v62.1291 669 

Neumayr, L., Moosauer, C., 2021. How to induce sales of sustainable and organic food: The case 670 
of a traffic light eco-label in online grocery shopping. J. Clean. Prod. 328. 671 
https://doi.org/10.1016/j.jclepro.2021.129584 672 

Notarnicola, B., Sala, S., Anton, A., McLaren, S.J., Saouter, E., Sonesson, U., 2017. The role of 673 
life cycle assessment in supporting sustainable agri-food systems: A review of the 674 
challenges. J. Clean. Prod. 140, 399–409. https://doi.org/10.1016/j.jclepro.2016.06.071 675 

Odu, G.O., 2019. Weighting methods for multi-criteria decision making technique. J. Appl. Sci. 676 
Environ. Manag. 23, 1449–1457. https://doi.org/10.4314/jasem.v23i8.7 677 

Parker, R.W.R., Blanchard, J.L., Gardner, C., Green, B.S., Hartmann, K., Tyedmers, P.H., 678 
Watson, R.A., 2018. Fuel use and greenhouse gas emissions of world fisheries. Nat. Clim. 679 
Chang. 8, 333–337. https://doi.org/10.1038/s41558-018-0117-x 680 

Pizzol, M., Laurent, A., Sala, S., Weidema, B., Verones, F., Koffler, C., 2017. Normalisation and 681 
weighting in life cycle assessment: quo vadis? Int. J. Life Cycle Assess. 22, 853–866. 682 
https://doi.org/10.1007/s11367-016-1199-1 683 

Plagányi, É., 2019. Climate change impacts on fisheries. Science (80-. ). 363, 930–931. 684 
https://doi.org/10.1126/science.aaw5824 685 



21 
 

Prieto-Sandoval, V., Mejía-Villa, A., Ormazabal, M., Jaca, C., 2020. Challenges for ecolabeling 686 
growth: lessons from the EU Ecolabel in Spain. Int. J. Life Cycle Assess. 25, 856–867. 687 
https://doi.org/10.1007/s11367-019-01611-z 688 

Proctor, K., Tabatabaie, S.M.H., Murthy, G.S., 2021. Gateway to the perspectives of the Food-689 
Energy-Water nexus. Sci. Total Environ. 764, 142852. 690 
https://doi.org/10.1016/j.scitotenv.2020.142852 691 

Rama, M., Entrena-Barbero, E., Dias, A.C., Moreira, M.T., Feijoo, G., González-García, S., 2021. 692 
Evaluating the carbon footprint of a Spanish city through environmentally extended input 693 
output analysis and comparison with life cycle assessment. Sci. Total Environ. 762, 143133. 694 
https://doi.org/10.1016/j.scitotenv.2020.143133 695 

Ruiz-Salmón, I., Laso, J., Margallo, M., Villanueva-Rey, P., Rodríguez, E., Quinteiro, P., Dias, 696 
A.C., Almeida, C., Nunes, M.L., Marques, A., Cortés, A., Moreira, M.T., Feijoo, G., Loubet, 697 
P., Sonnemann, G., Morse, A.P., Cooney, R., Clifford, E., Regueiro, L., Méndez, D., 698 
Anglada, C., Noirot, C., Rowan, N., Vázquez-Rowe, I., Aldaco, R., 2021. Life cycle 699 
assessment of fish and seafood processed products – A review of methodologies and new 700 
challenges. Sci. Total Environ. 761, 144094. 701 
https://doi.org/10.1016/j.scitotenv.2020.144094 702 

Singh, S., Kumar, R., Panchal, R., Tiwari, M.K., 2021. Impact of COVID-19 on logistics systems 703 
and disruptions in food supply chain. Int. J. Prod. Res. 59, 1993–2008. 704 
https://doi.org/10.1080/00207543.2020.1792000 705 

Struijs, J., Beusen, A., Jaarsveld, V.H., Huijbregts, M.A.J., 2009. Aquatic Eutrophication. Chapter 706 
6 in: Goedkoop, M., Heijungs, R., Huijbregts, M.A.J., De Schryver, A., Struijs, J., Van 707 
Zelm, R. (2009). ReCiPe 2008 - A life cycle impact assessment method which comprises 708 
harmonised category indicators at the midpoint and. 709 

van Asselt, E., Elamin, A., Sánchez, C.G., Kalesi, A., Majoor, E., 2021. Incorporating 710 
sustainability into food-based dietary guidelines by “traffic light ecolabelling”. South East. 711 
Eur. J. Public Heal. 2021. https://doi.org/10.11576/seejph-4687 712 

Vázquez-Rowe, I., Moreira, M.T., Feijoo, G., 2012. Environmental assessment of frozen common 713 
octopus (Octopus vulgaris) captured by Spanish fishing vessels in the Mauritanian EEZ. 714 
Mar. Policy 36, 180–188. https://doi.org/10.1016/j.marpol.2011.05.002 715 

Vázquez-Rowe, I., Moreira, M.T., Feijoo, G., 2011. Life Cycle Assessment of fresh hake fillets 716 
captured by the Galician fleet in the Northern Stock. Fish. Res. 110, 128–135. 717 
https://doi.org/10.1016/j.fishres.2011.03.022 718 

Vázquez-Rowe, I., Tyedmers, P., 2013. Identifying the importance of the ‘skipper effect’ within 719 
sources of measured inefficiency in fisheries through data envelopment analysis (DEA). 720 
Mar. Policy 38, 387–396. https://doi.org/10.1016/j.marpol.2012.06.018 721 

Villanueva-Rey, P., Vázquez-Rowe, I., Arias, A., Moreira, M.T., Feijoo, G., 2018. The 722 
importance of using life cycle assessment in policy support to determine the sustainability 723 
of fishing fleets: a case study for the small-scale xeito fishery in Galicia, Spain. Int. J. Life 724 
Cycle Assess. 23, 1091–1106. https://doi.org/10.1007/s11367-017-1402-z 725 

Weidema, B.P., Stylianou, K.S., 2020. Nutrition in the life cycle assessment of foods—function 726 
or impact? Int. J. Life Cycle Assess. 25, 1210–1216. https://doi.org/10.1007/s11367-019-727 
01658-y 728 

Weitzman, J., Bailey, M., 2018. Perceptions of aquaculture ecolabels: A multi-stakeholder 729 
approach in Nova Scotia, Canada. Mar. Policy 87, 12–22. 730 
https://doi.org/10.1016/j.marpol.2017.09.037 731 

Winther, U., Ziegler, F., Hognes, E.S., Emanuelsson, A., Sund, V., Ellingsen, H., 2009. Carbon 732 
footprint and energy use of Norwegian seafood products. SINTEF Fisheries and 733 
Aquaculture report, Processing. 734 



22 
 

Worm, B., Hilborn, R., Baum, J.K., Branch, T.A., Collie, J.S., Costello, C., Fogarty, M.J., Fulton, 735 
E.A., Hutchings, J.A., Jennings, S., Jensen, O.P., Lotze, H.K., Mace, P.M., McClanahan, 736 
T.R., Minto, C., Palumbi, S.R., Parma, A.M., Ricard, D., Rosenberg, A.A., Watson, R., 737 
Zeller, D., 2009. Rebuilding Global Fisheries. Science (80-. ). 325, 578–585. 738 
https://doi.org/10.1126/science.1173146 739 

Zampori, L., Pant, R., 2019. Suggestions for updating the Product Environmental Footprint (PEF) 740 
method, Publications Office of the European Union. https://doi.org/10.2760/424613 741 

Ziegler, F., Hornborg, S., Green, B.S., Eigaard, O.R., Farmery, A.K., Hammar, L., Hartmann, K., 742 
Molander, S., Parker, R.W.R., Skontorp Hognes, E., Vázquez-Rowe, I., Smith, A.D.M., 743 
2016. Expanding the concept of sustainable seafood using Life Cycle Assessment. Fish Fish. 744 
17, 1073–1093. https://doi.org/10.1111/faf.12159 745 

 746 


