Aquaculture 565 (2023) 739096

ELSEVIER

Contents lists available at ScienceDirect
Aquaculture

journal homepage: www.elsevier.com/locate/aquaculture

Life Cycle Inventories of marine ingredients

Check for
updates

Richard W. Newton ™", Silvia Maiolo °, Wesley Malcorps®, David C. Little *

# Institute of Aquaculture, University of Stirling, Stirling FK9 4LA, UK
® PFC srl, Via Raffaello Morghen 5, 10143 Torino, Italy

ARTICLE INFO ABSTRACT

Keywords:
Fishmeal

Fish oil
Sustainability
LCA

Fish in fish out
Aquaculture

Marine ingredients are still regarded as a vital constituent of aquaculture and other livestock feeds. Despite
numerous publications that have discussed the sustainability issues, there are few sources that provide detailed
information that allow for quantification of marine ingredient environmental impact. A Life Cycle Inventory was
compiled from many available literature sources that will allow for Life Cycle Assessments (LCAs) of marine
ingredients using standard methodologies. While this inventory is the most complete to date, there are still
important data gaps that the industry should endeavour to fill. Demonstration of the inventory using an

economically allocated LCA showed that marine ingredients are very variable in their impact between and even
within species, mostly depending on the fuel intensity of the fishery from which they are sourced. Marine in-
gredients were typically lower in environmental footprint compared to terrestrial ingredients, although LCAs do
not take into account the stock status of fisheries, which must be considered separately.

1. Introduction

Marine ingredients (MIs) are important within aquatic and terrestrial
animal diets to provide macro- and micro-nutrients as well as important
organoleptic properties that aid the digestibility and performance of
formulated feed. MIs are most commonly meals and oils that are
rendered from small pelagic fish and the by-products of fish and seafood
processing. MIs were a central foundation of diets at the beginnings of
Atlantic salmon culture, providing good quality nutrition to the fish
aligned with dietary requirements. MIs were also highly favoured
because they resulted in the final product being high in omega-3 fatty
acids, that are highly beneficial in human diets (Sprague et al., 2016).
They are also considered important at various life stages, especially for
juveniles of salmonids and other aquaculture species, and in chicken and
pig diets for improving survival at critical life stages such as weaning
(Kim and Easter, 2001; Karimi, 2006; Burr et al., 2012).

MIs are valued for their amino-acid profiles (Hemre et al., 2016), but
the specific requirements and ratios depend on the species and life cycle
of the animals being fed and is complicated further in fish by the re-
quirements for gluconeogenesis, i.e. the utilisation of protein as an en-
ergy source (Suarez and Mommsen, 1987). To reduce protein being
utilised as an energy source, the amino acid profile of the diet can be
matched to that in the carcass of the animal being cultured using the
“ideal protein” concept (Ikoma et al., 2003; Furuya et al., 2004),
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although the exact profile may vary due to amino acid digestibility and
specific amino acid preference for gluconeogenesis (Suarez and
Mommsen, 1987). The amino acid profile of soybean, the most
substituted vegetable protein, is also different from fishmeal and espe-
cially limited in lysine and methionine which are consequently often
supplemented individually in crystalline form. Such a strategy however
has drawbacks, in that supplements are both more subject to leaching in
water (Furuya et al., 2004) and less digestible than protein-bound amino
acids (Cowey and Walton, 1988; Sveier et al., 2001). Some commercially
available crystalline amino acids can be produced organically (FAO,
2003), which produces only bioavailable L-enantiomers (e.g. 1-lysine),
but some must be produced by chemical synthesis which contains both D
and L enantiomers (e.g. D/L methionine) (Grishin et al., 2019). However
both processes can be energy intensive (Marinussen and Kool, 2010).
Additionally, D-enantiomers can have adverse effects on nutrition and
hence feed efficiency (Sveier et al., 2001; Grishin et al., 2019) and is
sometimes separated out or converted, which adds to the cost and en-
ergy requirements but can rarely be done with 100% efficiency (Grishin
et al., 2019).

Fishmeal is also high in levels of key micronutrients such as readily
available B complex vitamins, phosphorus, magnesium, potassium and
selenium, and it has been shown that as MIs are replaced by alternatives,
health problems associated with micronutrient deficiencies can be
common (Olsvik et al., 2013; Hemre et al., 2016). B-vitamins (Hemre
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et al., 2016) and phosphorous (Li et al., 2019), are cofactors associated
with metabolism of proteins, carbohydrates and lipids. However,
phosphorous in plant-based ingredients often occurs in the form of
phytate which cannot be readily utilised by fish, leading to impaired
performance (Furuya et al., 2004; Li et al., 2019) and a requirement for
vitamin and mineral supplements (Olsvik et al., 2013). Several authors
have made the link between sub-optimal micronutrient levels and lipid
deposition around the organs of Atlantic salmon as reported by Hemre
et al. (2016). Hence, formulators add vitamin and mineral premixes to
their diets to compensate for deficiencies due to MI substitution (Olsvik
et al.,, 2013). However, the situation regarding micronutrient de-
ficiencies is complex and may vary according to each formulation as
reviewed by Prabhu et al. (2016).

The environmental impacts from aquaculture can be considered as
local emissions at the farm site or global impacts that occur throughout
the value/supply chain. Local impacts include specific aspects such as
benthic organic and other nutrient enrichment, disease transfer to wild
populations such as sea lice and genetic impacts from escapees (Tor-
rissen et al., 2011). Global impacts are primarily a direct consequence of
the diet formulation and are usually accounted for using the Life Cycle
Assessment approach (LCA). LCA is an environmental impact account-
ing method which sums emissions of a production chain from “cradle-to-
grave”. LCA is favoured as a method of benchmarking the impact of
products because it avoids problem shifting, e.g., a potential change in
diet that has no impact on the farm but results in increased carbon
footprints or eutrophication elsewhere. The methodology is stand-
ardised by the International Standards Organisation (ISO, 2006a,
2006b) and further strengthened by EU Product Environmental Foot-
print Category Rules (PEFCR) (EC, 2021). Several LCAs of Atlantic
salmon farming have been produced and all of them have demonstrated
the provision of feed to be responsible for over 90% of all impacts, apart
from eutrophication at the aquaculture facility (e.g., Pelletier et al.
(2009), Newton and Little (2018)).

The impact of aquaculture on fisheries underpinning the MI industry
has particularly been linked to the growth in carnivorous aquaculture
species such as salmonids, although the dominant absolute production
of a range of omnivorous species (with lower MI inclusions within diet
formulations) uses a large proportion of global MI supplies (Tacon and
Metian, 2015; Newton et al., 2021). The use of MIs had been well
established in livestock nutrition for several decades and contrary to
popular perception, MI production was already at its limit well before
the rapid growth in salmonid aquaculture took up an ever-increasing
share of that finite supply (Naylor et al., 2009; Shepherd and Jackson,
2013). However, global aquaculture now consumes around 69% of
fishmeal and 75% of fish oil supplies (Naylor et al., 2021), although
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these levels fluctuate because of volatile fishery catches of the main
reduction fishery species (Fig. 1), such as anchovy (Engraulis ringens).
The consequent pressures on MI supplies led to increased costs and,
coupled with negative media and public perception, resulted in a
continual decrease in the percentage inclusion of MIs in Atlantic salmon
diets as detailed in (Aas et al., 2022). However, the plant-based re-
placements for MIs such as soybean protein concentrate, wheat and corn
(maize) gluten, pea protein concentrate, rapeseed and palm oil, also
have their own environmental impact issues (Malcorps et al., 2019).
Soybean and palm oil are both often associated with unsustainable
deforestation (Schmidt, 2010; da Costa et al., 2017) while wheat or corn
gluten, rapeseed oil, protein concentrates and many novel ingredients
are energy intensive to produce leading to high greenhouse gas emis-
sions (Newton and Little, 2018; Maiolo et al., 2020). Therefore, there are
important environmental trade-offs between MIs and their replacements
that must be considered using LCA and holistic sustainability
assessments.

Many aquaculture stakeholders are reluctant to further reduce in-
clusions of MIs because of impacts on fish health, welfare and perfor-
mance in the farmed environment described above and because of a fall
in the content of omega-3 fatty acids within salmon products (Sprague
et al., 2016). A range of novel feed ingredients have emerged to try to
bridge the supply gap but none have been widely adopted at commercial
scales, suffering from cost, scalability issues (Pelletier et al., 2018) and
questionable sustainability credentials (Hua et al., 2019; Smetana et al.,
2019; Maiolo et al., 2020). Fig. 1 presents fishery data, not quantities of
global MI supply. Although the fishery supply has reduced gradually
since the 1990s, a decline in availability of MI has been offset by greater
contribution from the by-products of seafood processing, which now
represent around a third of MI supply (Jackson and Newton, 2016)
(Fig. 2). However, the potential for increasing that supply is considered
substantial if logistical and cost barriers to by-product valorisation could
be overcome and has emerged as central to circular economy initiatives
aiming to reduce waste and provide a much-needed increase in valuable
MI supplies (Stevens et al., 2018; Hua et al., 2019; Malcorps et al., 2021;
Regueiro et al., 2021). An estimate of available raw material from pro-
cessing by-products and potential increase in MIs was provided by
Jackson and Newton (2016).

According to ISO (2006a, 2006b), Life Cycle Assessment studies
should follow a set procedure including “Goal and Scope”, “Inventory
Analysis”, “Impact Assessment” and “Interpretation”. The Goal and
Scope lays out the boundaries of the study, the audience and important
methodological decisions such as allocation and functional unit. Since
this paper is a Life Cycle Inventory intended as a data source for other
practitioners, many of the methodological decisions remain open
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Fig. 1. Global catches (million tonnes) of most important fish species for reduction into MIs 1967-2017 (FAO, 2019).
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Fig. 2. Global fishmeal and fish oil production from 1976 to 2020 (Data supplied by the Marine Ingredients Organisation, IFFO).

(including allocation) because provisions are made to allow for a num-
ber of methodological choices depending on the objectives of subse-
quent studies. However, we have chosen to validate the inventory within
a short Impact Assessment section with some subsequent interpretation
within the discussion. Despite the importance of MIs in aquafeeds and
other formulated diets, there is little Life Cycle Inventory (LCI) infor-
mation available that could be used for constructing LCA models. While
Cashion et al. (2017) provides a comprehensive list of important MI
species with reduction yields and fuel intensity, it is limited in scope and
with little transparency on how the data were derived, with most only
applicable to Norwegian fisheries. In addition, only mass allocation of
impacts between co-products (Svanes et al., 2011a) has been presented
which does not meet the necessary requirements for the EU PEFCR on
feed ingredients which requires economic allocation to be applied (EC,
2018).

In this article we seek to build on the data provided by Cashion et al.
(2017) by a synthesis of published fisheries and rendering LCI data to
provide full LCI data sets that can be used to model MIs by LCA, either by
mass or economic allocation, meeting the requirements of PEFCR and
providing complete transparency on how the inventory data was
derived. The Life Cycle Impact Assessments (LCIAs) of selected Mls
relevant to salmon aquaculture are provided, calculated from the LCIs
provided within the supplementary information and compared to key
alternative plant ingredients taken from LCA data bases.

2. Methods
The library/database of LCI data for the MIs were built from an

extensive analysis of relevant literature complemented with primary
data as follows: 1) fisheries data (LCA, environmental impact, and
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Fig. 3. Schematic overview of the main processes that contribute to marine ingredients Life Cycle Inventories.
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energy and fuel consumption studies) related to MI raw materials taken
exclusively from literature resources (pelagic purse seiner, mid-water
and demersal trawling), 2) processing data from a mixture of primary
data collection and literature resources, 3) rendering data sourced from
literature sources (Fig. 3). This library was then demonstrated on the
basis of economic considerations.

Weighted averages and weighted standard deviations were calcu-
lated where several data points were present within single literature
sources. In some circumstances several data sources were available for
species, which were then “horizontally averaged” (Henriksson et al.,
2013) and adjusted according to their representativeness. Uncertainty
values were presented as SD95 values which can be inputted directly
into standard Simapro LCA software. A representative list of species to
be included was informed by a published report by Skretting (2018), and
communications with major European aquafeed producers. The in-
ventory does not include MIs from Asian sources, for which the data is
scarce and complex, for example, as highlighted by Zhang et al. (2019)
on Chinese feed fisheries that consists of over two hundred species from
various fishery types including juveniles. The inventory also does not
include data on by-catch used in Mls or the increasing range of fish
hydrolysates on the market (Chalamaiah et al., 2012; He et al., 2013;
Zamora-Sillero et al., 2018) for which LCI data availability is very
limited. The full inventory data included in this study can be viewed in
the supplementary information with an overview of the data collection
and default values presented in the main article.

2.1. Fisheries

Fishery LCI data were only included where it could be directly
related to MI production and did not include fisheries targeted solely for
human consumption. Similarly, only data that could be attributed to
individually defined species were included and some data sources were
rejected because the LCI data was not provided, could not be dis-
aggregated to species level or because they were considered unreliable
with inputs orders of magnitude higher from similar species. It was
assumed that the lifetime construction and maintenance requirements
for fishing boats was related to fishing effort rather than volume of catch
and therefore the inputs and emissions data extracted from literature
were adjusted to fuel intensity. Data were extrapolated from Fréon et al.
(2017), Ramos et al. (2011) and Vazquez-Rowe et al. (2010) for purse
seiner fisheries and from Fulton (2010), Svanes et al. (2011b), Vazquez-
Rowe et al. (2010) and Vazquez-Rowe et al. (2011) for trawlers and
horizontally averaged (Henriksson et al., 2013) to provide a default LCI
for boat construction and maintenance per 1000 MJ of fuel used. Fuel
intensity is considered to be the most important contribution to LCAs of
fisheries and is often presented as either litres or kg of diesel per unit
catch within the literature. However, fuel use in LCA software is usually
determined in MJ of fuel combusted in (boat) engines. In this study a
conversion of 0.0234 kg of fuel for every MJ was used with a specific
density of 0.84 kg per litre of fuel. Default anti-fouling emissions were
also calculated, although this contributes mostly to toxicity and negli-
gibly to the impact categories included in the Supporting Information
(SD.

2.2. Processing and rendering

Data on processing were obtained from one major white fish pro-
cessor in the UK and from the SINTEF (2020) report on Norwegian
seafood carbon footprints. Other processing data were found but rejec-
ted due to unreliability, as many inputs were several magnitudes
different from UK primary and SINTEF (2020) data, which were broadly
in agreement. Data on rendering the raw materials into fishmeal and oil
was also difficult to obtain. Literature information was available for
anchovy and sandeel rendering which was horizontally averaged to
provide a default process that was applied to other species. National
energy mixes were adjusted to the default processes as appropriate.
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2.3. Methodological issues

To provide economic allocation coefficients, long-term price data
were used because volatility in prices can lead to skewed outcomes.
Especially, real changes in environmental performance over time could
be clouded by short-term economic volatility (Svanes et al., 2011a),
which is particularly high in fisheries (Vazquez-Rowe et al., 2010).
Although, some articles provided their own economic allocation values,
they were rejected in preference to long-term average price data from
FAO (2020), because it offers greater relative stability over time and for
consistency between inventories. More specifically, economic allocation
for fisheries was calculated using ten-year price averages derived from
commodity trade information available from FAO (2020), over the
relevant fisheries for Norwegian, Icelandic and Danish mixed fisheries,
Spanish mackerel, sardine and Atlantic horse-mackerel. The proportion
that each fishery type contributed to national production was calculated
in each case to provide national industry averages. Economic allocation
was calculated in the same way throughout the value chain, wherever
multi-functional processes occurred: at mixed fisheries, processing into
multiple co-products (fillets, other products for human consumption and
by-products), and at the MIs rendering stage to produce fishmeal and
fish oil. Economic allocation at the processor was according to SINTEF
(2020) where main products were priced at US$3.17/kg and by-
products at US$0.34/kg (converted from NOK), whereas fishmeal and
fish oil prices were derived from ten-year averages from OECD/FAO
(2018).

2.4. Impact assessment method

The Life Cycle Inventory Assessments (LCIAs) provided in the sup-
plementary materials have been calculated using CML Baseline meth-
odology and economic allocation presenting Global Warming Potential
(GWP), Acidification Potential (AP), Eutrophication Potential (EP),
Photochemical Oxidation Potential (POP) and Ozone Depletion Poten-
tial (ODP), with added impact categories, Biotic Resource Use (BRU) and
Fish In Fish Out (FIFO) (Kok et al., 2020) which are especially relevant
to MIs. FIFO is presented as the amount of fish required per unit MI
production using the allocation procedures outlined above. BRU was
calculated according to the formula by Pauly and Christensen (1995)
using the trophic level data of species from the Fishbase.org website
(accessed 20/4/2021). Blue and Green Consumptive Water Use (CWU)
have also been included according to data from Mekonnen and Hoekstra
(2011). Effects on Global Warming Potential due to land transformation
(Land Use Change - LUC) were minimal for MIs and have not been
presented.

3. Results
3.1. Life Cycle Inventory (LCI)

The coverage of the data analysis for fisheries can be seen in Table 1.
The Life Cycle Inventories modelled are provided as follows: boat con-
struction and maintenance (Table 2); fishing operations (Table 3); fish
processing (Table 5); fish rendering (Table 6). Moreover, these in-
ventories are supplemented by information on antifouling paint
composition (Table 4), fishmeal and oil yield (Table 7), BRU values for
the main species (Table 8), mass and economic allocation factors applied
to Spanish hake fisheries (Table 9).

As shown in the Data Coverage column of Table 1, some literature
resources provided a full LCI with allocation of impacts between species,
but others only provided fuel intensity (litres or kilogrammes of diesel
per unit catch) for the species of interest.

Table 2 shows that the default fishing construction and maintenance
inputs for trawlers are generally lower than for purse seiners per unit
fishing effort (1000 MJ of fuel use). Although trawlers are often larger
vessels, the construction and maintenance were standardised to fishing
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Table 1

Data coverage for fishing literature resources; PS = purse seine, BT = bottom
trawl, MW = Mid-water trawl, LL = long line, RS = ring seine, FI = fuel intensity,
OI = operational inputs, BCM = boat construction and maintenance, Pr = pro-
cessing, R = rendering, M = mass allocation, E = economic allocation, En =
Energetic content allocation, SE = system expansion, NA = not applicable
(single species fishery), NM = not mentioned.

Source Species/ raw Fishing Origin Data Allocation
material used  method coverage
in marine
ingredients
Fréon et al. Anchoveta PS Peru FI, O], NA
(2014) BCM, R
Almeidaetal.  Sardine PS Portugal FI, OI M
(2013)
Ramos et al. Atlantic PS Spain FI, O, SE
(2011) mackerel BCM
Sardine
Vazquez- Atlantic PS, BT Spain FI, O], M, E
Rowe et al. mackerel BCM
(2010) Atlantic
horse
mackerel
Blue whiting
Sardine
Vazquez- Atlantic PS Spain FI, OI, M
Rowe et al. mackerel BCM
(2011) Atlantic
horse-
mackerel
Blue whiting
Thrane Atlantic PS, BT Denmark FI, OI M, E, SE
(2004) herring
Atlantic
mackerel
Sandeel
Mixed white
fish
SINTEF Atlantic PS, BT Norway FI, Pr M
(2020) herring
Atlantic
mackerel
Mixed white
fish
Svanes et al. Mixed white LL Norway FI, O], M, E
(2011b) fish BCM, Pr
Fulton (2010) Mixed white LL Iceland FL, O], M
fish BCM
Das and Indian Oil RS India FL, O], M
Edwin Sardine BCM
(2016)*
Fisheries Blue whiting MW Iceland FI NM
Iceland Capelin PS
(2017) Herring PS
Mackerel MW
Schau et al. Blue whiting MW Norway FI M, E
(2009) Capelin PS
European PS
sprat
Tyedmers European PS Denmark  FI M
(2004) sprat
Cashion et al. Gulf PS USA FL, R M
(2016) menhaden Mexico
California PS Uruguay FL, R M
Parker and pilchard
Tyedmers Antarctic
(2012) krill

" According to major feed companies, Indian oil sardine oil was reported to be
from Oman, which uses beach seine harvesting techniques and any boat use is
manually powered. Only the data on net maintenance was used which was
assumed to be similar to the traditional ring seine method used in India ac-
cording to Das and Edwin (2016).
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Table 2

Default boat construction and maintenance for purse seiner and trawler vessels
rate per 1000 MJ of fuel used (sources; Fréon et al. (2014), Ramos et al. (2011),
Vazquez-Rowe et al. (2010), Vazquez-Rowe et al. (2011), Svanes et al. (2011b)).

Trawler
(Bottom, mid
water, longline)

Input, per 1000 MJ of fuel used Purse Seiner

VALUE SD95  VALUE SD95

Boat hull

*Concrete (ballast), m® 6.41E-5 1.29 6.41E-5 1.61
Steel (construction and maintenance), kg 3.43 3.27 0.851 4.7
“Wood, m® 5.09E-4 1.18 5.09E-4 1.5
Engine

*Cast iron, kg 0.0479 1.36 0.0479 1.66

Chromium steel, kg 0.237 1.36 0.0536 1.11
*Aluminium alloy, kg 7.37E-4  1.36 7.37E-4  1.66
Copper, kg 0.0292 1.3 0.131 1.11
Net/ fishing gear

Nylon, kg 1.24 6.88 0.203 6.17
Polyethylene, kg 0.407 9.1 0.0228 6.14
Lead, kg 0.186 3.22 0.0152 1.92

Other inputs
Paint (33% alkyd, 67% epoxy resin), kg 0.216 9.88
Lubricating oil, kg 0.247 7.53

0.0117 1.68
0.0869 1.22

“ NB. data could not be found for all inputs and in such cases was deemed to be
the same between purse seiners and trawlers although the NUSAP representa-
tiveness data was adjusted accordingly, resulting in higher uncertainty (Hen-
riksson et al., 2013).

effort (fuel intensity) which is larger for trawler fisheries than purse
seiners.

Full life cycle inventories for Peruvian anchoveta (Fréon et al.,
2014), Spanish purse seiner and bottom trawlers (Vazquez-Rowe et al.,
2010), North East Atlantic mackerel (Ramos et al., 2011), and Arctic
krill (Parker and Tyedmers, 2012) fisheries are shown in Tables S1 to
S11 in the supplementary information. Icelandic long-line, Norwegian
autoline, Norwegian and Danish mixed fisheries data were taken from
Fulton (2010), Svanes et al. (2011b), SINTEF (2020) and Thrane (2004)
respectively, along with the proportion that each fishery type contrib-
utes to the overall national production in each country (Tables S7 and
S9). Data on Spanish tuna fisheries and by-product rendering were taken
from Cortes et al. (2021) with processing data from Hospido et al.
(2006). SINTEF (2020) and Thrane (2004) only provided fuel intensity,
antifouling emissions and refrigerant use (which was all assumed to be
R134A, despite some older references declaring the now obsolete R22
and industry reports of some vessels using ammonia-based refrigerants
(Shipowners Club, 2016), for each fishery type. For calculating LCIAs,
where boat construction and maintenance data are not provided, they
can be applied as the default values in Table 2, proportional to fuel in-
tensity, according to the fishery type. For species/ fisheries in Table 3,
only limited data were available, for fuel intensity, gear type and in the
case of Almeida et al. (2013), antifouling emissions and ice use. For all
other cases it was assumed that no ice was used on-board and a default
value of 0.02 kg of antifouling emissions per tonne catch was applied as
for Thrane (2004).

Antifouling paints composition (Table 4), was based on Fréon et al.
(2014) and applied universally for use in all fishing processes. Most
literature sources state the quantity of “anti-fouling emissions” in kg, but
do not provide the composition.

Processing data was provided by one UK based whitefish processor
from which a default process for whitefish processing was built
(Table 5). Energy and fuel oil use for pelagic fish processing was ob-
tained from SINTEF (2020) with other inputs assumed to be the same as
for whitefish processing. The processing yields to fillets were taken from
FAO (1989).

Rendering inventory data for anchoveta (Fréon et al., 2017) and
sandeel (Danish LCA Food database, accessed 10/4/21) were horizon-
tally averaged to provide a default process per unit raw material input
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Table 3
Other fishery data as available, economic allocation to main species as shown in Table 1 (Economic allocation shown for Schau et al., 2009).
Species Location Source Gear type Fuel intensity MJ Anti- fouling, kg Other
Sardine Portugal Almeida et al. (2013) PS 1138 0.025 ice — 45 kg
Blue whiting Iceland Fisheries Iceland (2017) MW 3062 0.02 -
Capelin Iceland Fisheries Iceland (2017) PS 1044 0.02 -
Herring Iceland Fisheries Iceland (2017) PS 1044 0.02 -
Atlantic mackerel Iceland Fisheries Iceland (2017) MW 3062 0.02 -
Blue whiting Norway Schau et al. (2009) MW 2135 0.02 -
Capelin Norway Schau et al. (2009) PS 2135 0.02 -
European sprat Norway (Schau et al., 2009) PS 2135 0.02 -
European sprat Denmark Tyedmers (2004) PS 3371 0.02 -
Gulf menhaden USA Cashion et al. (2016) PS 1162 0.03 -
California pilchard Mexico Cashion et al. (2016) PS 3589 0.1 -
(Table 6). Rendering data for krill was based on Parker and Tyedmers
Table 4 ) " ) (2012). The individual LCIs for anchoveta and sandeel rendering are
Antifouling paints composition (source: Fréon et al., 2014). provided in Tables S12 and S13, whereas krill rendering was combined
Substance Quantity with the fishing process, as it occurs on board (Parker and Tyedmers,
Arsenic, mg/kg 3.5 2012) (Table S11). Yields of MIs from the rendering process were ob-
Copper, g/kg 341 tained from several sources, shown in Table 7, where possible, using
Nickel, mg/kg 59.5 data that had been obtained from commercial rendering operations.
ITJ?E’d;nI;fgg g;g Table 8 shows the Biotic Resource Use for major MI species per tonne
Zinc, g/kg 96.2 of fish, calculated according to Pauly and Christensen (1995). The
Tributyltin (TBT), mg/kg 1.1 standard deviation for the trophic level has been presented, but not BRU
Diphenyltin, mg/kg 5.7 which must be adjusted for log normal distributions.
Dibutyltin, mg/kg 0.9 Table 8 shows an example of allocation values for the Spanish Eu-
Triphenyltin, mg/kg 17.0

Table 5

Default LCI values for white fish processing per tonne of raw material input from
primary data source. Figures are for a tonne of mixed white fish. (Data for
pelagic fish was derived from SINTEF, 2020, electricity was 216kWh/t and
kerosene was 319.6 MJ/t raw material inputs, while fillet yields were taken from
FAO (1989)).

INPUTS

Fish Raw material

Cod, kg 318.1

Haddock, kg 438.0

Other*, kg 243.9

Electricity, kWh 787.3

Fuel oil burned in machinery, MJ 502.8

Water, m? 15.44

OUTPUTS Allocation, %
Processed cod products, kg 223.4 33.4
Processed haddock products, kg 192.9 28.8
Processed other products, kg 219.5 32.8
Mixed white fish by-products, kg 308.3 4.9

" Assumed to be saithe (Pollachius virens).

Table 6
Default rendering inventory per tonne raw material (Source; Avadi and Fréon
(2015), Fréon et al. (2017), Danish LCA Food database (accessed 10/4/21)).

INPUTS

SD95

VALUE
Heat (gas burned in furnace), MJ 1670 2.03
Electricity use, KWh 19.5 5.98
Sodium hydroxide, kg 0.628 3.81
Antioxidant, kg 0.196 1.11
Copper wire, kg 0.00403 2.24
Bags, kg 0.143 1.34
EMISSIONS

VALUE SD95
Total nitrogen, kg 0.149 1.98
Total phosphorous, kg 0.00214 7.29
BOD/ COD, kg 12.3 9.98
Suspended solids, kg 5.31 2.42

ropean Hake fishery that had blue whiting, Atlantic mackerel and
Atlantic horse mackerel as by-catch. Allocation data is provided within
the specific fishery tables within the supplementary information
(Tables S2-S6 and S8) with price data for specific fisheries in Table S16.

Table 7
Yields of marine ingredients per 1 t of fish raw material input for key species.
Meal and oils Source Meal 0il
yield,% yield,%

Whole fish

Anchoveta (Engraulis ringens) ~ Fréon et al., 2017 23.8 4.5

Blue whiting (Micromesistius Cashion et al., 2017 19.7 1.9
poutassou)

Capelin (Mallotus villosus) Cashion et al., 2017 16.6 7.7

Atlantic herring (Clupea Cashion et al., 2016 22.1 11.5
harengus)

Atlantic mackerel ((Scomber Cashion et al., 2016 19.4 18.6
scombrus)

Norway Pout (Trisopterus Cashion et al., 2016 20.4 11.5
esmarkii)

Sandeel (Ammodytes Danish LCA Food database, 21.5 4.5
marinus) n.d

California pilchard Cashion et al., 2017 23.0 18.0
(Sardinops sagax)

Gulf Menhaden (Brevoortia Cashion et al., 2017 21.0 16.0
patronus)

Atlantic horse mackerel Tacon et al., 2006 23.0 6.0
(Trachurus trachurus)

European sprat (Sprattus Cashion et al., 2017 18.8 7.9
sprattus)

Sardine (Sardina pilchardus) Cashion et al., 2017 23.0 18.0

Krill (Euphausia superba) Parker and Tyedmers, 2012 14.4 0.07

Indian Oil Sardine Senapati et al., 2017, 25.7 15.4
(Sardinella longiceps) Pravinkumar et al., 2015

Byproducts

Cod (Gadus morhua) Cashion et al., 2017 17.0 1.7

Haddock (Melanogrammus Cashion et al., 2017 17.0 1.7
aeglefinus)

Atlantic herring (Clupea Hilmarsdottir et al., 2020 22,5 17.0
harengus)

Atlantic mackerel (Scomber Hilmarsdottir et al., 2020 225 17.0
scombrus)
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Table 8
BRU values calculated according to Pauly and Christensen (1995).
Species Trophic SD*  BRU,kgC/
level tonne
Anchoveta (Engraulis ringens) 2.9 0.4 8826
Atlantic herring (Clupea harengus) 3.4 0.1 27,910
Atlantic horse mackerel (Trachurus 3.7 0 55,687
trachurus)
Atlantic mackerel (Scomber scombrus) 3.6 0.2 44,234
Blue whiting (Micromesistius poutassou) 4.1 0.3 139,881
California pilchard (Sardinops sagax) 2.8 0.1 7011
Capelin (Mallotus villosus) 3.2 0.1 17,610
Cod (Gadus morhua) 4.1 0.1 139,881
European sprat (Sprattus sprattus) 3.0 0.1 11,111
Gulf Menhaden (Brevoortia patronus) 2.2 0.1 1761
Haddock (Melanogrammus aeglefinus) 4.0 0.1 111,111
Indian Oil Sardine (Sardinella longiceps) 2.4 0.2 2791
Krill (Euphausia superba) 2.2 0.2 1761
Norway Pout (Trisopterus esmarkii) 3.2 0 17,610
Sandeel (Ammodytes marinus) 3.1 0.1 13,988
Sardine (Sardina pilchardus) 3.1 0.1 13,988

" Trophic level is on a logarithmic scale and must be factored in when
calculating the SD of BRU.

Table 9

Mass and economic allocation factors applied to Spanish hake fisheries (Catch
data from Vazquez-Rowe et al. (2011), price data is ten-year average prices
according to FAO (2019) commodity data.

Species Catch, Price, Price x Mass Economic
kg/t $/kg catch allocation %  allocation %

Atlantic 210 0.65 135.48 21.0 10.5%
Mackerel

Blue 430 1.03 443.53 43.0 34.4%
Whiting,

European 180 2.89 520.07 18.0 40.3%
hake

Horse 180 1.06 191.12 18.0 14.8%
mackerel

3.2. Life Cycle Impact Assessment

Full results of the LCIA using economic allocation (conventional
impact categories, plus BRU and FIFO) are given in the supplementary
information (Tables S17 and S18). Fig. 4 shows the Global Warming
Potential (GWP) of selected fishmeals and terrestrial proteins. For fish-
meals, the full LCIA data showed large differences between locations for
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the same species as well as between species, related to the amount of
fishing effort required. Icelandic fisheries were generally the least fuel
intensive and Danish the most intensive. The contribution to GWP from
boat construction and maintenance was typically between 3% and 15%
of total emissions per tonne of MI produced. Norwegian fisheries are
presented in Fig. 4 unless otherwise stated as the footprint was around
halfway between Icelandic and Danish fisheries in most cases. However,
for herring and mackerel, Danish meals were as much as three times
higher than Icelandic and Spanish meals respectively (Table S17). By-
product meals generally had lower impacts than whole fish meals
using economic allocation, although white fish by-product meal impacts
were higher because of the fuel intensity of demersal fisheries and the
low yields from rendering according to Cashion et al. (2017). All MIs had
lower GWPs than the selected terrestrial ingredients presented in Fig. 4,
especially when taking Land Use Change (LUC) into consideration.

4. Discussion

Results of the LCIA were broadly in agreement with other publica-
tions that present environmental impact assessments of MIs e.g., SINTEF
(2020). While MIs typically have lower environmental impacts than
terrestrial ingredients according to commonly applied LCA impact cat-
egories, the scope for expanding sustainable MI supplies depends on the
ability to valorise underutilised seafood by-product resources (Jackson
and Newton, 2016). This is likely to be a slow process due to a range of
logistical and legislative factors, including decentralised processing and
regional consumer product preferences (Stevens et al., 2018; Malcorps
et al., 2021; Regueiro et al., 2021; Pounds et al., 2022). However, given
their importance, sustainable MI supplies should remain part of the
growing pool of ingredients available, with MI applications targeted
strategically to where they are most effective (Kok et al., 2020).

It is clear that there is a large range of impacts related to different
sources of MIs and they should not be treated as a single entity, but
rather modelled individually. Clearly, low trophic pelagic species and
their by-products have the lowest environmental impacts according to
traditional LCA impact categories. Danish MIs tend to have much higher
footprints than other European MlIs, generally due to higher fuel in-
tensity, but the data that underpins the analysis was the oldest and
improvements may have taken place since, either through vessel im-
provements and/or fishing practices (Bastardie et al., 2010). Constant
improvement continues within the fisheries sector, highlighting the
importance of regularly updating LCI data. Greer et al. (2019) reported
an estimated improvement in fishing boat engine efficiency of around
20% between 1950 and 2016. Improvements in technology and gears
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Fig. 4. Global Warming Potential per metric tonne of selected fishmeals and terrestrial protein resources (Norwegian unless otherwise stated). LUC = Land Uses
Change, BP = by-product, PC = Protein Concentrate. PE = Peru, ES = Spain, DK = Denmark, BR = Brazil, FR = France, CN = China.
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have also occurred and continue to be an important R&D focus, enabling
more efficient targeting of fish stocks, although this has in turn often
exacerbated stock decline (Marchal et al., 2006; Guijarro et al., 2017;
Kang et al., 2018; Palomares and Pauly, 2019). However, Parker et al.
(2018), Hornborg et al. (2020) and Ziegler and Hornborg (2014) have all
demonstrated that fishing effort is closely related to stock status, which
is highly variable between fisheries and species. While not all fisheries
improvements are relevant to marine ingredients, there have been in-
novations in some purse seine fisheries such as the phasing out of metal
halide lighting in favour of much more efficient LEDs to attract fish
shoals (Ricci et al., 2021; Nhat et al., 2022) and more general im-
provements to net design and strength, navigation and fish finding
equipment (Marchal et al., 2006).

Within our data set, Danish herring and mackerel meals were espe-
cially highly impacting compared to the same species from other
countries. This was due to higher fuel use across all fishery types,
including high fuel-intensity demersal and mixed fisheries that
contribute to the overall herring and mackerel national catch. Norwe-
gian herring and mackerel are also derived from mixed fisheries in
different amounts but generally have lower fuel intensities than similar
Danish fisheries (Tables S7 and S9). However, although the inclusion of
BRU and FIFO metrics can give an indication of efficient use of MIs, LCA
assessments do not consider the status of fisheries and the extent of their
sustainable exploitation. These considerations must be made separately,
perhaps using stock assessments provided by the Sustainable Fisheries
Partnership (SFP, 2021). SFP assessments are linked to Marine Stew-
ardship Council performance indicators that provide the criteria for
assessments made by Marin Trust (2017) which in turn provides certi-
fication for Mls required for major international aquaculture certifica-
tion organisations such as ASC (2021), BAP (2020) and GlobalGAP
(2021). Certification organisations are increasingly looking to include
LCA type metrics into their assessments to support climate action, so the
incorporation of robust LCI data is essential. Such certification organi-
sations have been concerned with the utilisation of “forage fish” as in-
puts into aquaculture for many years, typically measured by the Fish In
Fish Out (FIFO) ratio (Kok et al., 2020). Certification agencies have
generally encouraged the use of by-product resources in MIs by dis-
counting their use in the various FIFO calculations employed. However,
there are concerns that low yielding and inefficient by-product com-
modities get a “free pass” compared to more efficient feed ingredients
(Kok et al., 2020). Employing FIFO alongside LCA impact categories
allows comparison between trade-offs of different MlIs against other
ingredients in aquaculture LCAs. Although by-product MIs often have a
lower environmental impact (when using economic allocation), their
quality can sometimes be lower than those derived from whole forage
fish, particularly regarding ash content (Goddard et al., 2008; Glencross
et al., 2017; Ween et al., 2017). However, although there are concerns
that quality differences may affect performance, this is not always borne
out as protein and energy digestibility vary compared to forage fish-
meals in diets for different aquaculture species (Chi et al., 2017; Glen-
cross et al., 2017; Glencross et al., 2018).

The LCI data provided here is a much-needed step in providing the
necessary capacity to inform better LCAs of aquaculture that can meet
the various requirements for different standardised assessments such as
PEFCR and others. However, the data presented in this article relies
heavily on default values derived from horizontal averaging of data from
similar industries, particularly: processing of fish to produce by-product
raw materials; rendering data for most species; fisheries composition
data and boat construction and maintenance for various fishery species
across broad geographies. A specific data gap exists on purification of
fish oil that may contain contaminants, which is especially a problem
where fisheries are located close to heavily industrialised areas such as
north European sea routes (Aidos, 2002; Einarsson et al., 2019). While
this inventory is a much needed improvement on existing data, repre-
senting an estimated 48% of global supplies according to FAO (2019),
better primary data on Asian fisheries would be desirable. Chinese, Thai,
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Vietnamese and Japanese fisheries constitute a further 26% of global MI
supplies (FAO, 2019) and considering the contribution of Asian aqua-
culture to global seafood supplies, it should be regarded as a matter of
priority to characterise its supply chains.

There is also growing concern over accumulation of microplastics in
fishmeal which may also require addressing in the future (Giindogdu
et al., 2021). LCIs for MIs could be much improved with further primary
data collection, particularly from fish processing and rendering and
should be a priority for the industry.

5. Conclusion

As the demand for aquaculture produce increases, there are consid-
erable efforts to reduce the reliance on MIs in aquafeeds. However, Mls
will probably remain important and there is potential to increase the
pool of sustainable MIs through continued fishery management and
valorising underutilised fishery and aquaculture by-products. This
article provides the ability to include more holistic sustainability as-
sessments of MIs and has demonstrated that there are considerable
sustainability trade-offs between aquafeed ingredients that should be
taken into account when assessing aquaculture nutrition. However, a lot
more work is required to improve and widen the database to include
global MI supplies that are important for world aquaculture production.

Author statement

Richard W. Newton - Conceptualisation, methodology, formal
analysis, writing - original draft and review, visualisation, editing and
funding acquisition.

Silvia Maiolo — Conceptualisation, methodology, analysis, writing
original draft and review and editing.

Wesley Malcorps — Methodology, writing original draft and review
and editing.

David C. Little — analysis, writing original draft and review, editing
and funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Selected data will be made available on request
Acknowledgements

This work was funded by the EU Commission, GAIN project (Grant
Agreement Number 773330) and the Centre for Innovation Excellence in
Livestock (CIEL).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2022.739096.

References

Aas, T.S., ;\sgﬁrd, T., Ytrestgyl, T., 2022. Utilization of feed resources in the production of
Atlantic salmon (Salmo salar) in Norway: an update for 2020. Aquac. Rep. 26,
101316.

Aidos, 2002. Production of High-Quality Fish Oil from Herring Byproducts. Ph.D. Thesis,.
Wageningen University, The Netherlands. 203pp.

Almeida, C., Vaz, S., Cabral, H., Ziegler, F., 2013. Environmental assessment of sardine
(Sardina pilchardus) purse seine fishery in Portugal with LCA methodology including
biological impact categories. Int. J. Life Cycle Assess. 19, 297-306.


https://doi.org/10.1016/j.aquaculture.2022.739096
https://doi.org/10.1016/j.aquaculture.2022.739096
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0005
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0005
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0005
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0010
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0010
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0015
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0015
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0015

R.W. Newton et al.

ASC, 2021. ASC Feed Standard Version 1.0. Aquaculture Stewardship Council, Utrecht,
Netherlands.

Avadi, A., Fréon, P., 2015. A set of sustainability performance indicators for seafood:
direct human consumption products from Peruvian anchoveta fisheries and
freshwater aquaculture. Ecol. Indic. 48, 518-532.

BAP, 2020. Aquaculture Facility Certification, Feed Mills. Best Aquaculture Practices
Certification Standards, Guidelines. BAP, New Hampshire, USA.

Bastardie, F., Nielsen, J.R., Andersen, B.S., Eigaard, O.R., 2010. Effects of fishing effort
allocation scenarios on energy efficiency and profitability: An individual-based
model applied to Danish fisheries. Fish. Res. 106, 501-516.

Burr, G.S., Wolters, W.R., Barrows, F.T., Hardy, R.W., 2012. Replacing fishmeal with
blends of alternative proteins on growth performance of rainbow trout
(Oncorhynchus mykiss), and early or late stage juvenile Atlantic salmon (Salmo
salar). Aquaculture 334-337, 110-116.

Cashion, T., Hornborg, S., Ziegler, F., Hognes, E.S., Tyedmers, P., 2016. Review and
advancement of the marine biotic resource use metric in seafood LCAs: a case study
of Norwegian salmon feed. Int. J. Life Cycle Assess. 21, 1106-1120.

Cashion, T., Tyedmers, P., Parker, R.W.R., 2017. Global reduction fisheries and their
products in the context of sustainable limits. Fish Fish. 18, 1026-1037.

Chalamaiah, M., Dinesh Kumar, B., Hemalatha, R., Jyothirmayi, T., 2012. Fish protein
hydrolysates: proximate composition, amino acid composition, antioxidant activities
and applications: a review. Food Chem. 135, 3020-3038.

Chi, S., Wang, W., Tan, B., Dong, X., Yang, Q., Liu, H., Zhang, S., 2017. The apparent
digestibility coefficients of 13 selected animal feedstuff for Cobia,Rachycentron
canadum. J. World Aquacult. Soc. 48, 280-289.

Club, Shipowners, 2016. Loss Prevention — Refrigeration on Fishing Vessels. The
Shipowners’ Mutual Protection and Indemnity Association, Luxembourg, p. 17.
Cortes, A., Esteve-Llorens, X., Gonzalez-Garcia, S., Moreira, M.T., Feijoo, G., 2021. Multi-
product strategy to enhance the environmental profile of the canning industry

towards circular economy. Sci. Total Environ. 791, 148249.

Cowey, C.B., Walton, M.J., 1988. Studies on the uptake of (14C) amino acids derived
from both dietary (14C) protein and dietary (14C) amino acids by rainbow trout,
Salmo gairdneri Richardson. J. Fish Biol. 33, 293-305.

da Costa, O.B., Matricardi, E.A.T., Pedlowski, M.A., Cochrane, M.A., Fernandes, L.C.,
2017. Spatiotemporal mapping of soybean plantations in Rondonia, Western
Brazilian Amazon. Acta Amazon. 47, 29-38.

Danish LCA Food database. (accessed 10/4/21) Fishmeal and oil production. In: http:
//www.lcafood.dk/processes/industry/fishmealproduction.html.

Das, D.P.H., Edwin, L., 2016. Comparative environmental life cycle assessment of Indian
oil sardine fishery of Kerala, India. Fish. Technol. 53, 273-283.

EC, 2018. PEFCR Feed for Food-Producing Animals. Version 4.1.. European Commission,
153pp.

EC, 2021. 9332 - COMMISSION RECOMMENDATION of 16.12.2021 on the use of the
Environmental Footprint methods to measure and communicate the life cycle
environmental performance of products and organisations. https://ec.europa.eu/en
vironment/publications/recommendation-use-environmental-footprint-methods_en.

Einarsson, M.I., Jokumsen, A., Bek, A.M., Jacobsen, C., Pedersen, S.A., Samuelsen, T.A.,
Palsson, J., Eliasen, O., Flesland, O., 2019. Nordic Centre of Excellence Network in
Fishmeal and Fish oil. Matis. Matis, No. 62477, Vol. 06-19, 119 pp. https://doi.org/
10.5281/zenodo.3243334.

FAO, 1989. Yield and Nutritional Value of the Commercially More Important Fish
Species. FAO Fisheries Technical Paper. No. 309. FAO, Rome, 187pp.

FAO, 2003. Protein sources for the animal feed industry. Expert Consultation and
Workshop Bangkok, 29 April - 3 May 2002. FAO, Rome.

FAO, 2019. Fisheries and aquaculture software. FishStat plus - universal software for
fishery statistical time series. In: FAO Fisheries and Aquaculture Department
[Online]. Rome.

FAO, 2020. Fisheries and aquaculture software. FishStat plus - universal software for
fishery statistical time series. In: FAO Fisheries and Aquaculture Department
[Online]. Rome.

Fisheries Iceland, 2017. Resource Utilisation and Environmental Footprint, p. 32.
Fréon, P., Avadi, A., Vinatea Chavez, R.A., Iriarte Ahén, F., 2014. Life cycle assessment of
the Peruvian industrial anchoveta fleet: boundary setting in life cycle inventory
analyses of complex and plural means of production. Int. J. Life Cycle Assess. 19,

1068-1086.

Fréon, P., Durand, H., Avadi, A., Huaranca, S., Orozco Moreyra, R., 2017. Life cycle
assessment of three Peruvian fishmeal plants: toward a cleaner production. J. Clean.
Prod. 145, 50-63.

Fulton, S., 2010. Fish and Fuel: Life Cycle Greenhouse Gas Emissions Associated with
Icelandic Cod, Alaskan Pollock and Alsakan Pink Salmon Fillets Delivered to the
United Kingdom. PhD.,. Dalhousie University.

Furuya, W.M., Pezzato, L.E., Barros, M.M., Pezzato, A.C., Furuya, V.R.B., Miranda, E.C.,
2004. Use of ideal protein concept for precision formulation of amino acid levels in
fish-meal-free diets for juvenile Nile tilapia (Oreochromis niloticus L.). Aquac. Res.
35, 1110-1116.

Glencross, B., Blyth, D., Cheers, S., Bourne, N., Wade, N., Irvin, S., 2017. A compendium
of raw material digestibilities for barramundi, Lates calcarifer. Aquac. Nutr. 23,
1055-1064.

Glencross, B., Blyth, D., Wade, N., Arnold, S., 2018. Critical variability exists in the
digestible value of raw materials fed to black tiger shrimp, Penaeus monodon: the
characterisation and digestibility assessment of a series of research and commercial
raw materials. Aquaculture 495, 214-221.

GlobalGAP, 2021. GLobalGAP Compound Feed Standard 3.0. GlobalGAP, Cologne,
Germany.

Aquaculture 565 (2023) 739096

Goddard, S., Al-Shagaa, G., Ali, A., 2008. Fisheries by-catch and processing waste meals
as ingredients in diets for Nile tilapia, Oreochromis niloticus. Aquac. Res. 39,
518-525.

Greer, K., Zeller, D., Woroniak, J., Coulter, A., Winchester, M., Palomares, M.L.D.,
Pauly, D., 2019. Global trends in carbon dioxide (CO2) emissions from fuel
combustion in marine fisheries from 1950 to 2016. Mar. Policy 107.

Grishin, D.V., Zhdanov, D.D., Pokrovskaya, M.V., Sokolov, N.N., 2019. D-amino acids in
nature, agriculture and biomedicine. All Life 13, 11-22.

Guijarro, B., Ordines, F., Massuti, E., 2017. Improving the ecological efficiency of the
bottom trawl fishery in the Western Mediterranean: it’s about time! Mar. Policy 83,
204-214.

Giindogdu, S., Eroldogan, O.T., Evliyaoglu, E., Turchini, G.M., Wu, X.G., 2021. Fish out,
plastic in: global pattern of plastics in commercial fishmeal. Aquaculture 534.

He, S., Franco, C., Zhang, W., 2013. Functions, applications and production of protein
hydrolysates from fish processing co-products (FPCP). Food Res. Int. 50, 289-297.

Hemre, G.I., Lock, E.J., Olsvik, P.A., Hamre, K., Espe, M., Torstensen, B.E., Silva, J.,
Hansen, A.C., Waagbo, R., Johansen, J.S., Sanden, M., Sissener, N.H., 2016. Atlantic
salmon (Salmo salar) require increased dietary levels of B-vitamins when fed diets
with high inclusion of plant based ingredients. PeerJ 4, e2493.

Henriksson, P.J.G., Guinée, J.B., Heijungs, R., de Koning, A., Green, D.M., 2013.

A protocol for horizontal averaging of unit process data—including estimates for
uncertainty. Int. J. Life Cycle Assess. 19, 429-436.

Hilmarsdottir, G.S., Ogmundarson, 0., Arason, S., Gudjonsdattir, M., 2020. The effects of
varying heat treatments on lipid composition during pelagic fishmeal production.
Processes 8, 1142. https://doi.org/10.3390/pr8091142.

Hornborg, S., Smith, A.D.M., Poos, J.J., 2020. Fisheries for the future: greenhouse gas
emission consequences of different fishery reference points. ICES J. Mar. Sci. 77,
1666-1671.

Hospido, A., Vazquez, M.E., Cuevas, A., Feijoo, G., Moreira, M.T., 2006. Environmental
assessment of canned tuna manufacture with a life-cycle perspective. Resour.
Conserv. Recycl. 47, 56-72.

Hua, K., Cobcroft, J.M., Cole, A., Condon, K., Jerry, D.R., Mangott, A., Praeger, C.,
Vucko, M.J., Zeng, C., Zenger, K., Strugnell, J.M., 2019. The future of aquatic
protein: implications for protein sources in aquaculture diets. One Earth 1, 316-329.

Ikoma, T., Kobayashi, H., Tanaka, J., Walsh, D., Mann, S., 2003. Physical properties of
type I collagen extracted from fish scales of Pagrus major and Oreochromis niloticas.
Int. J. Biol. Macromol. 32, 199-204.

1SO, 2006a. Environmental Management - Life Cycle Assessment - Principles and
Framework (ISO 14040:2006). ISO, Geneva, 20 pp.

ISO, 2006b. Environmental Management - life cycle assessment - requirements and
guidelines (ISO 14044:2006). ISO, Geneva, 45 pp.

Jackson, A.J., Newton, R.W., 2016. Project to model the use of fisheries by-products in
the production of marine ingredients with special reference to omega-3 fatty acids
EPA and DHA, p. 12. Available at. https://www.iffo.com/system/files/downlo
ads/Report%2010A%20IFFO%20project%20Final 0.pdf.

Kang, M., Park, J., Park, J., Jang, C.-S., Cho, Y.-H., Zhang, H., An, Y.-S., 2018. The
performance of the new fishing gears of the anchovy boat seine fishery using a
hydroacoustic method. Thalassas Int. J. Mar. Sci. 34, 391-401.

Karimi, A., 2006. The effects of varying fishmeal inclusion levels (%) on performance of
broiler chicks. Int. J. Poult. Sci. 5, 255-258.

Kim, S.W., Easter, R.A., 2001. Nutritional value of fish meals in the diet for young pi.
J. Anim. Sci. 79, 1829-1839.

Kok, B., Malcorps, W., Tlusty, M.F., Eltholth, M.M., Auchterlonie, N.A., Little, D.C.,
Harmsen, R., Newton, R.W., Davies, S.J., 2020. Fish as feed: Using economic
allocation to quantify the Fish In : Fish Out ratio of major fed aquaculture species.
Aquaculture 528.

Li, X.-Q., Zhang, X.-Q., Kabir Chowdhury, M.A., Zhang, Y., Leng, X.-J., 2019. Dietary
phytase and protease improved growth and nutrient utilization in tilapia
(Oreochromis niloticus x Oreochromis aureus) fed low phosphorus and fishmeal-
free diets. Aquac. Nutr. 25, 46-55.

Maiolo, S., Parisi, G., Biondi, N., Lunelli, F., Tibaldi, E., Pastres, R., 2020. Fishmeal
partial substitution within aquafeed formulations: life cycle assessment of four
alternative protein sources. Int. J. Life Cycle Assess. 25, 1455-1471.

Malcorps, W., Kok, B., van‘t Land, M., Fritz, M., van Doren, D., Servin, K., van der
Heijden, P., Palmer, R., Auchterlonie, N., Rietkerk, M., Santos, M., Davies, S., 2019.
The sustainability conundrum of fishmeal substitution by plant ingredients in shrimp
feeds. Sustainability 11.

Malcorps, W., Newton, R.W., Sprague, M., Glencross, B.D., Little, D.C., 2021. Nutritional
characterisation of European aquaculture processing by-products to facilitate
strategic utilisation. Front. Sustain. Food Syst. 5.

Marchal, P., Andersen, B., Caillart, B., Eigaard, O., Guyader, O., Hovgaard, H.,

Iriondo, A., Le Fur, F., Sacchi, J., M, S., 2006. Impact of technological creep on
fishing effort and fishing mortality, for a selection of European fleets. ICES J. Mar.
Sci. 64, 192-209.

Marin Trust, 2017. Marine Ingredients Standard for Responsible Supply, Version 2.0.
Requirements for Certification. Marin Trust, London, 40pp.

Marinussen, M., Kool, A., 2010. Environmental Impacts of Synthetic Amino Acid
Production. Blonk Consultants, Netherlands, 15pp.

Mekonnen, M.M., Hoekstra, A.Y., 2011. The green, blue and grey water footprint of crops
and derived crop products. Hydrol. Earth Syst. Sci. 15, 1577-1600.

Naylor, R.L., Hardy, R.W., Bureauc, D.P., Chiua, A., Elliott, M., Farrell, A.P., Forster, L.,
Gatlin, D.M., Goldburgh, R.J., Hua, K., Nichols, P.D., 2009. Feeding aquaculture in
an era of finite resources. PNAS 106, 15103-15110.

Naylor, R.L., Hardy, R.W., Buschmann, A.H., Bush, S.R., Cao, L., Klinger, D.H., Little, D.
C., Lubchenco, J., Shumway, S.E., Troell, M., 2021. A 20-year retrospective review of
global aquaculture. Nature 591, 551-563.


http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0020
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0020
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0025
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0025
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0025
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0030
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0030
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0035
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0035
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0035
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0040
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0040
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0040
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0040
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0045
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0045
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0045
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0050
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0050
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0055
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0055
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0055
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0060
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0060
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0060
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0065
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0065
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0070
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0070
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0070
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0075
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0075
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0075
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0080
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0080
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0080
http://www.lcafood.dk/processes/industry/fishmealproduction.html
http://www.lcafood.dk/processes/industry/fishmealproduction.html
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0090
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0090
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0095
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0095
https://ec.europa.eu/environment/publications/recommendation-use-environmental-footprint-methods_en
https://ec.europa.eu/environment/publications/recommendation-use-environmental-footprint-methods_en
https://doi.org/10.5281/zenodo.3243334
https://doi.org/10.5281/zenodo.3243334
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0110
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0110
http://refhub.elsevier.com/S0044-8486(22)01213-3/opt3AGCXzemtH
http://refhub.elsevier.com/S0044-8486(22)01213-3/opt3AGCXzemtH
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0115
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0115
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0115
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0120
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0120
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0120
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0125
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0130
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0130
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0130
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0130
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0135
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0135
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0135
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0140
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0140
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0140
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0145
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0145
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0145
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0145
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0150
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0150
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0150
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0155
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0155
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0155
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0155
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0160
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0160
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0165
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0165
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0165
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0170
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0170
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0170
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0175
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0175
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0180
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0180
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0180
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0185
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0185
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0190
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0190
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0195
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0195
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0195
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0195
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0200
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0200
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0200
https://doi.org/10.3390/pr8091142
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0205
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0205
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0205
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0210
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0210
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0210
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0215
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0215
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0215
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0220
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0220
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0220
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0225
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0225
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0230
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0230
https://www.iffo.com/system/files/downloads/Report%20IoA%20IFFO%20project%20Final_0.pdf
https://www.iffo.com/system/files/downloads/Report%20IoA%20IFFO%20project%20Final_0.pdf
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0240
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0240
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0240
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0245
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0245
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0250
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0250
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0255
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0255
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0255
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0255
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0260
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0260
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0260
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0260
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0265
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0265
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0265
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0270
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0270
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0270
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0270
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0275
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0275
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0275
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0280
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0280
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0280
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0280
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0285
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0285
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0290
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0290
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0295
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0295
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0300
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0300
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0300
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0305
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0305
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0305

R.W. Newton et al.

Newton, R.W., Little, D.C., 2018. Mapping the impacts of farmed Scottish salmon from a
life cycle perspective. Int. J. Life Cycle Assess. 23, 1018-1029.

Newton, R., Zhang, W., Xian, Z., McAdam, B., Little, D.C., 2021. Intensification,
regulation and diversification: the changing face of inland aquaculture in China.
Ambio 50, 1739-1756.

Nhat, N.D., Tien, D.T., Van Dan, T., Quynh Tram, N.D., Lich, N.Q., Phuc, H.D., Phuoc, N.
N., 2022. The effectiveness of light emitting diode (LED) lamps in the offshore purse
seine fishery in Vietnam. Aquac. Fish. In press.

OECD/FAO, 2018. Agricultural outlook 2018-2027, Ch. 8, Figure 8.2. World fish prices.
Version 1 - Last updated: 20-Jun-2018. available from:. https://doi.org/10.1787/
888933743575.

Olsvik, P.A., Hemre, G.I., Waagbo, R., 2013. Exploring early micronutrient deficiencies
in rainbow Trout (Oncorhynchus mykiss) by next-generation sequencing technology—
from black box to functional genomics. PLoS One 8, e69461.

Palomares, M.L.D., Pauly, D., 2019. On the creeping increase of vessels&#8217; fishing
power. Ecol. Soc. 24.

Parker, R.W., Tyedmers, P.H., 2012. Life cycle environmental impacts of three products
derived from wild-caught Antarctic krill (Euphausia superba). Environ. Sci. Technol.
46, 4958-4965.

Parker, R.W.R,, Blanchard, J.L., Gardner, C., Green, B.S., Hartmann, K., Tyedmers, P.H.,
Watson, R.A., 2018. Fuel use and greenhouse gas emissions of world fisheries. Nat.
Clim. Chang. 8, 333-337.

Pauly, D., Christensen, V., 1995. Primary production required to sustain global fisheries.
Nature 374, 255-257.

Pelletier, N., Tydmers, P.H., Sonesson, U., Scholz, A.J., Ziegler, F., Flysjo, A., Kruse, S.A.,
Cancino, B., Silverman, H., 2009. Not all Salmon are created equal: life cycle
assessment (LCA) of global salmon farming systems. Environ. Sci. Technol. 43,
8730-8736.

Pelletier, N., Klinger, D.H., Sims, N.A., Yoshioka, J.R., Kittinger, J.N., 2018. Nutritional
attributes, substitutability, scalability, and environmental intensity of an illustrative
subset of current and future protein sources for aquaculture feeds: joint
consideration of potential synergies and trade-offs. Environ. Sci. Technol. 52,
5532-5544.

Pounds, A., Kaminski, A.M., Budhathoki, M., Gudbrandsen, O., Kok, B., Horn, S.,
Malcorps, W., Mamun, A.-A., McGoohan, A., Newton, R., Ozretich, R., Little, D.C.,
2022. More than fish—framing aquatic animals within sustainable food systems.
Foods 11.

Prabhu, A.J.P., Schrama, J.W., Kaushik, S.J., 2016. Mineral requirements of fish: a
systematic review. Rev. Aquac. 8, 172-219.

Pravinkumar, M., Eugien, L.X., Viswanathan, C., Raffi, S.M., 2015. Extraction of fish
body oil from Sardinella longiceps by employing direct steaming method and its
quantitative and qualitative assessment. J. Coast. Res. Med. 3, 962-966.

Ramos, S., Vazquez-Rowe, 1., Artetxe, 1., Moreira, M.T., Feijoo, G., Zufia, J., 2011.
Environmental assessment of the Atlantic mackerel (Scomber scombrus) season in
the Basque Country. Increasing the timeline delimitation in fishery LCA studies. Int.
J. Life Cycle Assess. 16, 599-610.

Regueiro, L., Newton, R., Soula, M., Méndez, D., Kok, B., Little, D.C., Pastres, R.,
Johansen, J., Ferreira, M., 2021. Opportunities and limitations for the introduction
of circular economy principles in EU aquaculture based on the regulatory
framework. J. Ind. Ecol. 1-12. https://doi.org/10.1111/jiec.13188.

Ricci, P., Trivellin, N., Cascione, D., Cipriano, G., Orlandi, V.T., Carlucci, R., 2021.
Benefits and risks of the technological creep of LED light technologies applied to the
purse seine fishery. Biology (Basel) 11.

Schau, E.M., Ellingsen, H., Endal, A., Aanondsen, S.A., 2009. Energy consumption in the
Norwegian fisheries. J. Clean. Prod. 17, 325-334.

Schmidt, J.H., 2010. Comparative life cycle assessment of rapeseed oil and palm oil. Int.
J. Life Cycle Assess. 15, 183-197.

10

Aquaculture 565 (2023) 739096

Senapati, S.R., Xavier, K.A.M., Nayak, B.B., Balange, A.K., 2017. Quality evaluation of
edible fish flour prepared from Indian oil sardine (Sardinella longiceps). J. Food
Process. Preserv. 41 https://doi.org/10.1111/jfpp.12982.

SFP, 2021. Reduction Fisheries; SFP Fisheries Sustainability Overview 2021. Sustainable
Fisheries Partnership. December 2021. 60pp.

Shepherd, C.J., Jackson, A.J., 2013. Global fishmeal and fish-oil supply: inputs, outputs
and markets. J. Fish Biol. 83, 1046-1066.

SINTEF, 2020. Greenhouse gas emissions of Norwegian seafood products in 2017.
SINTEF Ocean AS, Trondheim, p. 114.

Skretting, 2018. Environmental Footprint of Salmon Feed, Skretting, Norway, 20pp.
Skretting.

Smetana, S., Schmitt, E., Mathys, A., 2019. Sustainable use of Hermetia illucens insect
biomass for feed and food: attributional and consequential life cycle assessment.
Resour. Conserv. Recycl. 144, 285-296.

Sprague, M., Dick, J.R., Tocher, D.R., 2016. Impact of sustainable feeds on omega-3 long-
chain fatty acid levels in farmed Atlantic salmon, 2006-2015. Sci. Rep. 6, 21892.

Stevens, J.R., Newton, R.W., Tlusty, M., Little, D.C., 2018. The rise of aquaculture by-
products: increasing food production, value, and sustainability through strategic
utilisation. Mar. Policy 90, 115-124.

Suarez, R.K., Mommsen, T.P., 1987. Gluconeogenesis in teleost fishes. Can. J. Zool. 65,
1869-1882.

Svanes, E., Vold, M., Hanssen, O.J., 2011a. Effect of different allocation methods on LCA
results of products from wild-caught fish and on the use of such results. Int. J. Life
Cycle Assess. 16, 512-521.

Svanes, E., Vold, M., Hanssen, O.J., 2011b. Environmental assessment of cod (Gadus
morhua) from autoline fisheries. Int. J. Life Cycle Assess. 16, 611-624.

Sveier, H., Nordas, H., Berge, G.E., Lied, E., 2001. Dietary inclusion of crystalline D- and
L-methionine: effects on growth, feed and protein utilization, and digestibility in
small and large Atlantic salmon (Salmon salar L.). Aquac. Nutr. 7, 169-181.

Tacon, A.G.J, Hasan., M.R., Subasinghe, R.P., 2006. Use of Fishery Resources as Feed
Inputs to Aquaculture Development: Trends and Policy Implications. FAO Fisheries
Circular No. 1018. FAO, Rome.

Tacon, A.G.J., Metian, M., 2015. Feed matters: satisfying the feed demand of
aquaculture. Rev. Fish. Sci. Aquac. 23, 1-10.

Thrane, M., 2004. Environmental Impacts from Danish Fish Product. PhD thesis,.
Department of Development and Planning, Aalborg University.

Torrissen, O., Olsen, R.E., Toresen, R., Hemre, G.I., Tacon, A.G.J., Asche, F., Hardy, R.W.,
Lall, S., 2011. Atlantic Salmon (Salmo salar): the “super-chicken” of the sea? Rev.
Fish. Sci. 19, 257-278.

Tyedmers, P., 2004. Fisheries and energy use. Encyclop. Energy 2, 683-693.

Vazquez-Rowe, 1., 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.

Vazquez-Rowe, 1., Moreira, M.T., Feijoo, G., 2011. Life cycle assessment of fresh hake
fillets captured by the Galician fleet in the northern stock. Fish. Res. 110, 128-135.

Ween, O., Stangeland, J.K., Fylling, T.S., Aas, G.H., 2017. Nutritional and functional
properties of fishmeal produced from fresh by-products of cod (Gadus morhua L.)
and saithe (Pollachius virens). Heliyon 3, e00343.

Zamora-Sillero, J., Gharsallaoui, A., Prentice, C., 2018. Peptides from fish by-product
protein hydrolysates and its functional properties: an overview. Mar. Biotechnol.
(NY) 20, 118-130.

Zhang, W., Liu, M., Sadovy de Mitcheson, Y., Cao, L., Leadbitter, D., Newton, R., Little, D.
C., Li, S., Yang, Y., Chen, X., Zhou, W., 2019. Fishing for feed in China: facts, impacts
and implications. Fish Fish. 21, 47-62.

Ziegler, F., Hornborg, S., 2014. Stock size matters more than vessel size: the fuel
efficiency of Swedish demersal trawl fisheries 2002-2010. Mar. Policy 44, 72-81.


http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0310
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0310
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0315
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0315
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0315
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0320
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0320
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0320
https://doi.org/10.1787/888933743575
https://doi.org/10.1787/888933743575
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0330
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0330
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0330
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0335
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0335
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0340
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0340
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0340
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0345
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0345
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0345
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0350
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0350
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0355
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0355
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0355
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0355
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0360
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0360
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0360
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0360
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0360
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0365
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0365
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0365
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0365
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0370
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0370
http://refhub.elsevier.com/S0044-8486(22)01213-3/optGegnOrJz4r
http://refhub.elsevier.com/S0044-8486(22)01213-3/optGegnOrJz4r
http://refhub.elsevier.com/S0044-8486(22)01213-3/optGegnOrJz4r
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0375
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0375
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0375
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0375
https://doi.org/10.1111/jiec.13188
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0385
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0385
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0385
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0390
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0390
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0395
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0395
https://doi.org/10.1111/jfpp.12982
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0400
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0400
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0405
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0405
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0410
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0410
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0415
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0415
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0420
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0420
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0420
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0425
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0425
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0430
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0430
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0430
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0435
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0435
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0440
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0440
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0440
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0445
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0445
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0450
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0450
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0450
http://refhub.elsevier.com/S0044-8486(22)01213-3/optTdHth2o0mH
http://refhub.elsevier.com/S0044-8486(22)01213-3/optTdHth2o0mH
http://refhub.elsevier.com/S0044-8486(22)01213-3/optTdHth2o0mH
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0455
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0455
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0460
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0460
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0465
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0465
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0465
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0470
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0475
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0475
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0475
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0480
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0480
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0485
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0485
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0485
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0490
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0490
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0490
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0495
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0495
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0495
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0500
http://refhub.elsevier.com/S0044-8486(22)01213-3/rf0500

	Life Cycle Inventories of marine ingredients
	1 Introduction
	2 Methods
	2.1 Fisheries
	2.2 Processing and rendering
	2.3 Methodological issues
	2.4 Impact assessment method

	3 Results
	3.1 Life Cycle Inventory (LCI)
	3.2 Life Cycle Impact Assessment

	4 Discussion
	5 Conclusion
	Author statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


