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• Carbon cycle characterization of a specific
species of fish: Scomber scombrus.

• Fishing footprint is the main carbon out-
flow of the whole carbon cycle.

• Corrective measures for counteracting the
avoided blue carbon sequestration.

• Vessel improvements and closure periods
reported significant carbon reductions.

• More fishing databases are vital to extend
the analysis to other case studies.
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The adoption of the 2030 Agenda for Sustainable Development must address the balance between sustainable growth
and tackling climate change. In this context, forests can help to reduce greenhouse gas (GHG) emissions, unfortunately,
equivalent solutions in the ocean are often overlooked. Moreover, the complexity in determining the real impact of
fishing on the environment is not a trivial issue. Thus, the aim of this study is to broaden the scope and analyse, for
the first time, the entire carbon cycle associated with the life cycle of a fish: Scomber scombrus from a fishery located
in the Cantabrian Sea (Spain). From this carbon cycle assessment, it is estimated that fishing activity has prevented
871.7 t of carbon (in terms of blue carbon) from being sequestered each year. This value comes from the fraction of
fish that would have died of natural causes if they had not been caught, reaching the seabed, and undergoing
remineralisation processes of the carbon content of their bodies. Beyond these results, it is vital to implement a series
of actions with the aim of counteracting the amount of carbon that could have been sequestered on the seabed by the
natural death of the fishes if they had not been caught. To this end, it is shown that the implementation of technical
improvements to the vessels, the replacement of the current fuel used and the rearrangement of shipping routes in
combination with an extension in the closed fishing season and a commitment to an omnivorous diet, allows for a re-
duction in carbon flow of almost 90% of the blue carbon that has been prevented from being sequestered by fisheries.
A consequential approach can then identify the influence of the proposed changes on their corresponding carbonflows
for use as decision criteria in regulating fisheries and environmental management policies.
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1. Introduction

Recently, the situation caused by COVID-19 indirectly generated re-
markable changes in the fisheries sector (Campbell et al., 2021). The differ-
ent activities necessary to supply fish products from production to the final
consumer have been affected not only by new sanitarymeasures but also by
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a change in consumption habits. On the positive side, the reduction in
extractive fishing activity have led to improvements in marine ecosystems.
However, this circumstance cannot last over time as dietary patterns are af-
fected by the lack of one of the main sources of protein and micronutrients
(FAO, 2021). Therefore, the environmental protection of marine ecosys-
tems must be balanced with its sustainable exploitation.

On a broader horizon, extractive fishing activities have continued to in-
crease over the last half century, which could be related to the current de-
pletion of marine stocks, although gaps in data availability prevent draw
clear conclusions (Anticamara et al., 2011). On the other hand, environ-
mental impacts associated with human activities, have an adverse effect
on the viability of stocks (Dawson et al., 2011).

To reverse this trend, it is necessary to examine the current challenges in
quantifying the environmental profile of fisheries activities, as well as to
propose measures to protect fish production and maintain the supply
chain. For that, different CO2 sequestration techniques are currently being
investigated as a climate change mitigation strategy. In the case of terres-
trial ecosystems, CO2 is removed from the air and stored as organic matter
through photosynthesis of the plantmass (Falkowski et al., 2000), this is the
case for forests (Jandl et al., 2007), although there are others such as man-
grove forests, tidal marshes or seagrass meadows (Alongi, 2012), which
imply almost two orders of magnitude greater in terms of carbon sequestra-
tion (Wedding et al., 2021). Despite their importance, coastal ecosystems
suffer from a high rate of human disturbance (around 40% in the 20th cen-
tury) to such an extent that they may constitute a source of their long-term
carbon capture and storage (Irving et al., 2011). All of these involve ecolog-
ical damages that can translate intomonetary units equivalent to billions of
dollars per year (Pendleton et al., 2012).

This type of organic carbon sequestered and retained in both plant mass
and sediments beneath coastal and marine ecosystems is commonly re-
ferred to as “blue carbon” (Macreadie et al., 2019). Within this conceptual
framework, different projects have emerged. One of them is the “Interna-
tional Blue Carbon Initiative”, composed of governments, research institu-
tions and other organizations that work together for both the protection
and restoration of these types of ecosystems with the aim of reducing the
impacts caused by global climate change (The blue carbon initiative, 2018).

In terms of the carbon sequestration potential provided by the ocean,
more than 80 % of global carbon circulates in its waters, and half of this is
sequestered in ocean sediments (IUCN, 2017). In recent years, the consider-
able contribution of inlandwaters has become increasingly evident, making
them suitable for inclusion in climate change strategies (Battin et al., 2009).
Indeed, this gaseous exchange could be considered as the most important
ecosystem service provided bymarine ecosystems (Hori et al., 2019). More-
over, beyond the role of water in carbon cycling, its biota also come into
play in controlling carbon exchanges between ecosystems through different
chemical processes (Schmitz et al., 2018). For example, in terms of flora, the
combination of seagrasses and a low amount of herbivore predation leads to
the accumulation of high amounts of carbonaceous organic matter that is
stored in marine sediments through detritus (Howard et al., 2018).

With reference to fauna, fish produce carbon in form of carbonates dur-
ing their lifetime, which are then excreted by osmoregulatory reactions
(Wilson et al., 1996). This flow has a remarkable impact on the inorganic
carbon cycle, constituting up to 15 % of all ocean carbonate produced.

However, fish not only contribute to the carbon cycle during their life-
time, but also after their death. This is, in fact, one of themost underestimated
carbon streams in the sea, which comes from the natural decomposition of
fish carcasses once they reach the seabed. Its importance lies in the moder-
ately easy way to control it, as it is directly related to fishing through two dif-
ferent pathways: modifications of fishing seasons with respect to reducing
fishing effort would reduce the carbon footprint (CF) and, at the same time,
increasingfish stockswould improve ocean biomass and thus the blue carbon
sequestered on the seabed (Mariani et al., 2020).

In view of the above, due to both the current situation of depleting fish
stocks and increasing pollution, it is important to change the management
of the fisheries sector aiming to increase its sustainability in accordance
with restrictive environmental legislation. To this end, this study presents
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a novel methodology based on the identification of the whole carbon
cycle of a specific species (Scomber scombrus) integrating the approaches
of blue carbon and life cycle assessment. This could prove to be a useful
tool to identify the greenhouse gas (GHG) hotspots of the fishing activity,
in addition to being used to proposemitigationmeasures for environmental
policies.
2. Materials and methods

2.1. Purpose of the study

The main objective of this study is to characterize the carbon cycle
associated with the life cycle of a specific species of fish: Scomber
scombrus, as a representative example of a Spanish fishery species abun-
dant in the Atlantic Ocean and the Mediterranean Sea.

Therefore, this study proposes amethodological framework that aims to
establish a tool to estimate, in a relatively simple way, the impacts of the
fishing sector on the environment beyond its direct consequences (its CF).
This has been made possible through the quantification of the blue carbon
contained in the body of the fish that has been prevented from being se-
questered on the seabed by natural death, having been captured during
the development of the fishing activity (death by fishing).

To do this, it is necessary to establish the different subsystems involved
in the global carbon cycle, identifying and evaluating various carbon flows
associated with it in order to estimate a final value according to the main
inputs and outputs.

Once the whole carbon cycle has been characterized, the next goal will
be to modify the carbon flows by assuming different fisheries management
scenarios to try to mitigate the amount of carbon that has been avoided to
be sequestered for fisheries in terms of blue carbon.

The ultimate goal is to have a working tool that broadens the approach
to carbon flows that have been considered so far in the LCA literature.
2.2. Scope definition

The species chosen for the carbon cycle approachwas Atlantic mackerel
(Scomber scombrus) due to its considerable importance in the overall fish
stocks of Iberian waters, as well as the availability of year-round consump-
tion in a relatively cost-effective way, representing a healthy and protein-
rich source option at an affordable cost in the markets (Mercasa, 2020).

To define the total life cycle of this specimen, data on natural and fish-
ery mortality rates have been compiled from previous studies carried out in
the area of the Bay of Biscay (NE Spain) (Sánchez and Olaso, 2004). Catch
data correspond to records collected for a fleet located in the NW
Cantabrian Sea for the 2018–2019 season. Once the fish was landed at
the ports, processing (freezing), management of discards from the process-
ing factory (including anaerobic co-digestion of waste and energy recovery
in a cogeneration plant) and final human consumption were considered to
identify the different carbon streams of the carbon cycle. Any other carbon
streams corresponding to the logistics of transporting fish from the port to
the processing plant and from there to the different points of sale, as well
as other contributions related to the cooking offish for human consumption
are outside the scope of this study.
2.3. Methodological framework

Different subsystems have been proposed as the most influential in the
whole fish carbon cycle, as shown in Fig. 1: fish fate, fishing activity, food
processing, waste management and food intake. In this sense, the carbon
flows of each subsystem, aswell as their interactions, have been considered.

The methodology followed for estimating the carbon flows associ-
ated with each of the subsystems is described below. The data and the
equations used for their calculation are collected in the supplementary
material (SM) file.



Fig. 1. Carbon cycle of a fish. Each circle illustrates a subsystem: fish fate, fishing activity, food processing, wastemanagement and food intake. The grey circle represents the
entire carbon cycle, with its inputs (CBC, CAE), and its outputs (CFF, CPE, CWT, CHM).
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2.3.1. Fish fate subsystem
This subsystem considers two carbon flows: one input (blue carbon

flow), and other, the fish catching carbon flow which is transferred to the
second subsystem (fishing activity).

On the one hand, the fish catching carbon flow was calculated taking
into account the whole-body carbon content of the Atlantic mackerel
which were removed by fishing from the ocean. Czamanski et al. (2011) es-
timated a carbon content for this specimen of around 46.8 % in a study
where the elemental characterization of several species from the Bay of Bis-
cay was conducted in terms of C, N and P. Although this is a value from a
different region to the current case study, very low elemental differences
have been identified in fish species regardless of their location, time of cap-
ture or nutritional value (Tanner et al., 2000). Therefore, using data col-
lected from a fishing fleet located in the Cantabrian Sea in relation to
annual fish catch of Scomber scombrus (2019 season), the amount of carbon
extracted from the fishing activity was calculated (Eq SM1) in units of tons
of carbon per year (tC·year−1).

On the other hand, the blue carbon flow is based on natural and fishery
mortality rates. Hence, whenfish die of natural causes (no predation), if the
carcasses are of a certain size (lengths greater than 30 cm), they are more
likely to tend to sink rapidly and reach the seabed, leaving insufficient
time to decompose along the water column. They constitute an input in
the carbon cycle, then assigning it a negative sign (-tC·year−1), as their bi-
ological carbon content will be sequestered on the seabed for long periods
of up to millions of years through a remineralisation process, known as
“blue carbon” (Macreadie et al., 2019). Its calculation (Eq SM2) is derived
from the procedure followed by Mariani et al. (2020), who assume an equi-
librium in the stock, as well as that it is fished at a maximum sustainable
yield level, which is the highest catch that can be removed from a popula-
tion by fishing over an indefinite period under average environmental con-
ditions (Froese et al., 2019). For this study, fisheries data and mortality
rates were collected from Ecopath with Ecosim trophic modelling in the
Cantabrian Sea. This tool uses a trophic mass balance approach that reports
values of 0.14 and 0.29, for the fishery and natural mortality rates of Atlan-
tic mackerel, respectively (Sánchez and Olaso, 2004).
2.3.2. Fishing activity subsystem
The fishing footprint carbon flow was calculated thanks to the employ-

ment of an attributional LCA methodology (ISO, 2006a, 2006b). The goal
was the estimation of the CF associatedwith the Atlantic mackerel captured
3

by a fleet of trawlers in the Cantabrian Sea relative to one year of fishing
campaign (2019). For that, the system boundaries of the fishing activities
(Figure SM1) were defined following a cradle-to-boat gate approach, con-
sidering all the inputs and outputs from the production of the rawmaterials,
transport and consumption phases until thefish caught are returned to port.
The functional unit (FU) selected was 1 t of Atlantic mackerel in perfect
conditions to be processed.

All the necessary data for the life cycle inventory (LCI) were collected
directly through interviews with fishermen who were provided with a set
of questionnaires, which were filled in with relevant information corre-
sponding to the annual consumption of marine diesel oil, marine lubricat-
ing oil, refrigerant gas (R507), ice, paint, antifouling, trawl nets and
water intake, as well as the infrastructure materials required for the con-
struction of the vessel. Additionally, for certain flows consumed during
the fishing vessel operations, it was necessary to consider certain assump-
tions and carry out the modelling of their impacts (see Section 2.1 of the
SM).

For sharing the environmental burdens between the target specimen
and other secondary species, a mass allocation was performed: Scomber
scombrus with 930 t of captures (94.51 %) and Merluccius merluccius with
54 t (5.49%). Inventory data (Table SM3) was implemented in the SimaPro
v9.0 software and the characterization factors from the ReCiPe v1.1 2016
Midpoint method (Huijbregts et al., 2017) were used to estimate the
score. In addition, the Ecoinvent v3.5 database (Wernet et al., 2016) was
used for the modelling of the background processes involved in the produc-
tion of the required inputs.

Once the CF was obtained having selected the global warming impact
category per FU (t CO2 eq·tfish−1), the carbonflow associated to thefishing
footprint was calculated using the Eq SM3 having considered the annual
catch of the 2019 season (930 t).

2.3.3. Food processing subsystem
Primarily, this subsystem has a carbon flow output (process emissions

carbon flow) that derives from the processing of the Atlantic mackerel
fished. This basically consists of freezing (individual quick freezing
method) and packaging (plastic wrapping and cardboard box) the fish to
be put subsequent marketing.

For its estimation, an analogous calculation methodology of the fishing
activity subsystem was followed. Then, after the system boundaries defini-
tion (Figure SM2) and electricity modelling (Table SM4), primary data at
factory scale was compiled to elaborate an LCI of all material and energy
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inputs required for the processing of frozen fish (Table SM5), as well as to
calculate the CF associated with the industrial process (Eq SM4).

Secondly, from the factory two different carbon flows emerge depend-
ing on the comestible content of the Atlantic mackerel: the edible portion
will be the input (food processed carbon flow) for the food intake subsys-
tem (Eq SM5),while the uneatable part will be the input (foodwaste carbon
flow) of the waste management system (Eq SM6).

2.3.4. Waste management subsystem
The discard fraction has been processed in an anaerobic digester in

order to valorise biogas production (Ivanovs et al., 2018). In addition,
this waste management process will be coupled to a combined heat and
power (CHP) plant, while at the same time reducing GHG emissions by sup-
plying electricity to the processing plant, making it an ideal candidate as an
input (-tC·year−1) to the fish carbon cycle (avoided emissions carbon flow).

First, the digester input mass flow (Eq SM7) was characterized in terms
of volatile solids content to estimate the theoretical biogas production yield
(Eq SM8). For this purpose, standard temperature and pressure conditions
were assumed, as well as the use of sewage sludge as inoculum (Eiroa
et al., 2012). On the other hand, 60% of methane in the biogas was consid-
ered for the calculations (Anukam et al., 2019).

Once the output composition was defined, the amount of potential elec-
tricity from the biogas was calculated using Eq SM9 (Arias et al., 2020;
McAllister et al., 2011).

After this, two carbon flows associated with this subsystem were esti-
mated. On the one side, there is an input: the carbon flow related to the
electricity produced in the CHP plant (Eq SM10), as well as an output of
the carbon flow related to the waste treatment emissions derived from
the activities carried out in the industrial facility (Eq SM11). The CHP
plantwas implemented in the food processing factory, so the electricity pro-
duction derived from anaerobic digestion is used to supply the energy de-
mand of the processing industry. Thus, the negative value of the avoided
emissions carbon flow was used to offset the process emissions carbon
flow from the food processing subsystem.

2.3.5. Food intake subsystem
The carbon content of the edible portion will be emitted as CO2 after its

consumption in the diet (human metabolism carbon flow). For its calcula-
tion (Eq SM12), a specific catabolic reaction (Muñoz et al., 2008) was
taken into account together with an average nutritional content of degrad-
able constituents: carbohydrates, fats and proteins (BEDCA, 2006) to obtain
a human emission factor (Table SM6).

2.4. Carbon cycle

Once the carbon cycle was characterized, the objective was to modify
the values considered in the search to determine the robustness of the pro-
posed method, as well as to find the best options to achieve a full offset of
the avoided blue carbon sequestration. Therefore, to counteract the current
imbalance of the entire cycle for the Atlantic mackerel fishery, three differ-
ent scenarios were proposed: A (reduction of the fishing footprint), B (ex-
tension of the closed fishing season) and C (a combination of both).

2.4.1. Scenario A: Reduction of the fishing footprint
Regarding Scenario A, the principles of the measures aimed at reducing

the fish footprint are related to minimizing the impact caused by fuel, as it
has been shown to involve the main environmental burden in fishing activ-
ity (Avadí and Fréon, 2013). Consequently, the implementation of three dif-
ferent corrective measures was proposed: technological improvements in
the vessel infrastructure (scenario A1), use of an alternative fuel (scenario
A2) and optimization of the navigation route (scenario A3), as well as all
possible combinations between them (scenarios A1–2, A1–3, A2–3 and
A1–2–3).

For the first option (A1), there are procedures to minimize fuel con-
sumption related to the shape of the vessel hull and drive systems. How-
ever, those based on optimizing the propeller design as well as its
4

rotational speed stand out, as they have proven to be the most promising
improvement opportunities, achieving ranges of 10% to 20%more energy
efficiency (Schau et al., 2009). In this case, considering that the different
design improvements described above are implemented in the fleet under
study, it was assumed that it would be possible to achieve a 15% reduction
in fuel consumption.

In scenario A2, liquefied natural gas (LNG) was selected as a potential
short-term alternative to traditional fuel (diesel) due to the long-standing
interest in using it in shipping for both economic and environmental rea-
sons, as well as its suitable implementation in some currently operating
fleets (Burel et al., 2013). This alternative can reduce the CO2 emission fac-
tor by 20 % (Herdzik, 2011).

Scenario A3 implies the implementation of a new sea route planning
that reduces fuel consumption through moderation of vessel speed, even
if it means longer fishing days. Consequently, more efficient driving trans-
lates into both lower energy demand and lower GHG emissions (Mesquita
et al., 2017). In fact, a modelling study of a trip following these assumptions
from Portugal to Norway reports up to 15 % less fuel used and 16 % lower
CO2 emission factor (Vettor et al., 2016). In this case study, it was assumed
the reduction of 10 % for both fuel consumption and CO2 emissions.

2.4.2. Scenario B: extension of the closed fishing season
The total catches used in this study were estimated considering 141

working days per year, whereby the reduction in catches has been made
possible by extending the closed fishing season. This option is increasingly
being used due to social awareness of the overexploitation of many fishing
grounds despite its unquestionable negative economic impacts (Cohen
et al., 2013).

The closed fishing season was increased by three different time periods
of one (scenario B1), three (scenario B2) and five (scenario B3) weeks, re-
spectively, considering that one week includes six working days. Therefore,
it is necessary to re-estimate all carbon flows of the carbon cycle, reporting
a less avoided blue carbon flow aswell as lower carbonflowoutflows.How-
ever, it will also lead to a shortage of protein intake resulting from a lower
fish supply. To this end, according to themain diets recommended in Spain:
Mediterranean, South Atlantic European and Spanish dietary guidelines
(González-García et al., 2020), several dietary habits (vegetarian, carnivo-
rous and omnivorous) have been proposed as being able to readjust this
protein shortage through other potential sources: legumes and meat
(Tharanathan and Mahadevamma, 2003).

Therefore, the modus operandi followed was to estimate the amount of
protein lost from fish that will not be caught due to the extension of the
closed fishing season and replace it in an equitable manner with three
other sources of protein based on different dietary patterns: vegetarian
diet (chickpeas, beans and lentils), carnivorous diet (beef, chicken and
pork) and omnivorous diet (chicken and chickpeas, pork and beans and len-
tils). For example, in the case of the carnivorous diet, if it is assumed a pro-
tein shortage due to the extension of the closed fishing season of 75 kg, this
amount of protein will be replaced equally for beef, chicken and pork,
which means 25 kg of protein from each of them.

Subsequently, the environmental impact of all feeds was calculated in
terms of kg of CO2 eq per kg of protein provided (González-García et al.,
2020), obtaining a final value for each of the diet plans considered by sum-
ming them up. These results will be taken into account to obtain the carbon
balance of the different B scenarios, with the possibility of obtaining better
or worse results depending on the environmental profile of the proposed
diet plan compared to that previously established (carbon flow of the fish-
ery footprint).

2.4.3. Scenario C: combination of the scenarios A and B
Finally, the combination of scenarios A and B has been considered as fea-

sible in pursuit of reducing as much as possible the outputs of the carbon
flows from the entire carbon cycle in order to compensate the blue carbon
that has been avoided to be sequestered on the seabed.With such aim, the re-
sults of the reduction obtained (in percentage) of each scenario (A+ B) will
be aggregated to try covering even more the goal set. For that, two main
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criteria: the amount of carbon that are able to reduce, as well as the viability
for developing it; will be the determining factors applied to every scenario
(A and B) for choosing which ones will appear in the final scenario (C).
3. Results and discussion

3.1. Carbon cycle balance

The results obtained following the methodology detailed above are
summarized in Fig. 2 in units of tons of carbon (tC) per year. The first sub-
system, fish fate, is composed of two streams: fish catch and blue carbon,
which imply carbon flows of 435.2 and 901.6 t/year, respectively. These
values derive from the carbon content of the species (46.8 %) (Czamanski
et al., 2011) according to the catches corresponding to the 2019 fishing
year which was 930 tons of Atlantic mackerel, as well as the individual con-
tribution of fishery (0.14) and natural (0.29) mortality rates with respect to
the total mortality rate (0.43). These scores lead to a carbon sink subsystem,
as the carbon flow from sunk biomass is higher (as a cause of the natural
mortality rate) than the carbon flow from fish catch due to the lowerfishery
mortality rate. However, this is a common finding in other species, such as
horse mackerel, blue whiting, anchovy, sardine or squid where the natural
rate is higher (Sánchez and Olaso, 2004).

The second subsystem, fishing activity, involves a transition carbon
flow in relation to the carbon content of the fish that are caught (fish
catch) to the food processing subsystem. On the other hand, during the fish-
ing activity there is another carbon flow from the emissions of the fishing
activity, its score (1227 tC) comes from an emission of approximately
1.32 t of CO2 eq·t fish−1, similar in comparison to that reported by
Iribarren et al. (2011) for a Galician fleet with the same target species
and fishing gear (0.88 CO2eq per ton of fish).
Fig. 2. Carbon flows for each subsystem: fish fate (blue), fishing activity (red), food pro
total inputs (vertical stripes) and outputs (dotted) of the whole carbon cycle (grey) of th
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Considering the third subsystem (food processing), the carbon flow
related to the fish catch of the previous subsystem is disaggregated
into two flows that are associated with the food portion of the fish
caught (food processed carbon flow: 309 tC) and the one linked to the
fraction considered as waste (food waste carbon flow: 126.2 tC). In
addition, this subsystem has an impact through process emissions of
166.5 tC annually.

However, this is associated with the waste management subsystem,
which contributes to the whole carbon cycle with a carbon flow equal to
−29.9 tC, thanks to the higher amount of avoided emissions (53 tC) com-
pared to the on-site emissions of the waste treatment plant (23.1 tC).
These values are better understood under the focus of the methane produc-
tion rate (0.35 l/g SV) compared to other fish species, such as tuna, sardine
or marlin, with methane production yields of 0.28, 0.25 and 0.26 l/g SV,
respectively (Eiroa et al., 2012). Unlike other foodwaste, it is at an interme-
diate point between the values obtainedwith cauliflower stems (0.33 l) and
mango (0.37 l), although there are other wastes with considerably higher
methanogenic potentials such as onion peel (0.40 l) or lemon peel waste
(0.47 l) (Ji et al., 2017).

The last subsystem (food intake) is associated with CO2 released by
human metabolism through digestion of processed food, this constitutes an
immutable carbonflowof the cycle reporting 253 tC per year (approximately
15 % of the total outputs).

Finally, the entire carbon system encompasses all five subsystems,
differentiating between inputs and outputs. In terms of inputs, the re-
duction target in relation to avoided input is −871.7 tC, as thanks to
the contribution of the waste management subsystem it can been
achieved an additional carbon flow contribution of −29.9 tC. Despite
the above, this is only a small amount, so in order to reverse the dom-
inance of outputs over inputs the most viable solution is to reduce the
identified outputs. Given that the fisheries footprint is the predominant
cessing (purple) waste management (orange) and food intake (green), included the
e Atlantic mackerel fishing per year.
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quantified output (more than 73 % of the total output contribution), it
is reasonable to combine efforts for reducing this carbon flow.
3.2. Scenario A: reduction of the fishing footprint

The reported results of the reduction achieved (in %) for the different
proposed A-scenarios in relation to the carbon target set (−871.7 tC) are
shown in Fig. 3.

Scenario A-1 reports an imperceptible result, with only a 2.5 % reduc-
tion above the previously set target. The reason behind this result may be
due to the fact that although fuel consumption has been reduced by 15 %,
trawling, the fishing gear used to catch Atlantic mackerel, has proven to
be one of the most energy efficient, reporting values of 0.354 kg of fuel
per kg of fish captured (Jafarzadeh et al., 2016). The same is true for this
case study, where the energy efficiency was calculated: 0.337 kg fuel·kg
fish−1, obtaining similar values in relation to the previous study.

Fuel substitution by LNG (scenario A2) is the proposal with the best re-
sult achieved among the three alternatives with a 22.8 % reduction, how-
ever, this has some drawbacks. Among them, it involves an investment
for configuration costs, prior training courses for fishermen are required,
as well as having to maintain stricter safety conditions (Jafarzadeh et al.,
2017). Despite this, in a comparative study against other suitable alterna-
tives, LNG has reported the most promising results in terms of particulate
matter production, photochemical ozone, acidification, eutrophication
and total energy extracted (Brynolf et al., 2014).

Regarding the scenario A3 (route planning), this is where the worst re-
sults are obtained, with only a 2.4 % reduction. The implementation of this
scenario, which reports a 10% reduction in both fuel consumption and CO2

emissions, is based on the modification of the navigation route through the
weather forecast at sea, as storms with high wind and waves will result in
higher fuel consumption for the ship. Despite that, fish prices is still the
main reason to go fishing (Bastardie et al., 2013).

Having studied the different A-scenarios individually, it is now time to
explore all possible combinations between them. As expected, the common
action of all of them is the one that achieves a significant percentage of re-
duction (38.5 %), but it is also the one that implies the highest number of
obstacles for its implementation. To this end, it might be more interesting
from a feasibility point of view to compare the different scenarios that com-
bine only two alternatives. Among them, scenario A2–3 stands out above
the rest with a reduction of 36 %, while scenario A1–3 only achieves a 15
% reduction, achieving worse results than other scenarios that implement
individual actions (scenario A2). On the other hand, scenario A1–2 exceeds
the results reported for scenario A2, but only by a little (25.4 %).
Fig. 3. Contributions of A-scenarios in the r
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3.3. Scenario B: extension of the closed fishing season

Scenario B involves different implications due to the prolongation of the
closedfishing period. Among them, on the one hand, there is the immediate
consequence offishing less amount offish per year, consequently, therewill
be less amount of protein in human diets. Therefore, three diets of a vege-
tarian, carnivorous and omnivorous nature (including other protein
sources), have been proposed for counteracting the shortage of fish protein.
Each of them is composed of three main meals that would be consumed
equally so that their nutritional values satisfy the protein gap produced.
This is why the CF of each meal has been calculated in terms of tC. After
that, the sum of the three meals integrates the environmental loads of the
diets (diet footprint). Finally, this final value will be balanced with the fish-
ing footprint, allowing to know whether the transition in dietary patterns
can be more (reduction) or less (increase) environmentally sustainable
(Fig. 4). For more information about the calculation procedures followed,
see Section 2 of the SM.

According to scenario B1, it can be seen little differences between the
vegetarian and omnivorous diets, as both achieve similar reduction results
(15.2 % and 11 %, respectively). In contrast, in the case of the carnivorous
diet, an increase of more than 25 % is shown, demonstrating that a meat-
based diet leads to a more significant environmental impact rather than a
fish-based one. The above has been the subject of discussion in other scien-
tific publications available in the literature, where meat consumption has
been shown to have a greater impact on the environment in terms of
GHG emissions (up to 53 % higher) compared to fish eaters (Scarborough
et al., 2014).

On the other hand, the scenario B2 shows greater differences in the
results obtained for the two potential alternatives that remain: the veg-
etarian and omnivorous diets, with reduction percentages of 44.1 % and
31.5 %, respectively. This remarkable value of the vegetarian diet can
be explained by the low environmental impacts reported for beans,
chickpeas and lentils. This is in line with the study by Reijnders and
Soret (2003), in which they calculate that for each gram of fish protein
about 14 times more fossil fuel consumption is required compared to
vegetable protein.

As expected, a five-week longer closed fishing season (scenario B3)
achieves the best results. However, this would mean reducing the
current fishing season in place (141 days) by almost 18 %, unleashing
significant economic and social barriers, although it is a difficult task
to estimate, in monetary terms, all the costs (loss of employment, insta-
bility of the fishing sector) and revenues (ecological conservation,
improvement of ecosystem services provided) involved (Failler and
Pan, 2007).
eduction of the target set (−871.7 tC).



Fig. 4. Implications of the B-scenarios to the fish shortage, protein scarcity and the reduction in the fishing footprint, as well as the balance of each one of the diets proposed:
fishing footprints reduction plus the contributions of the diets (summatory of the CFs of the threemeals) and their percentage of reduction (or increase) according to the target
of reduction set (−871.7 tC).
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3.4. Scenario C: combination of the scenarios A and B

Finally, in scenario C (Fig. 5) the main contributors of A-scenarios
(A1–2, A2–3 and A1–2–3) have been aligned to the positive implications
achieved for the omnivorous diet (scenarios B1, B2 and B3), as it has re-
ported good results in terms of reducing the fish footprint, as well as
Fig. 5. Results of the combined actions of the main contributions of A-scenarios (A1–2
reduction of the target set (−871.7 tC).
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being more appropriate if people might be willing to make a transition to
more environmentally friendly eating habits.

From the aggregation of the first alternative considered in the omnivo-
rous diet of the scenario B (B1) with A-scenarios, it is shown that all three
scenarios achieve percentages between 25 and 50 %. Therefore, extending
the closed fishing season by only 1 week per year seems insufficient, as it
, A2–3 and A1–2–3) and the omnivorous diet of scenario B (B1, B2 and B3) in the
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can only reach half of the target set.When it moves to the combination of A-
scenarios with B2, the results are placed in the second quadrant of the
circumference, obtaining more relevant results up to 67 % and 70 %, for
scenarios A2–3 + B2 and A1–2–3 + B2, respectively. Finally, establishing
a five-week extension of the closed fishing season (scenario B3) reports the
most promising values, with reductions from75% to 88%. Thus, in view of
the results obtained, although themain objective was not achievedwith the
current proposed measures, it can be avoided to be emitted up to 770 tC
into the atmosphere from the Atlantic mackerel fishery.

4. Conclusions

Themethodology developed in this study can be used as an indicator for
the estimation of the main carbon flows related to the capture, processing,
consumption, andwastemanagement of the targetfishery. Furthermore, al-
though it has been applied to a specific specimen (Scomber scombrus) where
catches are consumed after processing, there is the possibility of modifying
the carbon cycle through the different subsystems considered to cover other
species, fishing gears and farming procedures (aquaculture).

In the carbon cycle balance, it has been shown that reducing fishing ef-
fort will reduce the impact offishing activity (in terms of CF), as well as hav-
ing a double benefit in terms of carbon sequestration: on the one hand, a
fraction of fish not caught will die naturally (more carbon sequestered)
and, on the other hand, it will contribute to increasing the population of
the target species, which in turn will result in a greater amount of biomass
whose carbon will be sequestered in the future.

If currentfishing fleets implement different environmental actions, such
as technological improvements in vessels, use of alternative fuels or
restructuring of shipping routes, their impacts (CF) could have been re-
duced. The same is true if the annual fishing ban is extended by a few
weeks, compensating for the shortage of fish on the market with other
sources of protein that are less harmful to the environment by changing eat-
ing habits. However, both approaches are needed to achieve more promis-
ing results.

Ultimately, the procedure followed could show the way to launch more
zero carbon policy decision-making studies focused on fisheries. However,
it is essential to foster greater understanding of the natural dynamics of ma-
rine community structure, together with assessments of natural and fishing
mortality rates and the true potential of blue carbon sequestration processes.
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