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Introduction: Considering the need to feed the increasing world population, it is
essential to ensure that food production systems are sustainable. Aquaculture
has been identified as a potential crucial source of sustainable food with its
significant potential for future growth, notably by the recent EU regulations
aiming at boosting food security and sustainable food systems. In this context, it
is important to reflect on how the aquaculture of carnivorous species, which are
exhibiting the highest growth rates, stands in respect of environmental impacts
and contribution to the overall food supply. In particular, tuna aquaculture has
been largely criticized for its high environmental impacts and general
low sustainability.

Methods: Here, we present a methodology to assess the sustainability of seafood
production systems, with a first analysis applied to Atlantic bluefin tuna (BFT)
aquaculture, detailed for both BFT fattening and farming.

Results: Results suggest that the limited economic and social contributions of
BFT aquaculture do not currently compensate its environmental impacts with an
estimate of a 3.4-fold higher long-term social cost than the short-term
economic gain.

Discussion: However, it is also a species where the production cycle is not closed
in commercial operation, and with a significant potential for further improvement
as the control of the production process increases.

KEYWORDS

Atlantic bluefin tuna (BFT), fattening, farming, carnivorous species, economic
contribution, social contribution, food security, European Union (EU)

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/faquc.2024.1422372/full
https://www.frontiersin.org/articles/10.3389/faquc.2024.1422372/full
https://www.frontiersin.org/articles/10.3389/faquc.2024.1422372/full
https://www.frontiersin.org/articles/10.3389/faquc.2024.1422372/full
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/faquc.2024.1422372&domain=pdf&date_stamp=2024-09-03
mailto:Jordi.Guillen@ec.europa.eu
https://doi.org/10.3389/faquc.2024.1422372
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aquaculture#editorial-board
https://www.frontiersin.org/journals/aquaculture#editorial-board
https://doi.org/10.3389/faquc.2024.1422372
https://www.frontiersin.org/journals/aquaculture

Guillen et al.

1 Introduction

The world’s human population reached 8 billion people in November
2022 and is expected to continue growing to 8.5 billion in 2030 and about
9.7 billion by 2050 (United Nations, 2022). Such a rapid population growth
is and will give rise to a fast increase in the global food demand, and
especially for protein-rich foods (Duarte et al, 2009; Godfray et al,, 2010;
Garcia and Rosenberg, 2010; Béné et al, 2015; King et al, 2017). This
increase in global food demand may easily intensify the pressure on food
safety, food security and the ecological footprint. Hence, it is essential that
food production systems are sustainable (Godfray et al., 2010).

Aquaculture has been identified as a crucial sustainable food
source to feed the increasing global population (Asche, 2008; Garlock
et al,, 2020; Henriksson et al., 2021). Total production of seafood by
capture fisheries and aquaculture was estimated at 182 million tonnes
in 2021 (FAO, 2024)". Capture fisheries production has been rather
stable at around 90 million tonnes since mid-1990s; therefore, a
significant sustainable production increase from capture fisheries is
rather unlikely (Garcia and Grainger, 2005; Guillen et al,, 2016).
Aquaculture production, on the other hand has been rapidly
increasing since the mid 1980’s and surpassed the capture fisheries
as a source of food in 2014, and aquaculture is set to soon overtake
capture fisheries in total production (Garlock et al., 2020; Asche et al.,
2022; Garlock et al., 2023). Moreover, aquaculture production is
expected to continue to grow rapidly as the control of the production
process allows continued innovation that reduces production costs
and improves competitiveness (Asche, 2008). There are concerns that
this rapid expansion of aquaculture can impact mainly its
environmental and social sustainability; however, this process often
leads to a reduced environmental footprint, although it is largely
dependent on the governance system (Asche et al.,, 2022; Naylor et al.,
2023; Partelow et al., 2023; Garlock et al., 2024).

EU regulations recognize aquaculture as a major potential
contributor to enhance food security and sustainable food systems.
The European Union (EU)’s Common Fisheries Policy (CFP) sets the
rules for managing EU fisheries and aquaculture. The latest reform of
the CFP highlights the need of aquaculture to be environmentally
sustainable and to contribute to ensuring food security by increasing
food production (European Commission, 2013; Guillen et al,, 2019a)2.

Moreover, the EU aims to cut pollution and carbon
emissions, boost the efficient use of resources and restore biodiversity

1 Including fish, crustaceans and mollusks, and not accounting for aquatic

plants and other aquatic animals.

2 Article 2 of the latest reform of the CFP (European Commission, 2013)
already highlights “The CFP shall ensure that fishing and aquaculture activities
are environmentally sustainable in the long-term and are managed in a way
that is consistent with the objectives of achieving economic, social and
employment benefits, and of contributing to the availability of food supplies”.
“Aquaculture should contribute to the preservation of the food production
potential on a sustainable basis throughout the Union so as to guarantee
long-term food security, including food supplies, as well as growth and
employment for Union citizens, and to contribute to meeting the growing

world demand for aquatic food".

Frontiers in Aquaculture

10.3389/faquc.2024.1422372

(European Commission, 2019). The European Green Deal (European
Commission, 2019), the Farm to Fork Strategy (European
Commission, 2020), the Sustainable Blue Economy Communication
(European Commission, 2021a), and the Strategic Guidelines for a
more sustainable and competitive EU aquaculture (European
Commission, 2021b) emphasize the potential of aquaculture as a key
sustainable food production source. As such, these EU regulations aim
to boost low environmental impact aquaculture, which is identified as
the production of low trophic species (micro and macro-algae, non-fed
such as filter feeders like mollusks), organic aquaculture and integrated
multi-tropic aquaculture (IMTA).

In this context, it is important to reflect on how the aquaculture of
carnivorous species stands with respect to environmental impacts and
contribution to the overall food supply, recognizing that the impact
varies by species (Gephart et al., 2021; Koehn et al., 2022). In 2020, the
main finfish aquaculture species produced in the EU (rainbow trout,
gilthead seabream, European seabass, and Atlantic bluefin tuna)
accounted for more than 50% of the total EU aquaculture
production in value, all of them being carnivorous species (STECF,
2023a). Feed determines the growth and quality of the fish, but also
generates the greatest environmental impact (Luna et al,, 2019). In the
last two decades, the aquaculture industry and the scientific
community, with the support of public institutions, have developed
significant improvements in feed formulations with the replacement of
fishmeal and fish oil with alternative ingredients mainly derived from
commodity agricultural crop (Da et al,, 2012; Tacon, 2020; Pelusio
et al,, 2022), and some carnivorous species like salmon are now net
providers of marine protein (Ytrestoyl et al, 2015). Fed-aquaculture
currently produces three to four times as much fish as it consumes
(Kok et al., 2020). However, these improvements in feed formulations
have been applied with different degrees of success depending on the
species and the stage in the development cycle. Tuna aquaculture,
which involves a group of species whose production cycles have not yet
been closed at a commercial level and which still do not use formula
based feeds that would allow an easy substitution of ingredients, may be
the most controversial type of aquaculture taking place in
European waters.

Atlantic bluefin tuna (BFT) is the only tuna species farmed in EU
waters, and the sustainability of tuna aquaculture in Mediterranean
European countries is frequently questioned due to its impact on both
wild stock categories, the harvested tuna used as livestock and the small
pelagic species used as tuna feed that could be used directly for human
consumption (Mylonas et al., 2010). Despite scientific advances in the
reproduction of bluefin tuna in captivity, currently its cultivation still
consists of capturing individuals in the wild and transferring them to
floating cages where they are fed with fat-rich low-cost species such as
sardines or mackerel (Mylonas et al., 2010; Fernandez-Polanco and
Llorente, 2016)3.

3 Aquaculture is in general defined as taking control of a part of the life
cycle to enhance productivity (Klinger et al.,, 2013), and as producing juveniles
is the most difficult part of the production process many species start the
process towards domestication by harvesting juveniles in the wild (Pettersen
et al, 2023).
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In the early 2000’s, BFT aquaculture was largely criticized not
only for its environmental impacts and use of subsidies, but also as a
cause of the overexploitation of BFT stocks®. The rise of tuna
aquaculture, and the associated demand increase for live tuna, was
linked to the high prices tuna reached in the Japanese market (Deere,
2000; Carroll et al., 2001). Tuna aquaculture allows producers to
fatten the tuna, thereby fetching higher prices, as well as to regulate
the fresh tuna meat market and avoid oversupplying it in the
short-term.

A 15-year recovery plan resulted in increased BFT stock size
allowing for higher Total Allowable Catch (TACs) quotas in recent
years within sustainable harvest levels (ICCAT, 2008; Selles et al.,
2018; Nottestad et al.,, 2020). Despite the recovery of stocks, the
debate on the sustainability of tuna aquaculture persists. Tuna
aquaculture continues to face criticism for its high environmental
impact and resulting negative overall food supply, especially when
most of the BFT production is exported.

This paper aims to make a multi-disciplinary assessment of the
sustainability of Atlantic bluefin tuna (BFT) aquaculture, detailed
for both BFT fattening and farming. Our method involved
estimating and comparing the environmental, economic and
social contributions and impacts of BFT aquaculture, measured in
economic terms. Such a methodology and its outcomes can be
applied to other aquaculture and food production systems.

We structured the manuscript to be self-sufficient for the reader,
beginning with, a section on recent trends in BFT aquaculture and
the difference between tuna fattening and farming. The materials
and methods section provides an overview of the indicators for this
proposed methodology and main data sources used in this study.
Subsequent results and discussion sections detail the economic and
food production contribution of BFT aquaculture, comparing these
to BFT fishing, as well as their environmental impacts. The
manuscript concludes with a research findings and remarks
section and conclusions that put the study’s results into perspective.

2 Atlantic bluefin tuna aquaculture

Three species of tuna are farmed, all of them being bluefin tuna
of the Thunnus genus. Atlantic bluefin tuna (BFT, Thunnus
thynnus) represents 49% in weight and 40% in value of the global
farmed tuna in 2021, while Pacific Bluefin tuna (Thunnus orientalis)
represents 40% in weight and 50% in value (FAO, 2024). Atlantic
bluefin tuna is mainly cultivated in the Mediterranean Sea, and
Pacific bluefin tuna in Japan and Mexico. The third species is the
Southern bluefin tuna (Thunnus maccoyii), cultivated in Australia.

More than 80% of the BFT aquaculture in both weight and value
takes place in the EU (FAO, 2024). The only European countries
involved are Croatia, Malta and Spain. In 2021, Malta produced
42% of the weight and 44% of the value of the total BFT aquaculture
production, Spain produced 26% of the weight and 30% of the

4 A WWEF report (Tudela and Garcia, 2004) estimates that about 20 million
of public funds have been allocated to the different stages of the tuna farming

industry in EU Mediterranean waters between 1997-2004.
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value, while Croatia produced 13% of the weight and 10% of the
value (see Figure 1).

BFT aquaculture relies on capturing live tuna individuals and
their rearing in sea cages. The International Commission for the
Conservation of Atlantic Tunas (ICCAT, 2008) classifies BFT
aquaculture into two types depending on the size of the wild
individuals captured and the rearing time:

 Fattening when mature individuals (>30 kg in body weight)
are reared between 2-7 months;

* Farming when juvenile individuals (8-30 kg in body
weight) are reared for a longer period (up to 2 years).

According to data from the 2023 Annual Economic Report of
the EU fishing fleet (AER; STECF, 2023b), about 90% of the EU
catches of BFT take place in the Mediterranean Sea. Here, the BFT
fishing season is between June and July during their reproductive
migration and often in their spawning areas.

About 85% of the BFT is currently caught using purse seines.
The importance of purse seiners has been increasing as this fishing
method captures the BFT alive, so that BFT can be supplied to the
aquaculture sites (Ottolenghi, 2008; Druon, 2009; STECF, 2023b).
Nearly all the BFT purse seiner catch is sold to aquaculture sites in
the Mediterranean Sea. Only individuals that die accidentally
during the fishing operations or transport to the sites are sold
directly to the market (Mylonas et al., 2010).

Most of the BFT migrating are mature spawners with body weights
between 40 and 400 kg, as 25 kg corresponds to the mean weight at first
maturity in the Mediterranean Sea and East Atlantic Ocean (Druon
etal, 2016). At this time of the year, BFT have spent a large amount of
energy building their gonads (Mourente et al., 2001), resulting in a
significant reduction of their muscle fat content, while the sushi and
sashimi market appreciate more fatty fish (Ticina et al., 2007). Unlike
the tuna steak and canned tuna markets, the tuna sushi and sashimi
market, mainly located in Japan, is highly selective, only accepting the
three bluefin tuna species and prices are very dependent on the meat
quality (Martinez-Garmendia and Anderson, 2005; Miyake et al., 2010;
Metian et al., 2014).

Contrary to most farmed carnivorous fish species that are fed
with formulated feed with varying levels of marine ingredient
content in the form of fishmeal and fish oil (Tacon, 2020), BFT is
mostly fed with small pelagic fishes, which are fat-rich and low-cost
species (Belmonte and de la Gandara, 2008). This includes
sardinella (Sardinella aurita), European pilchard (Sardina
pilchardus), herring (Clupea harengus), mackerel (Scomber
scombrus), horse mackerel (Trachurus spp.), chub mackerel
(Scomber japonicus), bogue (Boops boops), and some cephalopods
(Vita et al., 2004). Hence, BFT fattening, which is primarily done to
obtain a greater body fat content and overall weight, results in
higher prices and enhanced by regulating the supply beyond the
fishing season.

BFT farming only takes place in Croatia, since only Croatia has
a derogation allowing the harvest of individuals smaller than 30 kg,
but bigger than 8 kg, because of historical reasons and the small
number of tunas involved. These juvenile tunas are reared in
captivity for up to 2 years until they reach between 30 to 50 kg

frontiersin.org


https://doi.org/10.3389/faquc.2024.1422372
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Guillen et al.

o 40

8

£

835

5

E3O

3 25

2

£

20

15

10

5

—
w o~ @ oo om N @ o m om0~ @ o
§ § § 8 8 8 8 8 8 8 8 8 g8 8
§ 8 3 § 8 &R R R R R R B B 8§
™ Croatia ™ Malta Spain Tunisia ™ Tirkiye ™ Other
FIGURE 1

10.3389/faquc.2024.1422372

Million USD
s
3

m(Croatia WMalta ®Spain ® Tunisia M Tirkiye ® Others

BFT aquaculture production (1995-2021). Source: Own elaboration from FAO (2024) data.

(Ticina et al., 2007). Thus, farming is done to increase weight and
reach the minimum requirement of the Japanese market, reaching
relatively low prices as this market prefers 150- 250 kg tunas.
Maintaining the tuna for longer in cages increases the financial risk
(Mylonas et al.,, 2010) and overall costs.

3 Materials and methods

3.1 Methodology

According to the CFP (European Commission, 2013), aquaculture
activities should be i) environmentally sustainable in the long-term, ii)
provide economic, social and employment benefits, and iii) contribute
to the availability of food supplies. Hence, to assess the sustainability
and benefits of the EU’s BFT aquaculture, the environmental, social,
and economic impacts, as well as its contribution to the overall food
supply should be evaluated.

The economic, social and employment benefits reflect the
contribution of the BFT aquaculture to the EU citizens’ welfare.
To measure the extent of the economic positive impacts, we analyze
economic performance indicators such as the gross value added
(GVA) and operating profits. The GVA represents the contribution
of the sector to society in terms of private profits and labor
remuneration, as typically included in the GDP numbers. GVA
therefore signals if the economic activity is desirable. The operating
profits are calculated by subtracting the labor costs and the
consumption of fixed capital (i.e., depreciation) from the GVA,
and so by accounting for the cost of capital investments, it shows the
long-term private gains (Guillen et al., 2023).

Regarding social benefits, it is important to focus on labor
remuneration and therefore on the quality and attractiveness of jobs
rather than just employment in numbers as a social objective in
developed economies (Hilborn, 2007).

Food security relates to ensuring availability and access to a
sufficient amount of food that can be used to meet nutritional needs,
as well as to maintain an active and healthy lifestyle over time (Mc
Carthy et al., 2018). Here, we analyze the contribution of BFT to food
security from a food supply perspective. For the aquaculture of
carnivorous species, such as BFT, it is necessary to go beyond
aquaculture production to determine their contribution to overall
food supplies. Estimating the contribution of BFT aquaculture to the
overall food supply requires considering the use of feed fish, since
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carnivorous species feed on other fish (directly or indirectly through
fishmeal and fish oil), potentially reducing the overall food supply.

The fish in/fish out ratio (FIFO) expresses the dependency of
farmed fish on feed originating from wild-capture fisheries. It is
calculated as the amount of fish feed measured in live weight
equivalents needed to produce one weight equivalent of farmed fish.

Food sovereignty refers to the capacity of a country to produce
the food its population needs (Jarosz, 2014). This aspect is
investigated by looking at external trade; in particular, whether
the EU is exporting most of its BFT production.

BFT aquaculture has been largely criticized for its
environmental and ecological impacts; however, these impacts are
the most complex and challenging to estimate.

BFT aquaculture and associated profits can have negative
impacts on the species because the required wild BFT can lead to
the overexploitation of wild BFT stocks in the absence of quotas, or
can favour illegal fishing. On the other hand, BFT aquaculture can
help regulate the overall supply of BFT over the year since the
fishing season is highly restricted.

BFT aquaculture can also have negative ecological impacts on
other species since it also requires capturing wild fish for feed. BFT
is a carnivorous species with a low Fish Conversion Rate (FCR), i.e.
requires large amounts of wild fish as feed. Thus, BFT aquaculture
can lead to increased pressure on forage fish stocks, which can
disrupt local marine ecosystems or even direct human food supply if
forage stocks are not properly managed.

Furthermore, the discharge of this uneaten excess feed from
BFT aquaculture results in emissions that worsen water quality
in addition to fish excrement. Waste from feeding and its
accumulation on the seafloor has been identified as one of the main
negative environmental impacts of aquaculture (Karakassis et al., 2000).

Escapees from aquaculture farms can potentially interbreed
with wild populations, leading to genetic dilution and a loss of
genetic diversity’. However, since BFT aquaculture involves
growing local (i.e., non-alien) BFT individuals that have not been
bred in captivity and their genetic materials have not been altered,
this genetic pollution risk is non-existent.

Similarly, intensive aquaculture is susceptible to disease
outbreaks and parasite infestations that can spread to local fish

5 This is a major constraint for e.g. salmon aquaculture (Pincinato
etal, 2021).
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populations. However, this risk is rather limited since BFT
aquaculture grows local BFT individuals, the densities in cages are
relatively low, these cages are located in exposed areas, and mature
BFT individuals have well-developed immune systems.

Hence, in this study, we will focus on the impacts generated by
the BFT and forage fish fishing activities, as well as by the uneaten
feed and waste taking place in the aquaculture farms. In particular,
we will investigate the emissions of carbon (CO,), nitrogen (N) and
phosphorous (P) generated by the BFT aquaculture and their
social costs.

For the direct CO, emissions of the BFT aquaculture, we will
consider: 1) average emissions to catch the BFT livestock, 2) average
emissions from feed, and 3) emissions from aquaculture production
as estimated from its energy costs. Thus, we exclude from the
analysis emissions taking place after the slaughtering; e.g. the air
transport to Japan.

More controversial and uncertain is the estimation of the social
costs of these carbon, nitrogen and phosphorous emissions. The
social cost is a measure that quantifies the economic costs associated
with an additional tonne of emissions to the atmosphere and
considers both the private costs and the externalities. However,
there is a high degree of variability in the social cost estimates
found in the literature, partly due to different assumptions and
methodologies (see for example the social costs of carbon, van den
Bergh and Botzen, 2015; Nordhaus, 2017; Ricke et al., 2018; Pindyck,
2019). This would allow to estimate the negative environmental
impacts of BFT aquaculture in economic terms and compare them
with its socio-economic contributions, mainly in terms of GVA.

Hence to assess the economic, social, and environmental
impacts and the contribution to the overall food supply, the
indicators reported in Table 1 are used.

3.2 Data

The aquaculture data by EU country used for this study have
been extracted from the 2022 economic report of the EU
aquaculture sector (STECF, 2023a). The STECF report provides
data at the overall national level and by segment. An aquaculture
segment consists of a group of companies whose main activity is
specific to a species and culture technique. To analyze the BFT
aquaculture, we focus on the segment “Tuna cages”, since BFT is the
only tuna species farmed in Europe.

The STECF aquaculture production data confirms that BFT
aquaculture takes place in Croatia, Malta and Spain. All three
countries are operating in the Mediterranean Sea and using the
same production method of trapping, on-growing and enhancing in
sea cages. The average annual tuna production reached 26 thousand
tonnes worth €340 million during the period 2019-2020 (STECF,
2023a) (see Table 2).

The data on the EU fishing fleet targeting BFT have been
assembled from the 2023 Annual Economic Report of the EU
fishing fleet (AER; STECF, 2023b). These data are also reported at
the national level and by fleet segment. Large French, Spanish and
Italian purse seiners account for around % of the EU’s BFT
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landings; while other fleets, including smaller vessels, account for
the remaining % of the BFT landings. Given the different
contribution of BFT landings to each fleet’s overall landings, the
variables for each fleet targeting BFT have been weighted by their
share of BFT landings value in their own overall landings value.
This way, if BFT represents 50% of the value of landings of a fleet,
50% of the costs, employment, etc. have been allocated to the overall
BFT fishing fleet reported in Table 2.

4 Results and related discussion
4.1 Economic contribution

The main operational costs of the EU BFT aquaculture sector
are the feed and livestock costs, together with the other operational
costs. For BFT fattening (large fish), the main cost is the tuna
livestock while feed cost is the most important for BFT farming
(small fish). In BFT farming, the livestock cost is lower because the
tuna are smaller (i.e., juveniles) and cheaper by weight when they
are bought as livestock than the livestock for fattening that requires
larger individuals. While the feed cost is higher for BFT farming
because the small tunas are fed for a much longer time than the
large individuals in the BFT fattening (see Figure 2).

Other operational costs represents 25% and 26% of the BFT
farming and fattening costs, which include significant expenses
such as contractual work and services (e.g. transport services,
telecommunications and postal services, legal services, advertising,
etc.), generally forming the largest share. This is followed by ‘other
overheads’, processing expenses of fish, and insurance coverage on
fish. Additionally, costs like sea freight contribute to these
operational expenses, though to a lesser extent, each constituting
at smaller contributions compared to the previous cost items.
Beyond these, there are also a myriad of smaller costs, ranging
from packaging and ice, rent on buildings such as warehouses, legal,
and licensing fees, each incrementally impacting the financial
structure of the operation, collectively shaping the cost framework
that underpins the entire BFT farming and fattening process.

BFT aquaculture, including both farming and fattening,
generated a GVA of €74 million and operating profits of almost
€40 million, which are higher than the GVA and operating profits
generated by the BFT fishing fleet.

Croatia sold about 3 thousand tonnes of farmed BFT at a price
of €11.1 per kg; while the BFT livestock mean price was €3.7 per kg.
BFT farming is quite profitable, with about 12% operating
profit margin.

BFT fattening is also quite profitable, with about 11% operating
profit margin. Malta and Spain sold about 23 thousand tonnes of
fattened BFT, at a mean price of €13.3 per kg, while the BFT
livestock mean price was €6.7 per kg (see Table 3).

Hence, in addition to the increase in the availability of BFT meat,
BFT aquaculture also increases the BFT value. The overall 26 thousand
tonnes of BFT sales from fattening and farming, which include both the
BFT produced and the BFT livestock, received an average price of €13.1
per kg while the initial BFT livestock mean price was €6.5 per kg.
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TABLE 1 Indicators used to assess the economic, social and
environmental impacts and the contribution to the overall food supply.

Indicator = Formula

Economic

Gross Value Revenues - Energy costs — Livestock costs — Feed costs -

Added Repair and maintenance - Other Operational costs

(GVA)®

Operating Revenues - Wages and salaries - Imputed value of unpaid labor

profit - Energy costs — Livestock costs — Feed costs - Repair and
maintenance - Other Operational costs - Annual depreciation

GVA margin GVA/Revenues

Operating Operating profit/Revenues

profit margin

BFT BET sales value/BFT sales weight
sales Price

Production (BFT sales value - Livestock cost)/(BFT sales weight -

Price Livestock weight)

Livestock Livestock cost/Livestock weight

Price

Feed Price Feed cost/Feed weight

Social

Mean wage (Wages and salaries + Imputed value of unpaid labor)/
Employment in
FTE

Full time Employment in FTE/Employment

employment

ratio

Labor GVA/Employment in FTE

productivity

Employment Employment in FTE/Number of companies

per company

Food supply

Production BFT sales weight - Livestock weight
Biomass (BFT sales weight - Livestock weight)/Livestock weight
growth

FIFO (Fish in/
Fish out) ratio

Feed weight/(BFT sales weight - Livestock weight)

Fish (BFT sales weight - Livestock weight)/Feed weight
conversion

rate (FCR)

Monetary Feed cost/(BFT sales value - Livestock cost)

FIFO ratio

Weight Exports in weight - Imports in weight

net exports

Value
net exports

Exports in value - Imports in value

Environmental

Direct liters (Average fuel consumption to catch BFT * BFT livestock) +
fuel (Average fuel consumption to catch small pelagics * BFT feed)

equivalents + (BFT energy costs/Fuel price)

(Continued)
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TABLE 1 Continued

Indicator Formula

Environmental

Direct liters
fuel per
BFT kg

Direct liters fuel equivalents/BFT sales

Direct
CO, emissions

Direct liters fuel equivalents * 2.64

Direct CO,
emissions per
BFT kg

Direct CO, emissions/BFT sales

Direct
emissions of
N &P

Emissions of N & P per BFT produced * BFT sales

Social cost Direct liters fuel equivalents * Social costs of carbon

CO, emissions

Social cost N Direct emissions of N & P * Social costs of N & P

& P emissions

Total social
cost emissions
per kg

Social cost of CO,, N & P emissions/BFT sales

Where FTE stands for Full Time Equivalent.

4.2 Social contribution

BFT aquaculture is a relatively important source of employment
and remuneration, nearly matching the levels generated by the BFT
fishing fleet. During the 2019-2020 period, BFT farming employed
310 individuals while BFT fattening employed twice as many, with
628 individuals. Employment in full-time equivalents (FTE)
amounted to 756 persons, which is just 14% less than that
generated by the BFT fishing fleet (see Table 4).

The higher full-time employment ratio for the BFT aquaculture
sector indicates less seasonality compared to the BFT fishing fleet.
This is as expected as the main BFT fishing season is reduced to just
a few months, even if the full-time employment ratio for the BFT
fishing fleet may be overestimated since some vessels target other
species during the rest of the year.

Remuneration per FTE shows that the BFT fishing fleet overall pays
its workers better than the BFT aquaculture sector (+21%), with an
average of €39.1 thousand per year compared to €322 thousand.
However, workers in BFT fattening receive similar remunerations to
the BFT fishing fleet, at €38.7 thousand per year, whereas BFT farming
remunerations are substantially lower (about -47%) (see Table 4). It
should be noted that since these figures represent average
remunerations, they may conceal large differences in pay between
employees, depending on their skills and tasks.

6 For the economic performance estimation of the fishing fleet, the costs
Livestock costs, Feed costs and Other Operational costs are replaced by
Other variable costs and Other non-variable costs, as in the AER
(STECF, 2023).
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TABLE 2 Main Economic indicators for EU tuna aquaculture: Average 2019-2020.

Variable Farming Fattening TOTAL Fishing Fleet
Croatia Malta & Spain Aquaculture

Number of companies’ Number 4.0 9.5 13.5 383
Livestock weight Thousand tonnes 0.6 14.9 15.5

Feed weight Thousand tonnes 39.7 58.4 98.1

BFT sales weight Thousand tonnes 3.0 23.0 26.0 14.3
BFT sales value Million € 33.5 306.4 339.9 131.1
Livestock cost Million € 23 99.1 101.4

Feed cost Million € 222 79.8 102.0

Energy cost Million € 1.1 3.6 4.7 5.0
Employment Number 310 628 937 1,347
Employment in FTE Number 273 483 756 884
Fuel consumption Million liters 10.9

Source: STECF (2023a, b).
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FIGURE 2

Revenues and costs breakdown for the EU tuna farming (left) and fattening (right) for the period 2012-2020. Source: own elaboration from STECF

(2023a) data.

4.3 Food supply contribution

BFT aquaculture increased availability of BFT meat by 10.5
thousand tonnes over the 2019-2020 period. Even if BFT
aquaculture sales amounted to 26 thousand tonnes, the actual net
production was 10.5 thousand tonnes after deducting the 15.5
thousand tonnes of BFT livestock. Thus, the overall BFT biomass
increased by 68%, with expected large differences between tuna
farming (400%) and fattening (54%) (Table 5).

The 15.5 thousand tonnes of BFT livestock used exceed the 14.3
thousand tonnes of EU BFT landings, as the EU imports live BFT to
serve as livestock for its aquaculture sector (see Table 6).

The FIFO ratio shows that 9.3 kg of forage fish are needed to
produce 1 kg of BFT, resulting in a conversion rate of 0.11 kg of BFT
for each kg of feed (11%). The poor FIFO ratio is because of the use
of forage fish as feed, resulting in values in line with other species

7 For the fishing fleet, the number of companies refers to the number

of vessels.
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whose production cycles have not been closed and where limited
R&D has been invested in exploring feed composition and
digestibility (Klinger et al., 2013).

To determine whether aquaculture leads to an overall increase
in food supply, it is important to take into account the fact that
some fish caught in the wild - used directly as feed or processed into
fishmeal and fish oil - would not be used for human consumption,
either because the fish species has no demand for human
consumption (industrial-grade forage fish), or because its demand
is low (food-grade forage fish), and therefore fetch relatively low
prices (Wijkstrom, 2013; Guillen et al, 2019b). This does not
account for a share of prime food fish, like sardines, herring and
mackerel that end up as feed or fishmeal (Wijkstrom, 2013).
Wijkstrom (2013) estimated that using wild-captured fish to feed
the overall aquaculture production resulted in a net addition of 7 to
8 million tonnes to the fish supply for human consumption.
However, since most small pelagics used to feed the BFT are
prime food fish, while few are food-grade forage fish, like
sardinella, there is an actual loss in the supply of food for human
consumption as a result of the BFT aquaculture, in line with
Wijkstrom (2009, 2013).
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TABLE 3 Key economic impact indicators for EU tuna aquaculture: Average 2019-2020.

Variable Farming Fattening TOTAL Fishing Fleet
Croatia Malta & Spain Aquaculture

BFT sales Price €/kg 11.1 133 13.1 9.2
Production Price €/kg 12,9 25.6 227

Livestock Price €/kg 3.7 6.7 6.5

Feed Price €/kg 0.6 1.4 1.0

GVA Million € 14.0 60.0 74.0 63.7
Operating profit Million € 4.3 354 39.7 20.6

GVA margin % 39.1 19.3 21.3 73.8
Operating profit margin % 12.1 114 114 23.9

TABLE 4 Key social indicators for EU tuna aquaculture: Average 2019-2020.

Variable Farming Fattening TOTAL Fishing Fleet
Croatia Malta & Spain Aquaculture

Employment # 310 628 937 1,347
Employment in FTE # 273 483 756 884
Full time % 88.1 76.9 80.7 65.6
employment ratio

Remuneration per FTE Thousand € 20.7 38.7 32.2 39.1
Labor productivity Thousand € 51.5 124.2 97.9 721
Employment per company (# jobs) 77 66 69 3.5%

Although specific aquafeeds for BFT have been produced,
aquaculture producers do not use them because of their high cost
and the fear of a negative effect of such feed on the quality of the
BFT meat given the strict requirements of the sushi and sashimi
market (Ottolenghi, 2008).

The estimated FIFO for BFT is rather high, while FCR is low
(see Table 5). The FIFO levels are, on average, slightly lower than
the initial range between 10-20 kg of feed to 1 kg of BFT reported in
the literature (Mourente and Tocher, 2009; Farwell, 2003; Katavic
et al,, 2003). Tacon et al. (2006) reported FCRs varying from 1:7 to
1:20 for BFT, which aligns more closely with our findings. Given
that these references are somewhat dated, it is likely that there has
been some improvement over time, e.g. reduced feed wastage
during the feeding process.

Norita (2003) estimated a weight increase of 40-50% for smaller
BFT individuals compared to 10-30% for larger ones. Percin and
Konyalioglu (2008) estimated an overall 25-35% weight increase
after 8 months of fattening. Mylonas et al. (2010) suggested a range
of 20-40% depending on initial size. Sun et al. (2019) estimated that
six months of fattening could increase BFT weight by up to 60%.
Our results show a 54% weight increase during fattening, in line
with the most recent literature estimates and possibly confirming
this improvement over time. It should be noted, however, that
without precise initial weight measurements of the BFT captured
and transferred into cages, the growth and feed conversion ratios
remain approximations.

The high FIFO and low FCR values confirm that BFT aquaculture
is rather inefficient, as increasing the weight of BFT requires a large

TABLE 5 Key food supply indicators for EU tuna aquaculture: Average 2019-2020.

Variable Farming Fattening TOTAL
Croatia Malta & Spain Aquaculture
Production Thousand tonnes 2.4 8.1 10.5
Biomass growth % 400% 54% 68%
FIFO ratio Number (kg/kg) 16.5 7.2 9.3
Fish conversion rate (FCR) % 6% 14% 11%
Monetary FIFO ratio Number (€/€) 0.71 0.39 0.43
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TABLE 6 Key food security indicators for EU tuna aquaculture: Average 2019-2020 (source: own elaboration from FAO, 2024).

Variable Unit Croatia Malta & Spain TOTAL EU

Live BFT weight net exports Thousand tonnes -9.3 -7.4
Fresh BFT weight net exports Thousand tonnes 29 4.6 7.5

Frozen BFT weight net exports Thousand tonnes 0.0 29 -1.9
Total BFT weight net exports Thousand tonnes 29 -1.8 -1.7
Live BFT value net exports Million € -50.5 -39.7
Fresh BFT value net exports Million € 31.6 71.1 101.8
Frozen BFT value net exports Million € 0.2 38.0 30.2
Total BFT value net exports Million € 31.8 58.6 92.3

amount of fish (about 7 to 16 times the weight of the BFT itself). The
FIFO and FCR indicators for BFT are substantially higher than those
for the most commonly farmed species in Europe (e.g. salmon, trout,
seabream and seabass) and other fed aquaculture species, which have
seen decreasing FIFO levels over the last three decades (Naylor and
Burke, 2005; Kok et al., 2020). As shown in Kok et al. (2020), the fish
conversion in fed-aquaculture has significantly improved over time,
with most aquaculture species currently being net producers of fish
(FIFO below 1, FCR above 100%), salmon and trout being almost net
neutral (FIFO of almost 1), and eel being a net consumer of fish (FIFO
of 1.7, FCR below 100%).

However, the monetary FIFO ratio indicates that when evaluating
this conversion rate in value terms rather than weight, BFT aquaculture
is rather efficient. This helps explain the economic viability of BFT
aquaculture, with €0.43 of feed needed to produce €1 worth of BFT.

4.4 Food security contribution

Croatia relies on its national fleet to supply the BFT livestock for
its farming activities. According to FAO (2024) and Eurostat (2024)
data, Croatia exports nearly all of its BFT aquaculture output (97%),
with 98% of these exports directed to Japan.

Malta and Spain rely on the imports of live BFT to meet just over
60% of their BFT fattening livestock needs, primarily from Italy, Libya,
France, Tunisia and Algeria. FAO (2024) and Eurostat (2024) data
indicate that Spain imported slightly more than 1 thousand tonnes of
live BFT and exported a similar amount, mostly fresh and some frozen.
The net exports balance was therefore positive but almost null in
weight, while generating about €29 million in value.

However, for Malta, FAO (2024) and Eurostat (2024) data differ
slightly. While Eurostat reports that Malta had a negative weight
balance for live and fresh BFT due to imports of live BFT, this was
fully offset by exports of frozen BFT, resulting in a net value of about
€61.5 million. Conversely, FAO indicates that the exports of frozen
BFT do not sufficiently offset the imports of live BFT, leading to a
negative balance of 1.9 thousand tonnes. Table 6 uses FAO data
since it makes the distinction between live and fresh BFT, which is
important to differentiate the livestock from the final product.

According to the available FAO data, the EU BFT fishing fleet
caught 14.3 thousand tonnes of BFT. The EU BFT aquaculture
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sector used 15.5 thousand tonnes of live BFT as livestock, including
7.4 thousand tonnes imported from non-EU countries, to produce a
further 10.5 thousand tonnes of BFT. This resulted in the EU
exporting 5.7 thousand tonnes of fresh and frozen BFT to non-EU
countries, and approximately 26.5 thousand tonnes apparently
consumed within the EU market. Using the Eurostat data would
result in an apparent consumption of about 24.6 thousand tonnes of
BFT in the EU. Therefore, resulting in an increase in the BFT
available in the EU.

This divergence, together with the widespread belief and our data
showing that most BFT aquaculture sales are directed to exports, which
is not reflected in the FAO and Eurostat data sets for Malta and Spain,
cautions us to interpret these results carefully and highlights the need
for further review and harmonization of both data sets.

4.5 Environmental and ecological impacts

The average fuel consumption to catch the BFT livestock is
estimated at 0.76 liters per kg, by dividing the BFT fleet fuel
consumption by the BFT landings, both reported in Table 2.
Similarly, using AER data (STECF, 2023b), we have estimated the
average fuel consumption to catch small pelagics by the EU fishing
fleet at almost 0.18 liters per kg, as an approximation for the BFT
feed, without accounting for transportation emissions. Their total
fuel consumption is therefore estimated by multiplying the
respective consumption per kg by the BFT livestock weight and
the feed weight from Table 2.

The aquaculture report (STECF, 2023a) contains energy costs data,
but no data on energy consumption, while the AER (STECF, 2023b)
publishes both energy costs and energy (fuel) consumption in liters
data. Therefore, to estimate the CO, emissions of the BFT aquaculture
sector, we approximate the energy consumption of the aquaculture
production (e.g. vessels) from their energy costs (see Table 2) divided
by the average marine fuel costs, estimated at an average of €0.46 per
liter for the period 2019-2020 according to the AER data.

The CO, emissions are obtained by multiplying the energy
consumption estimates by 2.64 constant value, since it has been
estimated that 2.64 kg of CO, are produced per liter of marine diesel
consumed (Sala et al.,, 2022; Tyedmers, 2001). This results in BFT
caught by the fishing fleet generating about 2 kg of CO, per kg of
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BFT, and about 4 kg of CO, per kg of BFT for aquaculture
(see Table 7).

The estimation of the nitrogen and phosphorous emissions is more
challenging. Here we follow Kuspilic et al. (2007), who estimated that
there were 1,002 tonnes of nitrogen and 21 tonnes of total phosphorus
generated per year to produce 4,000 tonnes of BFT. We understand
that Kuspilic et al. (2007) refer to total production (ie., sales) rather
than the increase in biomass. Thus, with a total BFT aquaculture sales
of 26 thousand tonnes, this leads to the estimated emission of 6,517
tonnes of nitrogen and 136.6 tonnes of phosphorous (see Table 7).

For the estimation of the social cost of carbon, we follow the US
Environmental Protection Agency’s (EPA, 2022) latest central
estimate at USD 190 per tonne of CO,. Considering that about
2.64 kg of CO, are emitted per liter of consumed marine diesel, the
social cost of burning marine gasoil is calculated at USD 0.50 per
liter (about €0.48 per liter) to account for its externalities.

Similarly, Van Grinsven et al. (2013) estimate an average social
cost of €18 per kg of nitrogen, in line with Birch et al. (2011). While
Gourevitch et al. (2021) estimate an average social cost of $934
(€823) per kg of phosphorus for the period 2016-19.

Thus, when multiplying the carbon, nitrogen and phosphorous
emissions from the BFT aquaculture by their respective social costs per
unit, we obtain an estimate of their social costs (i.e., covering
environmental and ecological impacts) of €248.6 million. The total
social costs amount to about €9.55 per kg of BFT from aquaculture, in
contrast with the social costs of €0.36 per kg of BFT from wild-capture
fisheries, representing a significant 26-fold difference (see Table 7).

5 Research findings and remarks

The latest reform of the CFP highlights the need for aquaculture to
be environmentally sustainable, provide economic and social benefits
while contributing to food security through increased production®
(European Commission, 2013). The economic and social benefits
derived from the BFT aquaculture are evident, despite representing
less than 5% of the GVA (€74 million) and 2% of the FTEs (750 full-
time equivalent jobs), generated by the overall EU aquaculture sector.
Yet, it represents an important share for Croatia and Malta; in Croatia
it accounts for about 25% of the total aquaculture employment and
21% of the GVA; and in Malta, it represents 68% of the employment
and around 95% of the GVA. BFT aquaculture not only supports the
livelihoods of aquaculture producers but also other stakeholders along
the market chain. These benefits in terms of GVA, employment and

8 Article 2 of the latest reform of the CFP (European Commission, 2013)
already highlights “The CFP shall ensure that fishing and aquaculture activities
are environmentally sustainable in the long-term and are managed in a way
that is consistent with the objectives of achieving economic, social and
employment benefits, and of contributing to the availability of food supplies”.
“Aquaculture should contribute to the preservation of the food production
potential on a sustainable basis throughout the Union so as to guarantee
long-term food security, including food supplies, as well as growth and
employment for Union citizens, and to contribute to meeting the growing

world demand for aquatic food".
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remuneration are similar to the ones obtained from the BFT fishing
sector with a GVA of €74 million for the BFT aquaculture compared to
€63.7 million from BFT fisheries (see Table 3 for more details), so BFT
aquaculture helps to double the benefits obtained from the BFT.

BFT aquaculture increased the available quantity of BFT by 10.5
thousand tonnes in 2019-2020, and its value as BFT livestock has a
price of €6.5 per kg while it receives a sales price of €13.1 per kg.
However, BFT aquaculture generates an actual loss in the supply of
food for human consumption, since it requires 9.3 kg of forage fish to
produce 1 kg of BFT, as can be seen from its FCR and FIFO ratio in
2019-2020. Moreover, the small pelagic species used to feed the BFT are
mainly prime food fish and few food-grade forage fish, meaning they
could be otherwise used as human food even though they appear to be
more valuable as feed. The issue arises because consumers in developed
economies are willing to pay significantly more for BFT than for small
pelagic species, and these economies do not typically experience food
scarcity’. However, if food scarcity becomes more prevalent in the
future, e.g. driven by population growth and climate change, the
relative price difference between BFT and small pelagic species might
narrow, potentially making BFT aquaculture economically less
advantageous unless formulated feeds using fewer marine ingredients
are developed for BFT and accepted by producers and BFT consumers.

BFT aquaculture has been largely criticized for its environmental and
ecological impacts. To determine whether the socio-economic
contributions of BFT aquaculture are sufficient to offset these effects,
robust estimates of carbon, nitrogen and phosphorous emissions along
with their social costs are needed to economically quantify these impacts.
Although we recognize that accurately estimating these social costs is
complex, we argue that the estimates we provide represent a reasonable
order of magnitude based on existing literature. This allows us to estimate
that the environmental and ecological impacts (costs for the society) from
BFT aquaculture are about €249 million, significantly exceeding the GVA
generated by the sector. These social costs can be expressed per kg of BFT,
obtaining a cost of about €9.6 per kg of BFT from aquaculture compared
to an economic gain of about €2.8 per kg of BFT. This results in a social
cost that is 3.4 times higher than the economic benefit.

Due to BFT’s carnivorous nature and high FIFO ratio, the chances
of significantly improving the sustainability of BFT aquaculture are
currently limited without substantial changes to the production process.
The main challenge is the dependency on catching wild tuna BFT for
stocking and wild small pelagics for feeding (Jelic Mrcelic et al., 2023).
However, there is potential for significant environmental impact
reduction through the transition to formulated aquafeeds and the
replacement of marine ingredients similar to what has been achieved
for other species (Tacon, 2020). This could be solved in the future by
BFT aquaculture closing the production cycle at a commercial level and
using cost-effective hatchery-produced juveniles and cost-effective,
environmentally friendly formulated feeds (Jelic Mrcelic et al., 2023).
This would also alleviate the dependency of the BFT aquaculture on the
catch of wild BFT. Unfortunately, as of now the profitable production of
BFT juveniles is still far from being commercially viable. Reasons

9 When small pelagics are used as food, this is to a significant extent in
developing countries with Nigeria, the largest fish importer in Africa as a good

example (Marin et al,, 2024)
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TABLE 7 Key Environmental indicators for EU tuna aquaculture: Average 2019-2020.

Variable Farming Fattening TOTAL Fishing Fleet
Croatia Malta & Spain Aquaculture

Energy cost Million € 1.1 3.6 4.7 5.0
Direct liters fuel equivalents Million liters 9.9 29.4 39.3 10.9
Direct liters fuel per BFT kg Liter/kg 3.30 1.28 1.51 0.76
Direct CO, emissions per BFT kg Number (kg/kg) 8.7 34 4.0 2.0
Direct CO, emissions Tonnes 26,440 77,659 103,711 28,692
Direct emissions of N Tonnes 760 5,757 6,517

Direct emissions of P Tonnes 15.9 120.7 136.6

Social cost CO2 emissions Million € 4.8 14.1 18.9 5.2
Social cost N emissions Million € 13.7 103.6 117.3

Social cost P emissions Million € 13.1 99.3 1124

Total social cost emissions Million € 31.6 217.0 248.6 52
Total social cost emissions per kg €/kg 10.41 9.44 9.55 0.36

include shortage of eggs, low larval and juvenile survival due to early
floating and sinking death, sensitivity to environmental conditions,
feeding problems, stress, collisions with walls, cannibalism, and the
transfer mortality of fingerlings (Curic et al, 2021). This is also a
potential barrier that can be overcome, as already a large number of
farmed carnivore species have done with improved control of the
production process and continued innovation, resulting now in net
contributors to marine protein (Naylor and Burke, 2005; Asche, 2008;
Ytrestoyl et al,, 2015; Kok et al., 2020). Still, overcoming these barriers
requires significant developments and the potential sustainability of the
BFT sector remains a distant prospect, if achievable at all.

According to FAO data, more than half of the overall BFT aquaculture
production is exported, with over 80% of these exports destined for Japan.
About 70% of the exports comprise fresh BFT, followed by frozen BFT.
However, these exports are compensated in weight by imports of mainly
live BFT (often from companies with EU capital in third countries), used as
livestock for the aquaculture sector (see Table 6). This results in about 26.5
thousand tonnes of BFT being consumed in the EU market, a quantity
nearly twice that landed by the EU fishing fleet. This contradicts the
general perception that most BFT aquaculture sales are directed to exports.
Hence, there is a need for further review of trade data and harmonization
between FAO and Eurostat data sets.

The BFT aquaculture uses about 9.3 kg of fish to produce one kg of
BFT as shown in the FIFO values, resulting in an actual loss in the
supply of food for human consumption, especially in the EU since most
of the BFT is exported. This can be of concern especially when
considering that the EU’s overall seafood self-sufficiency was about
38.2% in 2021 (EUMOFA, 2023). Self-sufficiency is the capacity of a
country to meet their consumption from their own production, and can
be calculated as the ratio of domestic production over domestic
consumption. It is also worthwhile to note that while exports may
impact food sovereignty, they contribute to economic growth and
generate income that can be used for other purposes (Asche et al., 2015).

If trade data confirms that most of the BFT aquaculture is exported,
this intensifies the need for a discussion on who should bear the costs of

Frontiers in Aquaculture

the environmental impacts of BFT aquaculture and how much they
should pay. As it stands now, no one is paying for these emissions,
resulting in EU citizens bearing the environmental costs of BFT
aquaculture without substantially consuming its products, while only
a few benefit from the profits. If the social costs were internalized, BFT
aquaculture would not be so desirable from an economic point of view,
as it incurs a social cost that is 3.4-fold higher than its economic benefit.

More generally, article 191(2) of the Treaty on the Functioning of the
European Union enshrines the polluter pays principle'® (European
Union, 2012). This principle implies that polluters should bear the
costs of the pollution they cause, thereby creating an incentive to prevent
environmental damage at its source and holding polluters accountable.
Thus, following the polluter pays principle, imposing a tax to compensate
for the environmental impacts would be fully justified as it would address
the long-term social costs. Likewise, this tax, if applied to all seafood
products, whether EU consumed or exported, should act as a strong
incentive for sustainable production practices. If this tax aims to target
emissions from the entire seafood sector, including aquaculture and wild-
capture fisheries, and to internalize the pollution costs, robust estimates
of the emissions and social costs are essential. Currently, there is a high
degree of variability and uncertainty in these estimates, partly due to
different assumptions and methodologies used in the literature,
particularly for social costs. Furthermore, assuming a uniform social
cost per emission is an oversimplification; the actual cost of the damage
varies depending on factors such as the level of individual and overall
emissions, the location, local population preferences, etc. Applying such a
tax could lead to reductions in food production as production costs
would increase, potentially creating economic losses. Moreover, to ensure

10 "Union policy on the environment shall aim at a high level of protection
taking into account the diversity of situations in the various regions of the
Union. It shall be based on the precautionary principle and on the principles
that preventive action should be taken, that environmental damage should as

a priority be rectified at source and that the polluter should pay".
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fairness, this taxation would need to cover all food production systems,
including imports, which would lead to an undesired increase in
food prices.

Additionally, the relatively intensive farming of large species like
BFT raises additional ethical dilemmas compared to other aquaculture
species. These include concerns about animal welfare during the live
capture, transport and confinement of a large wild animal in relatively
small cages. Additionally, there are issues regarding the social
acceptability of such practices given their long-term societal costs, as
well as food security concerns associated with the use of marine feed.
Addressing these challenges requires a holistic and consensual
approach (Grigorakis, 2010).

6 Conclusions

Aquaculture has experienced rapid growth as a global food
production system and economic activity, recently surpassing wild
fisheries in terms of production in 2022 (FAO, 2024). As seafood
consumption continues to rise, aquaculture plays a vital role in
meeting the world’s food demands and combating malnutrition.
However, the sustainability of aquaculture, especially its
environmental aspect and social impacts, remains a cause for
concern, partly due to this rapid expansion (Garlock et al., 2024).

In this article, we present a methodolody to assess the sustainability
of seafood production systems, which could be easily applied to fishing
and aquaculture. A first application has been carried out for the BFT
aquaculture, which has been largely criticized for its high
environmental impacts and general low sustainability. Results suggest
that the economic and social contributions of BFT aquaculture do not
currently compensate its environmental impacts. Considering that the
three species of tuna farmed are all of them bluefin tuna from the
Thunnus genus, and given their similarities (e.g. in terms of growth,
feeding, etc.), we are quite confident that the outcomes of this study
regarding the high environmental impacts of BFT aquaculture can be
extrapolated to the other two Bluefin tuna species.

The main aim of this approach is to estimate in economic terms the
negative environmental impacts of production systems, here mainly in
terms of carbon (CO,), nitrogen (N) and phosphorous (P) emissions, and
compare these values with their socio-economic contributions, mainly in
terms of GVA'!. However, a larger set of indicators is considered in order
to provide a more comprehensive view of sustainability.

Taking into account that most fed-aquaculture species are currently
net producers of fish protein (FIFO below 1), with eel and BFT being net
consumers of fish (FIFO of 1.7 and 9.3, respectively), BFT aquaculture
could be considered an extreme case, but still important to highlight the
relevance of this approach. On the other extreme, algae and filter-
feeders, such as mussels, are not only net producers of protein but also
tend to produce positive environmental impacts since they assimilate
carbon and nutrients (Troell et al.,, 2023; Macias et al.,, 2025).

11 This approach could be applied to other production systems, both food
and non-food ones. For example, to try to mitigate the microplastic pollution

at sea that is increasingly impacting aquaculture (Iheanacho et al., 2023).

Frontiers in Aquaculture

12

10.3389/faquc.2024.1422372

As a final note, it is important to acknowledge that the sustainability
challenges facing BFT aquaculture and aquaculture in general are not
unique to this sector, but are common to many economic activities
across the EU. While the sector remains profitable under the current
governance structure, and thus, economically viable within the
framework accepted by European society today, its significant
environmental footprint and high estimated social costs make it
particularly susceptible to change. Should societal preferences shift
towards stronger enforcement of the polluter-pays principle, driven
by demographic and climatic trends, the sector may come under greater
scrutiny and face potential regulatory challenges.
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