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Nutritional Characterisation of
European Aquaculture Processing
By-Products to Facilitate Strategic
Utilisation

Wesley Malcorps*, Richard W. Newton, Matthew Sprague, Brett D. Glencross and
David C. Little

Institute of Aquaculture, University of Stirling, Stirling, United Kingdom

Sustainability analyses of aquaculture typically ignore the fate and value of processing
by-products. The aim of this study was to characterise the nutritional content of the
common processing by-products (heads, frames, trimmings, skin, and viscera) of five
important finfish species farmed in Europe; Atlantic salmon (Salmo salar), European
seabass (Dicentrarchus labrax), gilthead seabream (Sparus aurata), common carp
(Cyprinus carpio), and turbot (Psetta maxima) to inform on best utilisation strategies.
Our results indicate a substantially higher total flesh yield (64-77%) can be achieved
if fully processed, compared to fillet only (30-56%). We found that heads, frames,
trimmings and skin from Atlantic salmon, European seabass, gilthead seabream and
turbot frames showed medium to high edible yields, medium to high lipid, and medium
to high eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) content, indicating
significant potential for direct use in human food. By-products which are unattractive for
use in food directly but have low ash content and medium to high crude protein, lipid and
EPA and DHA content, such as viscera, could be directed to animal feed. Skin showed
interesting nutritional values, but has more potential in non-food applications, such as
the fashion, cosmetic and pharmaceutical industries. The results indicate potential to
increase the direct food, animal feed and non-food value of European aquaculture,
without an increase in production volumes or the use of additional resources. The
importance of changing consumer perceptions and addressing infrastructure and
legislative barriers to maximise utilisation is emphasised.

Keywords: aquaculture, by-products, nutrition, processing, edible yield, circular economy, value addition, waste
reduction

INTRODUCTION

Seafood consumption in the European Union (EU) increased by ~25% to 24.4kg capita™!
year_1 between 2005 and 2017 (EUMOFA, 2018, 2019). The EU supply (14.61 million MT,
live weight equivalent) in 2017 constitutes product from local (EU member states) capture
fisheries (28%) and aquaculture production (9%), together with imports from non-EU member
states derived from capture fisheries (49%) and aquaculture (14%). Norway, not an EU member
state, but part of the European Economic Area (EEA), fulfils an important role, supplying
25% of total seafood imports into the EU, mainly farmed Atlantic salmon (Salmo salar)
which represents 35% of the total estimated consumption of aquaculture products and 15% by
volume of all fish and seafood products imported (EUMOFA, 2019). However, supply could
be increased by more efficient processing and strategic value addition. Currently, processing
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by-products from both wild capture and aquaculture are
“underutilized” in Europe as a whole (Jackson and Newton,
2016). Such under-utilisation can occur either when quantities of
by-products are limited such as when fish are marketed whole
or when markets for segregated by-products are undeveloped.
Consequently, this results in the accumulation and discard of
by-products at the processor or household level, highlighting
an opportunity to increase production, while enhancing
sustainability. These limitations have been acknowledged as an
action point under the forthcoming EU “Farm-to-Fork Strategy”
(EC, 2008, 2020) and being a key element of sustainable
development goal (SDG)12, “ensuring sustainable consumption
and production patterns” (UNDP, 2020).

Omega-3 (n-3) long-chain polyunsaturated fatty acids (LC-
PUFA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA) are key micronutrients for human and animal health
(Tocher et al., 2019; Hamilton et al., 2020). Additionally, seafood
consumption can improve intake of other key micronutrients
such as vitamin D and B12, iodine, selenium, and other minerals
(Aakre et al., 2019), as well as being a good source of bioavailable
protein. An estimated one third of all EPA/DHA originating from
wild and farmed fish globally is discarded (Hamilton et al., 2020).
A global shortage and increase in value of these nutrients creates
incentives to use by-products more efficiently.

Increasing demand for low environmental impact feed
ingredients for Europe’s livestock and aquaculture sectors has
become a major driver for more efficient strategies to use
processing by-products within a circular economy. European
aquaculture production is highly dependent on imported feed
ingredients from both marine and terrestrial systems, such as
fishmeal, fish oil, and soy (Newton and Little, 2018), which expose
the sector to external economic shocks (Troell et al., 2014) and
criticisms of “off-shoring” environmental impacts associated with
their production. Feed production is the most significant source
of environmental impact of fed aquaculture production (Bohnes
et al,, 2018). A continued dependence on fish meal and oil for
the marine carnivorous species mainly farmed in Europe (Naylor
et al,, 2021) has led to sustainability concerns remaining focused
on the use of marine ingredients in the context of “ocean health”
(Tlusty et al., 2019) despite longstanding efforts to substitute
them with alternative ingredients (Naylor et al., 2009; Froehlich
etal., 2018). Such transformations, demonstrated most obviously
by the high levels of soy products now fed to salmon (Newton
and Little, 2018), have their own challenges, not least of which has
been a shift in sustainability concerns from the oceans to sensitive
terrestrial ecosystems (Newton and Little, 2018; Malcorps et al.,
2019). Moreover, the substitution of marine ingredients with
plant ingredients in aquafeeds risks both compromising the
health and welfare of the cultured animal (Rana et al., 2009; Saito
et al., 2020) and can also affect micro- and macro nutrient levels
in the final consumed product (Nichols et al., 2014; Sprague et al.,
2016; Saito et al., 2020). Therefore, it is important to take a larger
food system approach into account, as unintended consequences
of shifts in feed type used may occur along the entire value chain
(Cook et al.,, 2015). A re-evaluation of the potential to increase
the supply of marine ingredients from under-utilised by-product
resources has received far less attention.

A comprehensive analysis of the nutritional value of by-
products from the main aquaculture species in Europe remains
largely undocumented. Norway is an example where full
processing takes place and most aquaculture processing by-
products are utilised, but there is still potential to increase
volumes and value addition (Olafsen et al., 2014). However,
elsewhere mixing by-products is still a common practise, with
more directed to animal nutrition (Stevens et al., 2018). The
absence of sorting and grading of fish by-products can dilute
overall nutritional value and limit potential application. Stevens
et al. (2018) showed that better by-product separation offered
opportunities for value addition in farmed salmon in Scotland.
Therefore, the main aim of this study is to characterise the
nutritional content, and discuss potential industry applications,
of the different by-products derived from the major farmed
finfish species in Europe.

METHODOLOGY
Species and By-Products

Triplicate samples of heads, frames (the central skeleton of
the fish including the tail), trimmings, skin (incl. scales) and
viscera of Atlantic salmon (Salmo salar), European seabass
(Dicentrarchus labrax), and gilthead seabream (Sparus aurata)
were obtained from commercial processors in Norway and
Spain, whereas by-products of turbot (Psetta maxima) and carp
(Cyprinus carpio) were provided by local producers in Spain and
Poland, respectively, to commercial specifications. All species fed
formulated feed, except for common carp, which was grown on
a natural diet with low levels of cereal supplementation. The
fish from which the by-products originated were weighed before
processing to calculate the share of each by-product. By-product
components were frozen, weighed, packed and transported on ice
in polystyrene boxes by air freight. The analyses were performed
at the Institute of Aquaculture (University of Stirling), using
internationally recognised analytical procedures and calibration
standards (AOAC, 2005; ISO, 2005). All samples were kept frozen
at —20°C until analysed.

Flesh Yields of the By-Products

The samples were weighed (precision £0.01 g) before removing
the edible flesh from each by-product fraction (except viscera)
with a scalpel. The weight of the removed flesh was subtracted
from the total weight of the by-product to determine the flesh
yield (%). After completion, separated flesh and other parts
were recombined for each separate sample and homogenised for
further analysis.

Proximate Analyses

The proximate composition of samples was determined using
standard methods (AOAC, 1990). Moisture content was
determined by weighing ~1 g of homogenised wet sample and
placing into a drying oven for 20h at 105°C. Ash content was
determined by weighing ~1 g of dried sample and placing into
a muffle furnace overnight set at 600°C. Crude protein was
measured by weighing ~0.25 g dried sample before addition of
copper catalyst tablets and 5 ml sulphuric acid (analytical reagent
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grade, Fisher Scientific, Loughborough, UK). Samples were
digested at 400°C for 1h (Foss Digestor 2040, Foss Analytical
AB Hognis, Sweden). Total nitrogen levels were measured by
Kjeldahl (Foss Kjeltec™ 2300, Foss Analytical AB, Hognis,
Sweden) and the crude protein level calculated as N x 6.25. The
moisture content was used to convert results to a wet weight
basis. Total lipid was extracted from homogenised wet samples
using 20 vol of ice-cold chloroform/methanol (2:1, v/v) using an
Ultra-Turrax tissue disruptor (Fisher Scientific, Loughborough,
UK) according to (Folch et al, 1957). Non-lipid impurities
were isolated by washing with 0.88% KCI and the lipid weight
determined gravimetrically after evaporation of solvent using
oxygen-free nitrogen and desiccation in vacuo before making up
to a known concentration and storing at —20°C.

Fatty Acid Analysis

The fatty acid (FA) profile of samples were determined by fatty
acid methyl esters (FAME) prepared from total lipid extracts
that had undergone acid-catalysed transmethylation at 50°C
for 16h using 2ml 1% (v/v) sulphuric acid (95%, Aristar,
BDH Chemicals, Poole, UK) in methanol and 1ml toluene
(Christie, 2003). FAME were extracted and purified according
to (Tocher and Harvie, 1988) and separated and quantified by
gas-liquid chromatography. Individual FAME were identified
by comparison to known standards (in-house marine oil and
Restek 20-FAME Marine Oil Standard; Thames Restek UK
Ltd., Buckinghamshire, UK), in addition to published literature

(Ackman, 1980; Tocher and Harvie, 1988). Data were collected
and processed using Chromcard for Windows (Version 2.11;
Thermo Fisher Scientific Inc., Milan, Italy). Fatty acid content
per g sample was calculated using heptadecanoic acid (17:0) as
internal standard.

Statistics

Results were analysed using Minitab®) v18.1 statistical software
package (Minitab Inc., Pennsylvania, USA). Comparisons were
made by Analysis of Variance (ANOVA; General linear model
with Tukey Pairwise comparisons) between the triplicate samples
(five species and five by-products) on a flesh yield, proximate
composition, and EPA+DHA resolution.

RESULTS

The by-product proportions, edible (flesh) yields, proximate
composition, and fatty acid profiles of the various by-
products of the European species are described below.
All results are presented on a wet weight (ww) basis.
Absolute values and standard deviations are available in the
Supplementary Information (Nutritional Composition of the
By-products), organised by species in Supplementary Tables 1-5.
Not included in these tables in the Supplementary Information
are the fillet yields, which have been included in Figure 1 and
Table 1 within the main text.

Atlantic salmon

European seabass

Gilthead seabream

Common carp

Turbot

0 10 20 30

M Fillets m Heads = Frames

Trimmings

40 50 60 70 80 920
%
W Skin (incl. scales)

100

M Viscera

FIGURE 1 | Proportion (%) of different processing fractions for five important European aquaculture species.
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TABLE 1 | By-product fractions and associated edible yield and total edible yield of the 5 European aquaculture species.

Species/fraction BP fraction of whole% Edible yield% By-product fraction Edible by-products Total edible
of whole% as% of whole fish yield%
Atlantic salmon Heads 9.9 37.2 43.8 20.9 771
Frames 10.4 56.7
Trimmings 8.2 81.0
Skin (incl. scales) 4.7 100
Viscera 10.6 0
Fillet 56.2 100
European seabass Heads 21.2 40.6 55.0 25.8 70.8
Frames 11.9 41.8
Trimmings 71 73.6
Skin (incl. scales) 7.0 100
Viscera 7.7 0
Fillet 45.0 100
Gilthead seabream Heads 27.6 48.9 59.9 31.2 71.3
Frames 124 46.1
Trimmings 6.0 83.9
Skin (incl. scales) 7.0 100
Viscera 6.9 0
Fillet 4041 100
Common carp Heads 17.3 43.5 56.8 28.3 715
Frames 9.3 90.0
Trimmings 8.0 46.0
Skin (incl. scales) 8.7 100
Viscera 13.5 0
Fillet 43.2 100
Turbot Heads 19.6 37.0 69.6 33.3 63.7
Frames 16.4 49.4
Trimmings 13.5 27.3
Skin (incl. scales) 14.3 100
Viscera 5.8 0
Fillet 30.4 100

By-Product Proportions and Edible Yields

Fillet yield, and hence the by-product proportion, differs between
species (Figure 1). Our results indicate that Atlantic salmon has
the largest fillet yield of the species studied at almost 56.2 £
1.6% of the total bodyweight, compared to turbot fillets which
were the lowest at 30.5 £ 1.7% of bodyweight. Gilthead seabream
showed the largest head proportion at 27.6%, while turbot had
the highest share of trimmings and skin at almost 13.5 and 14.3%
of the total bodyweight, respectively. Viscera proportions ranged
between 5.8% (turbot) and 13.5% (common carp).

Extraction of edible components (Table 1, Figure 2A) from
each of the by-product fractions, demonstrated that the potential
total edible yield exceeded 70.0% of harvested yield for 4/5 of
the species studied, compared to 56.2% or less from the fillet
alone. Edible yields from heads showed a low variability, 37.2%
(Atlantic salmon) to 48.9% (Gilthead seabream), compared
to frames ranging from 41.8% (European seabass) to 90.0%
(common carp) and trimmings 27.3% (turbot) to 83.9% (Gilthead
seabream). Overall, total edible yields were the highest for
Atlantic salmon at up to 77.1%, while turbot was at the

low end with 63.7%. However, turbot showed the highest
increase in total edible yield from by-products by up to
33.3%, while Atlantic salmon showed the lowest by up to
20.9% (Table 1).

Proximate Analysis

All results are presented on a ww basis (Figure 2), and available
in Supplementary Tables 1-5. Moisture variability (Figure 2B)
between species was very low in heads, frames, skin, and
trimmings, while viscera showed high variability ranging from
31.9% for European seabass to 70.9% for turbot. Ash content
(Figure 2C) was very low between 1.0 and 2.0% for skin and
viscera for all species, but more variable among species for
trimmings between 2.2 and 6.9%, heads between 5.0 and 10.1%,
and frames between 1.9 and 12.4%. Ash content was highest for
European seabass frames at 12.4%. Crude protein (Figure 2D)
values ranges were as follows; for heads between 13.1 and 20.2%,
frames between 16.8 and 19.4%, and viscera between 11.1-17.2%,
but was relatively constant within the skin between species
at around 20%, with turbot skin at the high end at 23.4%.
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significantly different.

Viscera

Skin (incl. scales)

Trimmings
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M Gilthead seabream
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FIGURE 2 | (A) Edible yield and proximate composition (% of wet weight) [(B) moisture, (C) ash, (D) crude protein, and (E) total lipid] of the various by-products
[heads, frames, trimmings, skin (incl. scales), and viscera] for each of the European aquaculture species studied. Means that do not share letter(s) (A-H) are

Trimmings exhibited similar upper values with more variability
between species, with the lowest value of 15% crude protein
for common carp. Total lipid content (Figure 2E) variability
was low for frames, but high for heads, skin, viscera and
trimmings between the species. Atlantic salmon demonstrated
high lipid content in heads at 21.5%, frames at 17.2%, and
trimmings at 26.4%. However, lipid levels in European seabass
viscera at 39.3%, and common carp skin stood out at 37.4%.
Highest variability was observed for European seabass viscera at
21.9% (Figure 2E).

EPA and DHA Content

By species, the highest EPA+DHA (g. 100 g~ ww) values,
were observed for Atlantic salmon in heads at 1.53g. 100
g~ !, trimmings at 1.74g. 100 g!, and skin at 1.21g. 100
g~ ! (Figure 3, Supplementary Tables 1-5). However, for by-
products, Atlantic salmon viscera showed the second largest
EPA+DHA content at 1.10g. 100 g~!, after European seabass
at 1.99g. 100 g7}, and in salmon frames at 1.18g. 100 g},
after turbot at 1.32g. 100 g~!.Turbot showed a relatively high
EPA+DHA content in frames at 1.32g. 100 g~!, skin at 0.85g.
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Viscera "
Skin (incl. scales)
Trimmings
AB
ABCD
Frames
FG "
Heads : ABCD
ABC
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
g.100 gt
B Turbot " Common carp ™ Gilthead seabream m European seabass m Atlantic salmon
FIGURE 3 | Total EPA+DHA content (g.100 g~') of wet weight by-products from European aquaculture species. Means that do not share letter(s) (A-G) are
significantly different.

100 g~!, and viscera at 0.83g. 100 g~!, while heads and
trimmings showed significant lower values compared to most
species. The lowest values were observed for common carp, the
only freshwater species analysed in this study.

Fatty Acid Profiles

The relative proportion of the fatty acid classes is related
to the total lipid content (Figure 2E). There are similarities
across the different species and their derived by-products, except
for common carp (Figure 4, Supplementary Tables 1-5). Total
saturated FAs are variable across the by-products and species but
are relatively higher in the viscera of Atlantic salmon at 4.44 g.
100 g~ ! (of ww sample), European seabass at 7.02 g. 100 g~! and
common carp at 4.07 g. 100 g~!. Additionally, common carp skin
also showed relatively high absolute values for total saturated FA
at 7.92g. 100 g~!. Total n-6 PUFA showed variability and has
relatively higher values for viscera of Atlantic salmon at 4.05g.
100 g~! and European seabass at 5.31g. 100 g~! and trimmings
of Atlantic salmon at 3.83 g. 100 g~ 1.

The highest inclusion of n-3 PUFA can be found in the by-
products of Atlantic salmon, ranging between 3.88g. 100 g~!
for trimmings and 2.47 g. 100 g~! for frames. European seabass
viscera also showed a high value at 3.40 g. 100 g~!. The content of
EPA-+DHA as a percentage of total n-3 PUFAs showed variability
averaged across heads, frames, trimmings, skin (incl. scales) and
viscera of 44.6% (£4.5) for salmon, 64.1% (+£3.8) for European

seabass, 58.1% (£0.8) for gilthead seabream and 61.7% (=£5.8)
for turbot. However, common carp showed lower EPA+DHA
values across by-products with an average of 29.8% (45.2) as a
percentage of total n-3 PUFAs.

DISCUSSION

Improved utilisation of the “whole fish” is a key component of the
sustainable intensification of seafood value chains (Little et al.,
2018), and through reducing waste supporting progress toward
ensuring sustainable consumption and production patterns
(UN, 2020). Our analysis on the potential total edible yields
showed a range of 64-77% for turbot and Atlantic salmon,
respectively, while fillet yields between these species range
significantly between 30 and 56%, respectively. Total edible
yields could potentially double compared to fillet only depending
on the type of species, and total edible yield is much more
similar between species than from fillet alone. A focus on
the nutritional value of the by-products is required to get
the best out of these high edible yields. In the following
sections the nutritional value is discussed in relation to available
literature and the food recovery hierarchy for fish by-products
(Stevens et al,, 2018; USEPA, 2020), followed by challenges
associated with the strategic utilisation of by-products and future
research perspectives.
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FIGURE 4 | Fatty acid group contents (g.100 g~ of wet weight sample) per by-product and per species (excluding 16:2, 16:3, and 16:4). The totals of the fatty acid
groups could slightly differ from the total lipids (Figure 2E), as means of fatty acid groups were used. The absolute and % of fatty acid group values and standard
deviations are available in the Supplementary Information (Supplementary Tables 1-5).

Nutritional Characteristics of the
By-Products

Most of the nutritional differences between our study and
assessed literature could be explained by age, sex, environmental
factors, and nutrient intake (Huss, 1995). The latter could explain
the high variability for most nutritional parameters within viscera
for all European species, as viscera is often the area where
most lipid deposition occurs especially if feed is not balanced,
or fish is overfed. In addition, efficiency of the investigators
in terms of obtaining flesh from bones and heads, differences
in origin (aquaculture vs. fisheries), intensity (intensive vs.
extensive) production systems (land vs. cage culture) harvest
size and weight. Homogenisation strategies, i.e., if whole fish are
homogenised or analysis is made on tissue samples can result
in overlooking the retention of nutrients in certain by-product
fractions. For example one study from Aas et al. (2019a) found
that salmon retained only 37% of EPA+DHA from which 23%
was retained in the fillets and the rest in by-products, explained
by a disproportionate accumulation of fat in the viscera relative
to the muscle (Aas et al., 2019b).

Our findings for Atlantic salmon when compared to that of
Stevens et al. (2018), found significant differences in edible yield
for heads (37 and 25%), frames (57 and 32%), and trimmings
(81 and 68%, trimmings and belly flaps combined), respectively,
despite lab conditions and methods being similar. The higher
edible yield in our analysis is likely to affect the nutritional
composition of the homogenised sample, explaining some of the
nutritional differences. The differences in EPA+DHA content
(Supplementary Table 1) could be explained by the nutritional

content of the feed reflected in the fatty acid content of the
harvested fish (Sprague et al., 2016). Marine ingredient inclusion
in Norwegian salmon feed has declined drastically in the last
three decades (Ytrestoyl et al., 2015) in comparison to fish farmed
in Scotland (Shepherd et al., 2017).

Our findings for European seabass from Spain
(Supplementary Table 2) were relatively similar with the
values for seabass sourced from an intensive and extensive farm
in Italy, and their derived homogenised by-products (Messina
et al.,, 2013). Difference in processing cuts could also explain
the higher skin lipid content (17%) in the study of Munekata
et al. (2020) from seabass homogenised by-products sourced at a
Spanish market, as our homogenised skin sample (8%) had flesh
attached to it.

Gilthead seabream by-products (Supplementary Table 3) had
similar nutritional values compared to the study of Pateiro et al.
(2020), who used fishery derived male seabream purchased from
a local market in Spain, and their derived by-products. However,
the head proportion from this study was 28 =+ 0.5%, while Pateiro
etal. (2020) reported 21%. Additionally, skin, moisture, total lipid
and DHA content differed with Pateiro et al. (2020) for reasons
already stated.

Polish common carp aquaculture is characterised by “natural”
extensive production systems (Raftowicz and Le Gallic, 2019),
and is the only freshwater species assessed in this study. Lipid
content of homogenised by-product samples was higher, while
EPA and DHA was lower (Supplementary Table 4), compared to
the muscle tissue samples from three (intensive, low-intensive,
and semi-extensive) production systems (Klobukowski et al.,
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2018). While sample difference could explain the differences,
production systems and their associated feed ingredient use
could impact the fatty acid profile according to the study of
Klobukowski et al. (2018). EPA and DHA is more common
in the marine food chain, but some freshwater species could
also serve as a source of EPA and DHA. However, in general
the freshwater food chain contains higher levels of linoleic acid
(LOA) (C18:2 n-6) and alpha-linolenic acid (ALA) (C18:3 n-3)
(Strobel et al., 2012). Nevertheless, common carp requires n-3
and n-6 fatty acids in their diet (Takeuchi et al., 2002; Glencross,
2009), which can be manipulated through enriched feed
(Eljasik et al., 2020).

The nutritional results for farmed turbot are relatively
similar to other literature with the exception of lipid and ash
results, which are much higher for frames, skin, and viscera
(Supplementary Table 5) compared to the values shown in
Martinez et al. (2010). While our DHA results are relatively
similar to Martinez et al. (2010), our EPA values are significantly
lower. Differences can be explained by the fact that Martinez
et al. (2010) used fillet muscle samples rather than homogenised
by-product fractions.

Strategic Utilisation Pathways

It should be a top priority to strategically manage by-products
to maximise the edible yield from whole fish for direct human
consumption, according to the Food Recovery Hierarchy for Fish
By-products (Stevens et al., 2018). Heads, frames, and trimmings
from all species assessed in this study show potential to increase
the food supply. For example, 10% of the Norwegian salmon
by-products (heads and frames) are considered a high value
export product to Asian countries where they are used in e.g.,
soups (Stevens et al., 2018). Another pathway could be the
utilisation in processed foods, such as fish sausages, sauces,
and cakes (FAO, 2018). Based on our crude protein, EPA
and DHA results, skin, trimmings and frames from Atlantic
salmon, European seabass, gilthead seabream, and turbot show
potential for these types of applications, assuming separation
is economically feasible. Alternatively, a higher economic value
might be obtained if these by-products were processed into food
extracts and nutraceuticals. This could be the case for salmon
by-products processed into protein powders, hydrolysates,
salmon oil, and collagen supplements (Stevens et al., 2018).
On a crude protein, lipid and EPA+DHA level, our analysis
indicates potential for the heads, frames, trimmings and skin
for most species (except common carp, and turbot heads)
for these types of applications. A full cost-benefit and market
analysis has not been performed but is a pertinent area of
future research.

If by-product quality is too low and the requirements to
maintain “food quality” with appropriate HACCP and GMP
standards too costly or prohibitive in any way, feed ingredients,
such as fishmeal and fish oil may be more appropriate (Stevens
et al., 2018; Glencross, 2019). This is particularly the case for
viscera which has little to no value for direct human consumption
but showed excellent nutritional properties for oil extraction
and hydrolysis, as is the case for Atlantic salmon in Norway
(Deepika et al., 2014; Aspevik, 2016), showing a similar fatty acid

profile compared to a salmon fillet (Sun et al., 2006). Our study
indicates potential for feed applications for by-products, such
as skin and viscera from all species (except common carp) due
to high protein and EPA+DHA content, but low ash content.
Salmon heads, frames and trimmings also show potential, as
their ash content is relatively low compared to the other species.
In a controlled environment they could be processed into fish
protein hydrolysate (FPH), showing high-ranking nutritional
characteristics, such as an excellent amino acid composition
and digestible proteins that are often applied in animal feed
due to their odour and flavour (Kristinsson and Rasco, 2000;
Chalamaiah et al., 2012; Tilami and Sampels, 2017). Alternatively,
when small volumes of fish by-products are available, a simple
and inexpensive method could be the preservation by acid silage.
This has a relatively lower quality compared to FPH, but is
considered an inexpensive ingredient or feed additive (Olsen
and Toppe, 2017). These by-products and derived ingredients
could contribute to the human food chain indirectly through
livestock or pet food ingredients, adding to the global pool of
marine ingredients, especially where by-products exhibit high
levels of valuable omega-3 fatty acids (Rustad et al., 2011; Newton
et al.,, 2014). This could be more efficient than direct human
consumption, especially when the flesh is technically difficult
to extract and/or whole by-product is utilised, rather than just
the obtainable flesh yield (Newton, 2020). It could also reduce
the need for commonly used marine ingredient substitutes, such
as plant ingredients, which affect EPA+DHA content in the
final aquaculture product (Sprague et al., 2016) and increase the
pressure on agricultural resources (Malcorps et al., 2019). The
inclusion of relatively “low economic value” fish by-products in
aquafeed reduces the demand for pelagic fish in the form of
marine ingredients. This results in a lower Fish In: Fish Out
(FIFO) ratio, creating economic and environmental incentives to
utilise by-products (Kok et al., 2020).

Alternatively, industrial applications could be considered,
such as cosmetics (Alves et al., 2017), pharmaceuticals (e.g.,
bandages) (Rothwell et al., 2005; Sharp et al., 2012; Afifah et al,,
2019) and packaging (de la Caba et al., 2019). Fish skin offers
opportunities for the extraction of collagen and gelatine, as an
alternative source than bovine or porcine (Nurilmala et al., 2017),
and applications in the fashion industry in the form of fish skin
leather (Palomino, 2020).

Challenges Associated With the Strategic
Utilisation of By-Products

Processing and hence, by-product utilisation strategies depend
on the broader food environment, including consumption
preferences that can vary greatly across Europe from whole
fish compared to various processed forms of different
species (EUMOFA, 2017). Additionally, fish and seafood
could contain chemical contaminants with associated
health implications (Thomsen et al, 2021), and requires
investments in HACCP and decontamination to meet food
grade requirements. This also accounts for fish by-products
processed into aquafeed ingredients such as protein meals and
oils, in which these contaminants could cause a significant
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reduction in nutritional value, food safety, and even fish health
(Glencross et al., 2020).

Countries and industries face major infrastructure challenges,
such as the scale and accessibility of processing facilities,
which limits the economic incentives to utilise by-products
(Tyler, 2019). Additionally, obtaining certain ingredients from
by-products has technological challenges and is often a cost-
intensive process, consequently favouring cheaper alternatives
(Olsen et al, 2014). Automated systems (Torrissen et al,
2011), which have been successfully implemented in the
poultry industry (Asche et al, 2018), require significant
capital investment.

Apart from higher uniformity and freshness of aquaculture
by-products compared to those from most fisheries (Newton
et al., 2014), feed ingredients influence the nutritional quality
of the final aquaculture product (Kwasek et al., 2020; Sprague
et al., 2020). Contaminant levels in farmed salmon in Europe
are generally lower compared to wild salmon, which can be
explained by quality control in the ingredients used (EFSA,
2012; Lundebye et al, 2017; Glencross et al., 2020). The
suitability of by-products as feed ingredient depends on
multiple factors but their widespread use requires a standardised
assessment process to evaluate quality and reduce risk (Glencross,
2020). A separate issue are the legislation and documentation
requirements which can be a key utilisation barrier (Olsen
et al., 2014) for processors to meet necessary conditions
and standards.

Future Research

The low sample size could be expanded in future research and a
broader sample set (incl. fillets) from different farms (and feed
formulations) could be taken into account. The nutrient analysis
could also have been expanded with key amino acids, selenium
and vitamins (Lund, 2013; Tilami and Sampels, 2017).

Blood from slaughter facilities represents around 2% of the
total production volume (Stevens et al., 2018), but was not
investigated in this study. It shows potential for high value
applications in the pharmaceutical industry (Sharp et al., 2012).

CONCLUSION

Certain aquaculture by-products show more potential than
others based on their nutritional composition. Nutritional
variability among raw materials can have a significant impact
on the risk involved in using them. Nevertheless, they are
an underutilised resource, which has the potential to support
the sustainable growth of European and global aquaculture
if more strategically utilised. For species with low fillet
yields, the level to which value can be added to the by-
products could significantly affect the profitability of production,
because of similar total edible yields across the European
species. However, sorting and utilising may not always be
cost competitive where markets for separated by-products
remain undeveloped.

Opverall, most by-products showed promising characteristics
in terms of nutritional value, which could create incentives

to overcome infrastructure and legislative barriers. Most by-
products show potential for direct human consumption, but this
requires processing and transformation into attractive products,
and the incentive to do so, which has occurred within the
salmon industry (Torrissen et al., 2011), but yet to do so with
other species. Alternatively, by-products that are unattractive
for food products might be better direct into feed or industrial
applications. Nevertheless, the most strategic application also
requires an economic analysis to determine market acceptability.

This analysis showed the different nutritional profiles
of by-product fractions, indicating that by-product
separation could offer better opportunities to maximise
value addition and nutritional efficiency. This could create
processing and utilisation incentives, which could enable
the aquaculture industry to diversify its products, while
using marine resources more efficiently. Consequently,
increasing aquaculture output in terms of volume and value
without using more resources, showing a perfect example
of eco-intensification.
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