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To effectively future-proof the management of the European Union fishing

fleets we have explored a suite of case studies encompassing the northeast and

tropical Atlantic, the Mediterranean, Baltic and Black Seas. This study shows

that European Union (EU) fisheries are likely resilient to climate-driven short-

term stresses, but may be negatively impacted by long-term trends in climate

change. However, fisheries’ long-term stock resilience can be improved (and

therefore be more resilient to increasing changes in climate) by adopting
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robust and adaptive fisheries management, provided such measures are based

on sound scientific advice which includes uncertainty. Such management

requires regular updates of biological reference points. Such updates will

delineate safe biological limits for exploitation, providing both high long-

term yields with reduced risk of stock collapse when affected by short-term

stresses, and enhanced compliance with advice to avoid higher than intended

fishing mortality. However, high resilience of the exploited ecosystem does not

necessarily lead to the resilience of the economy of EU fisheries from suffering

shocks associated with reduced yields, neither to a reduced carbon footprint if

fuel use increases from lower stock abundances. Fuel consumption is impacted

by stock development, but also by changes in vessel and gear technologies, as

well as fishing techniques. In this respect, energy-efficient fishing technologies

already exist within the EU, though implementing them would require

improving the uptake of innovations and demonstrating to stakeholders the

potential for both reduced fuel costs and increased catch rates. A transition

towards reducing fuel consumption and costs would need to be supported by

the setup of EU regulatory instruments. Overall, to effectively manage EU

fisheries within a changing climate, flexible, adaptive, well-informed and well-

enforced management is needed, with incentives provided for innovations and

ocean literacy to cope with the changing conditions, while also reducing the

dependency of the capture fishing industry on fossil fuels. To support such

management, we provide 10 lessons to characterize ‘win-win’ fishing strategies

for the European Union, which develop leverages in which fishing effort

deployed corresponds to Maximum Sustainable Yield targets and Common

Fisheries Policy minimal effects objectives. In these strategies, higher catch is

obtained in the long run, less fuel is spent to attain the catch, and the fisheries

have a higher resistance and resilience to shock and long-term factors to face

climate-induced stresses.
KEYWORDS

blue economy, decarbonization, fisheries economics, fisheries management,
resilience, climate change, EU green deal
Introduction

Marine ecosystems have inherent variation that interacts

and combines with fishing impacts and natural environmental

variability to affect fishing opportunities (e.g., Planque et al.,

2010; Bahri et al., 2021; Bastardie et al., 2021). Thus, stocks can

fluctuate independently of fishing, e.g., due to environmental

and internal demographic properties (Hjort, 1914; Bjørnstad

and Grenfell, 2001; Kjesbu et al., 2022), with shifts in

productivity impacting over 70% of stocks (Vert-pre et al.,

2013). Such variability is even more challenging from a

management perspective when significant environmental

changes can result in the marine ecosystem either departing

from historical ranges or trending to new levels (Beaugrand,

2004; Beare et al., 2004, Peck and Pinnegar, 2018, Pinsky et al.,

2018; Baudron et al., 2020; O'Leary et al., 2022). Trending
02
toward unknown ecosystem status and adding more

unpredictability in stock trajectories and their environmental

drivers result in more uncertain advice on suitable catch levels.

Such unpredictability may increase when the stocks are

impacted by shocks, including climate change and associated

extreme events, with little understanding of the short- and long-

term implications on their dynamics (but see, Free et al., 2019).

Within the European Union (EU), policymakers intend to

follow a precautionary approach for managing fisheries (EU,

2013a, Art. 2), though such management is structured by

contrasting socio-ecological system priorities. For example,

Northeast Atlantic stocks (managed under the ICES scientific

advice framework; ICES, 2020) integrate ecosystem-based

management intending to achieve Maximum Sustainable Yield

(MSY), while fisheries management with the Mediterranean and

Black Sea (under the General Fisheries Commission for the
frontiersin.org
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Mediterranean, GFCM) focuses on reversing the generalized

overexploitation state of most Mediterranean stocks without

quota management, by applying a diversity of measures to

reduce fishing effort (FAO, 2020; STECF, 2022b). In the

Northeast Atlantic, fisheries involve mainly large boats and

therefore are more easily regulated by catch allowances

(quotas) that complement technical measures (minimum

conservation reference size, closed seasons and areas, area-

based and species gear selectivity requirements). In the

Mediterranean, the fishing industry is diverse, encapsulating a

large number of small boats utilizing a diversity of gears and

landing sites and capturing an array of species, to a large

polyvalent fleet under effort control and technical measures.

As in tropical areas (EU Outermost regions), large seiners

fisheries for tuna and swordfish under quota management are

also apparent within the Mediterranean. With such a diverse

array of different management protocols established throughout

the EU, a precautionary approach is required to support the

development of flexible and agile fishing strategies to maintain

long-term productivity, economic returns and stock resistance

within the array of fisheries to increasing climate associated

shocks and climate associated threats.

Due to the increasing concerns regarding climate change,

there is growing interest in reducing fossil fuel dependency and

the contribution of the fishing sector to global emissions of

greenhouse gases (GHGs) (FAO, 2015). Despite this, a clear

pathway to achieve such reductions is still lacking (but see

Ziegler and Hansson, 2003; Schau et al., 2009; Suuronen et al.,

2012; Poos et al., 2013; Pelletier et al., 2014; Parker and

Tyedmers 2015, Parker et al., 2018, Fiorella et al., 2021;

Bastardie et al., 2022). Within Europe, although there has been

a renewed interest in reducing fuel dependency given new

environmental targets (EU targets for 2030) and enhanced

energy sovereignty, there is still little assessment of the

measures needed to achieve such independence. This is despite

the EU Common Fisheries Policy (CFP in EU 2013 Art. 17)

stipulating that allocation of catch or effort allowances should

also consider respective EU Member State’s fleet fuel use and

energy efficiency. However, there is increasing evidence to

suggest a correlation between reduced fuel use and stock

recovery (Hornborg and Smith, 2020; Byrne et al., 2021;

Bastardie et al., 2022). Therefore, seeking a reduction of the

fuel use and GHG emissions appears to be interlinked with the

capacity of the fisheries and the ability of the stocks they fish

upon to resist and recover from climate-induced stresses and

shocks. How best to implement fuel use efficiency will also

depend on the range of technologies available, but there is still

little consensus on the availability of such technologies and their

applicability to the fishing industry. Within the EU, there is still

little understanding of the range of technologies potentially

available to the fishing industry to optimize fuel use

and efficiency.
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In this study, we first tested the resilience of fisheries and

marine ecosystems managed under the current EU CFP to

abrupt environmental change and examined how management

may mitigate the impacts of climate-induced stresses. In a

second part of this work, we evaluated to which extent fishing

strategies aimed at rebuilding stocks can help improve energy

use and efficiency, decrease the dependency of highly dependent

fisheries on fuel use, increase fisheries profitability and ensure

stable yields. In the final part, we investigated how reduction of

GHG emissions can be achieved by technical means. Our present

study recognizes the need to change the fisheries management

paradigm from developing scientific capability that helps to

“predict and act” to framework evaluations that make it

possible to “learn and adapt”. By deploying a suite of

simulation studies, we intend to extrapolate stock trajectories

to domains where there is some uncertainty about the central

parameter values (i.e., future stock productivity, spatial

distribution, fuel-saving potentials), and describe possible

courses of the system, depending upon a choice of parameter

values that are likely to be impacted by the climate change

effects. As Harfoot et al. (2014) and Mouquet et al. (2015)

describe, these anticipatory predictions are not meant to

represent the actual future but mimic changes in an integrated

evaluation. The fact that the projections do not match reality

does not count against the validity of the underlying hypotheses.

Instead, the simulation studies should be regarded as a guide for

present action, with a renewed governance that enables learning

and adapting when facing shocks and long-term changes

induced by climate change on marine species and ecosystems.

Using this work, we provide 10 ‘win-win’ fishing strategy lessons

to contribute to the foundations for a renewed fishery

management in Europe. Win-win strategies would develop

leverages in which fishing effort deployed corresponds to MSY

targets and CFP minimal effects objectives. In these strategies,

higher catch is obtained, less fuel is spent to attain the catch, and

the fishery has a higher resistance and resilience to shock factors

to face climate-induced stresses.
Methods

A suite of case studies focusing on different EU stocks and

undertaking simulation, data investigation and predictive modelling

were undertaken. We present the lessons learnt from the synthesis

of these works (Table 1) and provide in-depth descriptions of the

methods used and the main outcomes of each case study (Annexes

1 to 14 in Supplementary Material). Using a range of case studies

across the EU provides a substantial assessment of the potential role

of climate in impacting fisheries within this region. Detailed

information regarding the extent of data on the environmental

drivers per area and the stock specifications we have used in the

simulations are detailed within the Annexes.
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Plausible scenarios and
simulation studies

The impact of climate change-induced stresses in structuring

stock trajectory was investigated using plausible, ecosystem-

coherent scenarios over a span of 10 to 30 years. To develop such

plausible scenarios, thenatureanddirectionof impact on stocksof a

range of environmental factors were categorized using a rigorous

literature review (see more details on methods in CINEA, 2022,

Annexes). Importantly, this assessment showed that changes in a

range of environmental factors (excluding fishing) are impacting

different fish stocks’ demographic parameters (e.g., Mackenzie

et al., 2007; Brunel and Dickey-Collas, 2010; Hsieh et al. 2010;

Hidalgo et al. 2011; Pécuchet et al., 2015; Brosset et al., 2017;

Daskalov et al., 2017; Clausen et al., 2018; Rak et al., 2020;Wu et al.,

2020; Köster et al., 2020; Wåhlström et al., 2020; Peck et al., 2021;

van deWolfshaar et al., 2022) and spatial distribution (Ciannelli et

al. 2013; Druon et al., 2015; Gucu et al., 2017; Erauskin-Extramiana

et al., 2019; Baudron et al., 2020).However,most literature focusing

onEU stocks has shown that increased water temperature has been

the most impactful environmental parameter, with fluctuations in
Frontiers in Marine Science 04
recruitmentdynamics themost likelyoutputof suchenvironmental

change (e.g.,Drinkwater, 2005; Bartolino et al., 2008;Maynou et al.,

2014; Zimmermann et al., 2019; Kühn et al., 2021; Kjesbu et al.,

2022). Therefore, the simulations studies within this work focused

on examine the role of increased water temperature (i.e., climate

shock) on recruitment (i.e., demographic parameter). We

predominantly explore these two factors (temperature and its

impact on recruitment) in these studies, as in most cases the

literature did not hold enough material to assume coherent and

accurate relationships between other environmental and

demographic factors. Despite this, within several case studies we

examinedother environmental factors (e.g., currents, oxygen,water

salinity, primary production) and their effect on stock productivity

(recruits, growth, maturity, natural mortality) and delineating the

species’ spatial distribution whenever these factors had been

identified for such respective stocks within the literature. Overall,

we examined a suite of different fish stocks and deployed several

models with different assumptions about the resolution (age-

structured models, single stock models or food web models,

spatial models, or end-to-end models, etc.), accounting for

linkages (e.g., the temperature effect on recruitment strength),
TABLE 1 Listing 10 lessons learnt from case studies on the resilience of the EU CFP to climate change-induced stresses and long term trends, and
references to Annexes and models used among the Fishery library in R (FLR, Kell et al., 2007), the Fishery Library for Bioeconomic Impact
Assessment (FLBEIA, Garcia et al., 2017), the Globally Applicable Area Disaggregated General Ecosystem Toolbox (GADGET, Begley, 2017), Ecopath
with Ecosim (EwE, Christensen and Pauly, 1992), the ATLANTIS model (Fulton et al., 2011), the SIMFISH model (Bartelings et al., 2015), the
DISPLACE model (Bastardie et al., 2014).

Lessons Case Studies Type of analysis, reference to
Annexes (and models used)

Lesson 1. Healthy and well-managed stocks are highly
resilient to short term stress, but not long-term climate
change

Mediterranean hake and red mullet, Northeast Atlantic
mackerel, North Sea herring, North Sea and Baltic Sea cod,
Anchovy in the Aegean Sea

Simulation studies in Annexes 1 (FLR), 2
(EwE), 3 (GADGET), 4 (FLR), 5 (FLR) and 6
(FLBEIA)

Lesson 2. A well-informed fisheries management makes
EU stocks more resilient

Northeast Atlantic mackerel, North Sea cod, Tropical tunas Simulation studies in Annexes 1 (FLR), 4
(FLR), 6 (FLBEIA), and 7 (FLR)

Lesson 3. Including environmental considerations
makes EU stocks more resilient

Tunas, Anchovy in the Bay of Biscay, North Sea sprat Simulation studies in Annexes 2 (EwE), 7
(FLR), 8 (FLBEIA) and 9 (FLR)

Lesson 4. Stocks are not isolated but part of an
ecosystem that must also be resilient

Sardine and anchovy in the Aegean Sea, Baltic Sea cod, sprat
and herring, North Sea and Irish Sea, sprat and anchovy in
the Black Sea

Simulation studies in Annexes 2 (EwE), 10
(EwE), 11 (ATLANTIS) and 12 (EwE)

Lesson 5. EU fisheries´economic resilience depends on
current profitability

North Sea Dutch flatfish fishery, west Baltic fisheries Simulation studies in Annexes 13 (SIMFISH)
and 14 (DISPLACE)

Lesson 6. There are likely collateral effects of stock
developments on fuel reduction targets (or other
ecosystem components)

EU fleets managed by the EU CFP Analysis of the STECF Annual Economic
Report (STECF, 2020) database and ICES stock
assessment database

Lesson 7. Many economic aspects could come into play
in changing fuel use, including fuel use intensity and
fuel-catch efficiency

North Sea Dutch flatfish fishery, west Baltic fisheries Simulation studies in Annexes 13 (SIMFISH)
and 14 (DISPLACE)

Lesson 8. A large panel of technologies to reduce fuel
use in fisheries already exist

EU fleets managed by the EU CFP, beam trawl fisheries,
Otter bottom trawl fisheries

Data collation from a questionnaire survey

Lesson 9. The actual uptake of technological
innovations is still low because of some impediments
and regulatory barriers

EU fleets managed by the EU CFP Data collation from a questionnaire survey and
short review

Lesson 10. The governance of fisheries should support
the adaptive, and flexible management to face
environmental conditions

EU fleets managed by the EU CFP Expert collation supported by all Annexes
Model uncertainties, limitations and conditioning applied to the case studies are described in the respective Annexes. Using the multiple models currently used for advice allows us to
evaluate the robustness of that advice and hopefully to learn and adapt.
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and feedback loops (e.g., trophodynamics)whichwereorganized in

a management strategy evaluation framework (in the sense of Kell

et al., 2007,Punt et al., 2016) (discussed indetail inAnnexes1 to14).

The predicted long-term environmental changes (i.e., future

baseline environments for stocks) and short-term climatic

anomalies (i.e., climate shocks) used in scenarios were based on

past oceanographic data and projections to account for viable

alternative ocean environment pathways (defined by the IPCC:

RCP 4.5, RCP 8.5). We set the time horizon in the simulation

studies to 10 to 30 years to capture the possible long-term effect of

path divergence between the two IPCC scenarios (30 years). We

used past studies to form scenarios even if there were inherent

uncertainties in future climate conditions. For example, for the

Baltic Sea, although there may be a clear trend in sea surface

temperature, the trend in water salinity is less evident in the south

and central part of the basin, due to expected higher rain and river

runoff being counteracted bymore inflowsof salinewaters from the

NorthSea (Saraiva et al., 2019).Weused environmental projections

(seeAnnexes)basedonphysical-biogeochemicalmodelsdeveloped

bySein et al. (2015) for theNorth Sea, Sakalli andBasu̧sta (2018) for

the Black Sea, Taylor et al. (2012) for the Aegean Sea and Jungclaus

et al. (2013) for the Irish Sea.We identified only a few prior studies

demonstrating short-term environmental shocks affecting fish

stocks, and they were not necessarily linked to stresses related to

climate change (Peck et al., 2021). The stresses ranged from the

effect of storms, anomalies in hydrological conditions, invasive
Frontiers in Marine Science 05
species and toxic algal bloom. These stresses mainly had adverse

effects, except in severewinters in theNorthSea that resulted inhigh

recruitments of flatfish (van der Veer et al., 2000). Hence, we

assumed that short-term anomalies would occur more frequently

or with more intensity under climate change, affecting biological

aspects impacted by environmental factors, with the nature and

magnitude of the effects captured in ad hoc relationships described

in each case study (see Annexes).

The effect of short-term environmental shocks on selected

fish stocks was evaluated against the selected stocks’ resources

and ecosystems, as well as the economic resilience of the fishing

fleets. Resource resilience was defined as the ability of fish stocks

to withstand the adverse impact of a shock and remain above

biomass limits (Blim) at which productivity is impaired, and to

its ability to rebuild to biomass levels that correspond to

management targets (the lower bound of spawning-stock

biomass fluctuation when fished at the maximum rate of

fishing mortality: MSY Btrigger in the International Council for

the Exploration of the Sea (ICES) and BMSY in other Regional

Fisheries Management Organisations (RFMOs)).

As exploited stocks do not develop in isolation, we also looked

at the resilience of the marine ecosystem. Ecosystem resilience was

defined as the capacity of the ecosystem to absorb disturbance and

reorganize to retain the samebroad function, structure, identityand

feedback (i.e., stability and compensatory effects, Figure 1). Finally,

the economic resilience offishing fleets was defined as their ability
FIGURE 1

Conceptual figure on potential for resources, ecosystems and economic resilience, showing the transition from an initial state (left) to a
degraded state (right) induced by short-term climate-induced stresses and long-term climate change effects, and back to the initial state along
with recovery when reaching targets or exceeding precautionary limit levels set by fisheries management strategies. Resource resilience focused
on individual stock components, Ecosystem resilience focused on the unaltered interactions between individual components, including the
fishing activities themselves, while Economic resilience focused on assessing the resilience of fishing activities individually. Arrows and their size
in-between circles represent trophodynamic links and their magnitude between fish stocks, supporting habitats, and fleets, including the fleets’
economy, altered by climate-induced shocks and long-term trends in climate change.
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to withstand short-term economic stresses, which, in addition to

the biological component, measure the risk of attaining negative

economic returns (Figure 1).
Reconstruction of energy use time series
and link to stock status

We examined the state of play of energy use within the EU

fishing industry between 2002 and 2021. Such economic data is

annually collected across the Member States (STECF, 2020,

Annual Economic Report [AER]), being aggregated at the EU

fleet level, with yearly costs and earnings (including energy

costs) and the total amount of consumed fuel collected. This

data source, which is different from the ones used in the

simulation studies, gives a standard aggregation per fleet,

making a comparison of fleet estimates possible across our

case studies. Also, not all case studies informed the fishing

fleets or their fuel use.

We analyzed the retrieved data to find correlations between

fuel use and stock status of all stocks evaluated within ICES

(www.ices.dk) and monitored by the CFP (STECF, 2021a). In

this respect, for each stock (http://standardgraphs.ices.dk/

stockList.aspx), we created a stock health status indicator

ranging from 0 to 1. To maximize the number of stocks for

which the indicator could be evaluated, we based our

calculations on the annual stock biomass indicator reported by

ICES. Depending on the stock, this indicator can be the

Spawning Stock Biomass (SSB), an abundance index or any

other metrics defined by ICES working groups. We determined

the maximum of the stock biomass indicator for each stock,

allowing us to normalize the annual stock status indicator to 1.

Because most EU fleets fish on an array of species, we combined

the stocks’ status by the fleet to obtain a combined targeted stock

status for each fleet-segment. This was obtained by multiplying a

given species stock biomass indicator by the ratio of the landings

of a given fleet derived from a given species over the total

landings of that species. In addition, for each EU fleet, we

calculated the landings per unit of effort as the ratio between

total landings and effort expressed in days at sea (this was the

only effort metric available in the retrieved STECF data but is

considered a good proxy for fuel use). We have calculated these

indicators for all fleets identified in the economic data collection,

though we utilize only the fleets with more than 50% of their

landings assessed by ICES.
Review of technological innovations for
reducing fuel use

To understand the range of energy efficiency technologies

which could be applied to EU fishing fleets, we used a rigorous

literature review complemented by consultation with scientific
Frontiers in Marine Science 06
and commercial stakeholders. Information in published peer-

reviewed scientific studies was accessed through a dedicated

search in the Scopus literature database on 23 February 2021.

Additionally, non-peer-reviewed or unpublished studies and

project reports were identified through in-house expert

knowledge. The review highlighted that the factors that affect

fisheries energy consumption and efficiency can be classified as

human, biological, technological and political, and include the

target species, status of the stock, fish quotas, quota allocation

policies, harvesting methods, distance to the fishing ground, fleet

age, skipper effect, sale system and fuel cost, technical regulations

and spatial and temporal limitation of fisheries, structural

policies, and the availability of fuel subsidies/taxes (Sala et al.,

2012; Jafarzadeh et al., 2016; Villasante et al., 2022). The

consultation with stakeholders aimed to collect information

regarding the experiences undertaken on board fishing vessels

on reducing fuel consumption or GHG emissions and their

views on the subject. Two stakeholder groups were targeted:

scientists and commercial stakeholders.
Results

Lesson 1. Healthy and well-managed
stocks are highly resilient to short term
stress, but not long-term climate change

As found in several case studies, when stocks are poorly

managed, they show low resilience to short-term stress (i.e.,

temperature increase resulting in short-term recruitment failure).

For example, hake in theMediterranean,whenundergoing a shock,

showed a substantial decline in productivity (Annex 1,

Mediterranean red mullet and hake). Such demographic impacts

of a shock are exacerbated by the current depletion of the stock

associated with overfishing. Hake is overexploited in the

Mediterranean due to fishing mortality being ten times higher

than the optimal target (FAO, 2020), and such declinewill continue

with or without a shock. Such overexploitation truncates the

population size structure by removing the larger animals, further

jeopardizing future hake productivity (recruitment and growth)

(Hidalgo et al., 2012). In addition to this, the stock identity

delineation poses a challenge to fisheries management. Hence,

maintaining hake exploitation within safe limits will also depend

on management considering only one or, on the contrary, several

separatedhake stocks in thewestMediterranean. If consideringone

stock would likely make it easier to avoid redefining biological

reference points too frequently, fully considering the complex

structure of hake distribution in subpopulations would, on the

other hand, steer toward more resilient hake subpopulations at the

scale of the western Mediterranean.

To ensure stocks are well managed, fishing pressure should

not exceed rates of maximum yield (FMSY). In this respect,

within the Mediterranean, red mullet is fished at the target level,
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and although populations were negatively impacted by shock,

these recover and can be termed relatively resilient to such

shocks (Annex 1). In line with such management of red mullet,

within the Aegean Sea, when sardine biomass is fished at

optimum levels, such populations are anticipated to stabilize at

much higher levels, making the shocks much less impactful to

the structure of populations (Annex 2 Aegean Sea fisheries).

Within the Baltic Sea, the shock directly impacted

populations of cod, herring and sprat. However, expected

environmental changes in this sea will substantially impact the

magnitude of such shocks (Annex 3, Baltic Sea fisheries). In this

respect, there were moderate differences in cod levels resulting

from alternative climate change scenarios, while sea warming led

to enhanced sprat recruitment. For cod, plausible levels of future

Baltic Sea eutrophication had a larger impact than climate on the

productivity of the stock via an effect on the size of the suitable

habitat (so-called “cod reproductive volume”). The impact of a

shock was more pronounced on cod than herring and sprat,

primarily due to the poor status of cod and low recruitment. In

addition, such low productivity and a truncated cod population

size structure are likely the cause of a faster drop after the shock

than in herring and a longer recovery time. Despite a single

shock having a low to moderate impact on populations for both

herring and sprat and was unlikely to bring biomass below

precautionary reference levels, they had improved response to

the perturbation when fishing exploitation was reduced.

Ensuring that management decisions on fishing

opportunities align with scientific advice provides the best

insurance for stock resilience with increasing changes in

climate. For example, although Northeast Atlantic (NEA)

mackerel stock holds substantial biomass, this stock is poorly

managed, making the stock more sensitive to shock effects

(Annex 4, NEA mackerel). Discrepancies between ICES advice

and realized catch for North-East Atlantic mackerel may arise

from changes in the spatial extent of stocks, especially when such

changes overlap with different Member States’ EEZs. Even if

there is good knowledge of changes in the stock and fishery, and

the stock assessment is considered to be acceptable, such spatial

changes in stock structure may induce TAC overshoot compared

to ICES catch advice, due to a lack of international agreement

between EU and non-EU countries (Annex 4). In comparison,

the shock did not substantially impact population dynamics for

North Sea herring stock, the TAC being aligned with the

scientific advice. Such lack of change is masked by population

impacts being driven by long-term climate change (increased

temperature leading to low recruitment levels toward a new

lower SBB level), with the effect of the shock acting in

conjunction (not in addition) to long-term climate change,

preventing herring stock from recovering to its initial

abundance level (Annex 5, North Sea herring).

Notably, after a stock has suffered from a climate-induced

shock, following scientific advice on harvesting and enforcing

the catch limits will benefit the stock’s resilience. For example,
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despite North Sea cod stocks being overfished, rapid recovery of

the spawning biomass (SSB) to healthy levels was projected if

total allowable catch (TAC) quotas were followed (see Annex 6,

North Sea mixed fisheries and cod). Since cod is the main choke

species for many fleets, other stocks are also maintained in good

stock status under the limited fishing effort. Furthermore, North

Sea cod was observed to recover from recruitment shocks within

the short-term (Figure 2 left); however, this resilience is lost

when combined with long-term climate change trends due to

productivity changes in the stock (Figure 2 right). This shift in

equilibria toward new levels shows the need for adaptive fisheries

management, where biological reference points are regularly

revised to changing productivity regimes (see also Lesson 10)

(Annex 6).
Lesson 2. A well-informed fisheries
management makes EU stocks
more resilient

Well-informed fisheries management reduces the mismatch

between target F (and quota) and realized F. For example, within

Annex 7 (Tropical tunas) bigeye and yellowfin tuna stocks were

found to be sensitive to changes in natural mortality (M) and in

virgin biomass (i.e. carrying capacity K) (Figure 3 and see Lesson

3). Despite this, current catch levels are set higher than those

required to achieve BMSY, and in these circumstances, climate-

induced shocks were shown to have significant impacts.

Similarly, hake and red mullet stocks in the Mediterranean Sea

(Annex 1) showed differences in response to shocks, linked to

differences in individual body condition between species. Hence,

large changes are seen in recent stock level estimates for the red

mullet. This may indicate issues in the scientific assessment, such

as missing data or changes in biological parameters, natural

mortality, recruitment, stock distribution, or fishery operations.

All of which is likely under the effect of climate change (Annex

1). In addition to this, misspecifications about the age structure

of future catches can also have large consequences in terms of the

fishing effort required to uptake the quota as the same catch

allowance in kg represent a different number of individuals of

different ages (Annex 6).
Lesson 3. Including environmental
considerations makes EU stocks more
resilient

Fisheries assessment and management need to consider the

range of environmental processes structuring stock dynamics to

manage such stocks effectively. Importantly, there is a lack of

knowledge on the environmental factors impacting natural

mortality (e.g., Annex 7), growth (e.g., Annex 8, anchovy in

the Bay of Biscay) or recruitment (Annex 9, North Sea sprat) for
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FIGURE 3

Tropical tunas projections for sub-cohort that spawns in the quarter with and without shock for (A) bigeye and (B) yellowfin, for climate
scenarios (column) and catch levels in ´000 tonne (row); the green line is the target level (BMSY) and the red line gives the limit (40%).
Projections were run for three scenarios corresponding to i) Status Quo (no change in future parameters), iii) negative trend in Virgin Biomass
(K) from 2020 onward, and iii) a positive trend in natural mortality (M) and growth for 2020 onwards. In addition, a shock is applied, i.e., an
increase in M of 150% in 2020 in 2 seasons (see Annex 7, Tropical tunas for further details).
FIGURE 2

Relative spawning stock biomass (SSB) of North Sea cod (COD-NS) following recruitment shocks as compared to their respective non-shock
scenarios. Trajectories are presented by climate change and target F scenarios. The impact of the shocks alone (left) is illustrated by comparing
the SSB of the shock scenarios to a non-shock reference that includes the long-term climate changes of the RCP4.5 and RCP8.5 scenarios. The
impact of the shocks plus climate change effects (right) compares to a non-shock reference that excludes the long-term climate changes,
emphasizing both the shock impact and long-term changes in SSB equilibria. (see Annex, North Sea mixed fisheries and cod for further details).
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a range of EU stocks. Accounting for underlying local or regional

environmental conditions and how such conditions impact the

biology of different stocks would make EU stocks more resilient.

In this respect, an understanding of the relationship between

environmental factors, will allow managers to consider the right

level of uncertainty when developing management measures,

and therefore avoid setting unbalanced catch limits. For tropical

tunas, while levels of natural mortality from environmental

factors are poorly known, we can expect stocks to crash when

impacted by environmental shocks as stocks are being

substantially structured by overly high catch limits (Figure 3).

Most stock dynamic determinants (e.g., driving recruitment

dynamics) are independent of the stock size, such as for a range

of Mediterranean stocks (Annex 2). Those scenarios have

predominantly still not been tested in the present study. This

calls for a precautionary approach to be used to manage such

stocks, including one that accounts for contextual environmental

effects on the stocks. In this respect, ICES recently adopted a new

ecosystem-based fishing mortality reference point that considers

the potential negative impacts of environmental variability on

stock production (Feco, described in Bentley et al., 2021; ICES,

2022b). Feco is a dynamic reference point within the FMSY

ranges determined by stock assessment models. Using

environmental indicators, for which there is evidence that they

regulate stock production, Feco can be used to scale fishing

mortality down when the ecosystem conditions for the stock are

poor, and up when conditions are good.
Lesson 4. Stocks are not isolated but part
of an ecosystem that must also be
resilient

Despite most stocks examined showing resilience to short

term shocks (Annex 10, North Sea ecosystem), there may be

other ecosystem impacts associated with changes in species

dynamics. For example, shocks on sprat in the Baltic Sea had

wide impacts on a range of species due to sprat being central to

this ecosystem’s food web, including non-marine species (Annex

11, Baltic Sea ecosystem). Because of cumulative pressures, there

may also be tipping points and non-linear responses to

increasing shock magnitudes. For example, biomass for Irish

Sea whiting increased under simulations of heatwave shocks

ranging from 10.9°C to 14.3°C, due to the reduced biomass and

predation pressure from cod (Annex 10, the Irish Sea and North

Sea ecosystems). However, with heatwave scenarios above this

(14.4°C to 15°C), whiting biomass declined as the benefit of

reduced predation mortality no longer outweighing the negative

impacts of temperature on stock production (Annex 10).

Shocks to lower trophic productivity had the most profound

impacts on commercial stock biomass and ecosystem structure

and function, highlighting the importance of including changes
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in productivity in future management considerations. Hence,

through trophic interactions, shocks cascade through the food

web (predation and competition). Alternatively, compensatory

effects may arise within the ecosystems to absorb these cascading

effects. For example, we observed benthic prey compensated for

a shock on primary production (Figure 4 extracted from Annex

10), leading to a stock recovery in the long run.

Even if biological features are assumed to be static with climate

variation, fisheries management must be well-informed due to co-

occurring stocks and their varying impact on the broader ecosystem.

For example, changes in the biomass of anchovy or sprat in theBlack

Seahada substantial impact in the simulationson the structureof top

predator populations (Annex 12, Black Sea ecosystem), with

increased red mullet populations if anchovy increase in abundance,

and reductions in such populations if sprat increase in abundance.

Similarly, a shock increasing gelatinous plankton affected the impact

of this group on small pelagics with increased predation on early life

stages and competition with adults of small pelagic anchovy and

sardine, impacting the balance of such species within the Aegean Sea

(Annex 2).
Lesson 5. EU fisheries’ economic
resilience depends on current
profitability

Resource resilience to shock does not equate to the economic

resilience of thefishingfleet exploiting those resources, as the effect of

climate change on the economic resilience of the fleet is highly

dependent on its initial economic situation. Importantly, within

fishing fleets with poor or low economic performance, shock effects

result in vessels beingmore vulnerable to future shocks. For example,

Dutch beam trawls targeting North Sea flatfish were anticipated to

leave the fishery where shocks impact recruitment of the target

species of sole and plaice (Annex 13, North Sea flatfish fishery). In

addition, for the Dutch beam trawl vessels targeting flatfish, lower

profitability is expected from 2022 due to the ban on pulse-trawling,

forcing the fleet to switch away from this relatively fuel-efficient

fishingmethod. In the simulations, the transition frompulse to beam

trawl reduced the profitability of the fleets and their economic

resilience to shocks. If a fleet generates a high profit, a slight

increase in costs or decrease in revenue has no impact on short-

term economic viability. The reduced fleet could improve

profitability by deploying less effort in the long run and therefore

be more resilient to future shocks (Annex 13, North Sea

flatfish fishery).

Within the Baltic Sea, although following an FMSY strategy

increases future fishing opportunities, the effect of climate was to

reduce in the simulations these increased opportunities and

therefore associated revenues. Therefore, for such fisheries,

following a lower F strategy would correct the loss of opportunity

induced by the shocks. However, such effects will be fleet-
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dependent. The redistribution of resources spatially makes such

resources accessible to somefleetsor gear types andnot accessible to

others (Annex 14, western Baltic Sea fisheries). For instance, a fleet

withpolyvalent vesselswithmoreflexibility regarding target species

or available fishing opportunities (e.g. easier quota swaps) would

allow better adjustments to shocks (Lesson 10 below). For example,

during the COVID-19 or the fuel crisis of 2008 many vessels were

not able to adjust their tactics to target other species or adapt their

fishing patterns to reduce fishing costs. Especially vessels selling

fresh catches to restaurants, hotels and catering (i.e., the HORECA

sector) suffered the most because of the sanitary lockdowns

(EU, 2021a).
Lesson 6. Stock developments are likely
to have collateral effects on fuel
reduction targets (or other
ecosystem components)

The re-constructed estimates of fuel use intensity, fuel efficiency,

and catch efficiency for the North Sea beam trawl flatfish fishery

showed that fuel use intensity (fuel quantity burned to catch one

kilogram offish) has decreased over the last two decades (Figure 5).
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However, the fuel efficiency (liter of fuel per unit of effort) has been

stable in recent years (Figure 5).We found that such decreases in fuel

intensitywere predominantly due to better catch efficiency (i.e., kg of

fish landedper unit of effort), derived from technological innovations

that improved the catch, as well as to technological innovations that

reduce fuel used to fish (Figure 5, see also Lesson 8).Moreover, there

was a positive relationship between combined targeted stock status

indicator and the normalized catch rate (LPUE), indicating that

better catch rates may correlate with the better status of the targeted

stocks (Figure 6).

In the absence of obvious technological advances that would

decrease the fuel used per unit of effort, several potential factors may

explain lowered temporal patterns in fuel use intensity. Lowered fuel

use intensity may be associated with better stock status, as less fuel is

required to catch one kilogram of fish when stock is well-managed

(Bastardie et al., 2022).However, it is alsowell known that drivers for

fuel use depend on the physical characteristics of the vessels and the

gear in use, while also fishing techniques (Bastardie et al., 2022) and

auditing of the different techniques to collect fuel use data are

potentially crucial to understanding the changing levels of fuel use.

Fisheries management within the EU needs to capture and

compare fuel use intensity across the fleets at the right level of

data resolution. Notably, at present, for other segments than the
B

C D

A

FIGURE 4

Biomass projections for cod in the Irish Sea ecosystem model in response to shock scenarios, that were (A) a heatwave applied in 2021 with the
current fishing mortality, (B) same as A but with twice the fishing mortality applied, (C) two successive heatwaves (one applied in 2021 and the
other in 2022) with the current fishing mortality, and (D) same as (C) but with twice the fishing mortality. Fishing mortality was kept constant
and doubled for both durations of a heatwave shock. Color scale depicts range of heatwave intensity (see Annex 10 for further details).
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ones depicted Figure 6, we found that it is not accurate to apply

current EU fisheries data collection (EU DCF) and draw

conclusions on the fuel use intensity and efficiency of the fleet

segments at the fleet level, also given the lousy quality of the fuel

use data collected at that level. Finely resolved national fleet-

segmented data associated with appropriate bio-economic

models will also contribute to assessing how fuel use intensity

and efficiency may develop. However, this will need further

support and research project-based investigation (STECF, 2017).

Lesson 7. Many economic aspects could
come into play in changing fuel use
including a change in fuel intensity
and fuel-catch efficiency

Further reductions in fuel use intensity within the EU fleets

may not automatically decrease fuel use. Firstly, the assumption

that fishing vessels will save fuel when towing modified gears (for
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example, by limiting the hydrodynamic drag required to tow the

gear in contact with the seabed, or assuming less fuel-intense

gear specifications for midwater pelagic trawls, see Lesson 8) has

led to better development of anticipated revenue from fishing

(Annex 14, west Baltic Sea fisheries). In addition, more fuel-

efficient fishing may have a marked indirect impact on different

stocks (e.g., west Baltic cod and plaice, Annex 14) by increasing

the part of the available stock abundance subject to fishing and,

therefore, impacting the size and species catch composition and

subsequent TACs. This change is likely the result of increased

spatial effort allocation towards more distant fishing grounds

that have become more attractive when fuel is less a limiting

factor, which ultimately increases the fuel use.

Within this work, unexpectedly, simulations showed no

apparent link between stock development and fuel use, aside

from saving on costs (along with savings per unit effort). We can

predict that there are likely dominating compensatory/rebound

effects that prevent overall savings in fuel consumption from
FIGURE 6

Relationships between the combined targeted stock status indicator and a normalized catch rate (LPUE).
FIGURE 5

Re-constructed estimates of fuel use intensity, fuel efficiency and catch efficiency for the North Sea beam trawl fisheries.
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stocks in better shape. This includes a possible indirect effect

associated with fishers spending more time fishing (more days at

sea and therefore fuel spent at sea) associated with healthier

catch levels. In addition, saving fuel costs may also change

patterns in fishing, releasing pressure on some stocks but

increasing pressure on others when fuel becomes less limiting

for the expected profits on some attractive, more distant stocks.

For example, in the Dutch flatfish case study (Annex 13, North

Sea flatfish fishery), the TACs of target species are underused

because costs and limited fishing capacity make it impossible to

increase fishing effort. If costs were to decrease, fishers would

increase their catch to reach their quota. However, the data

resolution we have does not allow us to tag this “rebound effect”

to specific parameters in the simulations; counteracting this

effect would require fisheries management to follow a

precautionary approach. For example, environmental

economists (e.g. Freire-González and Puig-Ventosa, 2015)

have pointed out that fuel use will decrease only if increased

fuel and economic efficiency is coupled with an intervention to

keep the fuel costs the same or higher (i.e., a fuel tax), or with an

effort reduction.
Lesson 8. A large panel of technologies
to reduce fuel use in fisheries
already exist

Within the EU fishing fleet, energy-use patterns are highly

related to whether the fishery employs passive or active fishing

gears; active fisheries that require towing a gear, such as trawlers

or Danish seines, tend to consume most of their fuel during the

fishing mode. Hence, measures designed to reduce fuel

consumption while in fishing operation are the most cost-

efficient for such fisheries. There is substantial literature

devoted to assessing how best to reduce the drag in trawling

fisheries, compared to actions undertaken to improve other

measures related to the ‘vessel’ or ‘strategy’ categories. In

contrast, for purse seiners and pole and liners targeting

migratory pelagic species, most of their fuel consumption is

associated with time steaming to the fishing grounds or finding

fish. This translates into higher fuel consumption spent during

the steaming stage; hence, measures such as route optimization

and slow steaming appear the most suitable for this type

of fishery.

Despite the extensive list of technological solutions (108

measures were identified), stakeholders’ participation and

viewpoints showed that scientific respondents (N=9) tended to

respond with solutions that focused on experimental measures.

In contrast, commercial stakeholders (N=17) highlighted

successful measures. Regarding the measures coming from

different métiers, stakeholders from passive fisheries prioritized

improvements to the ‘vessel’ category (N=24), such as engine

change or hybrid engines, and some strategic measures (N=2),
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e.g. use of auto-pilot. Stakeholders from pelagic fisheries focused

on both the ‘vessel’ (N=8) (e.g. changes in the main engine to

hybrid counterparts) and the ‘strategy’ category (N=4) (e.g. route

optimization and slow steaming), as did generic measures

(N=10) (e.g. behavioral changes of the skipper, more efficient

propulsion system, improved maintenance, shift to electric-

powered consumers from mechanical-hydraulic consumers,

use of LED lights and fuel monitoring devices). Stakeholders

from bottom trawl fisheries included measures for all categories.

Bottom trawling was the only métier that included ‘gear’ as a

category (Nvessel=18, Nstrategy=11, Ngear=31); the most

implemented solutions for the gear category are the use of

more efficient gear and materials such as the use of dyneema,

Sumwing and shift to pulse trawl, visual monitoring of the

trawling operation, replacement for lighter gears and

components producing less bottom contact (e.g. trawl shoes

with wheels, Figure 7).

Remarkably, the 2008 fuel crisis stimulated investigations to

reduce fuel consumption in beam trawl fisheries. These

investigations are an excellent example of fuel savings that

arise from gear modifications. Beam trawls with chain mats

were equipped with roller wheels to reduce the drag on the

seabed, while beam trawls with tickler chains started using the

SumWing to reduce seabed contact points (Figure 7). Beam

trawlers targeting Common sole additionally switched from

mechanical to electric stimulation to further reduce fuel use

(Figure 7) until pulse trawls were prohibited in 2021 (Rijnsdorp

et al., 2021).

There has been substantial development effort put into

reducing fuel use when towing bottom trawls and midwater

trawls. Improvements include modifying otter trawls with new

netting designs and materials, deployment of twin trawl or

multi-rig which consist of two or more juxtaposed smaller

trawls rather than one larger (to increase gear spread and

catchability without also increasing towing resistance, see

Eigaard et al., 2014), and replacement of bottom-contacting

trawl doors with innovative, lighter and more hydrodynamic

pelagic doors (Figure 8) If more of these modifications can be

applied jointly to an otter trawl, substantial energy savings (up to

40% have reported in the stakeholder survey) and/or catch

efficiency increases are possible.
Lesson 9. The actual uptake of
technological innovations is still low
because of impediments and
regulatory barriers

There is a range of energy-efficient technological solutions

available, but the implementation of such technologies is low

within the EU. We identified likely explanations as structural

and economic barriers to innovation uptake, while not all
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technological solutions are applicable outside the specific

fisheries they have been developed for. Often technological

innovations utilize species characteristics to improve catch and

fuel efficiency of gears (e.g., the schooling behavior of many

pelagic species, which has enabled a substantial reduction of

hydrodynamic drag by enlarging the meshes in the front of the

trawl, see Eigaard et al., 2011) and consequently the innovations

cannot be transferred directly to fisheries for other species. The

barriers may be related to the lack of collaborative work with and

among end-users; limited information on technologies and

applicability, which hamper fishers to develop accurate

technological knowledge, for which training courses and ocean

literacy are needed; the difference in priorities between skippers
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and vessel owners, where skippers may be less concerned than

vessel owners on the need to improve fuel efficiency; investment

costs may slow down implementation of new, expensive

technologies, mainly in the small-scale fishing that usually has

a lower turnover; new technologies can be ineligible for the

current scheme of public funding (e.g. fishing capacity capping

would limit using technologies such as gas or battery/electric

engines that may require a kW increase of the vessels to carry

new, heavier and larger engines) or because the capacity for these

fisheries is currently misaligned with the fishing opportunities

(e.g. STECF, 2021), national regulations may sometimes limit

the opportunities for improvements supported by the EU; and

finally, fuel tax reductions and exemptions for fishing fleets may
FIGURE 7

Top left - Rolling wheels assist trawl shoes to reduce drag in chain mat beam trawl fisheries. Top right- A pulse trawl gear, bottom – SumWing
with tickler chains (copyright ILVO).
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limit the incentive for the sector to develop alternative fuel-

efficient practices (EP, 2013).

The information exchange between the EU Commission and

the International Maritime Organization (IMO) needs to be

more fluid, as many regulations set by the IMO affect the fishing

sector, and there may be instruments that are being applied in

the commercial shipping industry that the fishing industry could

benefit from. This effort includes developing instruments that

would reduce fuel use also in the fishing sector, such as taxation

based on performance in saving fuel, fuel tax, restricting engine

power, restricting gear, improving fish stocks, fish quota systems,

increased fuel price, eco-certification, reducing effort, improving

skippers’ skills, and rewarding skippers for implementing good

practice. Funding for the development and uptake of energy-

efficient innovations should also be a key instrument in the EU,

which developed the European and Maritime Fisheries and

Aquaculture Fund (EMFAF 2021-2027). Such funding should

be accompanied by market strategies to boost energy efficiency

in the fishing sector. If the CFP includes provisions for the EU

Member States concerning incentives for energy-efficient vessels,

the EMFAF should be one of them providing financial support

for onboard investments for energy efficiency.

Any gain in efficiency would need to be backed up with

scientific evidence that makes the auditing and monitoring of the

fuel use a prerequisite. This reiterates the need for fuel

monitoring tools onboard vessels such as those of Basurko

et al. (2013) and Sala et al. (2011) to collect adequately

resolved and sufficiently representative data, for example with

pilot studies, to align research needs with policy ambition, which

should also contribute to ocean literacy and promote uptake of

innovative solutions. Pilot studies would test with standard

scientific protocol the solutions that can reduce fuel use and

costs, increase catch rates or reduce bycatch, and therefore

decrease fuel intensity.
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Lesson 10. The governance of fisheries
should support adaptive and
flexible management

We identified EU CFP instruments to meet the challenges

induced by climate change (Table 2) that would anticipate and

respond to the changes (Table 3). The most striking lesson learned

is that fisheries management within the EU must be more flexible

and adaptive in terms of the quota management system, where

there might be more space for swapping quotas between countries

(dependent on the availability of quota to swap) or transferring

quotas across regions within a country (Hoefnagel et al., 2015),

which is permitted since 1983. A synthesis of the landing obligation

policy anddiscard rates has shown that swapshave reduced someof

the TAC constraints induced by the risk for a choke species, as a fix

for the Member States to avoid losing shares (EU, 2021b).

The possibility for quota swapping or transferring may not be

enough to face a change in species spatial distribution and certainly

not as a long-term adaptation. Such circumvolution will also be

difficult for countries with zero quotas because quotas are usually

swapped in exchange for another quota stock, and less frequently for

money. Neither discard reduction nor correcting for over-quota

catches are easy if there are zero quotas for a significant part of the

species. Although this does not pose a problem for some countries,

this becomes a complex problem to overcome for some others.

Hence, new quota exchange agreements at the scale of the regional

advisory councils have been recently deployed for fixing short-term

issueswith countries with zero quota (EU, 2020).Quotas arefixed by

the “principle of relative stability” since 1982 and still in force in the

last EU CFP revision. The European Parliament discussed the

“relative stability” principle, and some members of the fisheries

committee asked for a revision (Fishing daily 18.06.2021, https://

thefishingdaily.com/featured-news/pech-committee-told-eu-

should-rethink-relative-stability-policy-in-cfp/).However,manyEU
FIGURE 8

Hydrodynamic testing of down-scaled pelagic trawl doors designed for the Danish sandeel (Ammodytes marinus) fishery with bottom trawls
(left) and full-size trawl door produced for the market/fishing fleet by Thyborøn Trawldoor company (right) (copyright Aquamind).
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Member States argue that the relative stability key is the exchange for

giving upnational resourcemanagement in the EEZ for theCFP. It is

not possible to simply change the key as exchanges need to be exact

equivalents (when all countries need to agree to a change for many

stocks, many regional seas, andmany fleets). It is, therefore, unlikely

that there will be a change in the relative stability key soon.
Discussion

Manage EU fisheries within a climate
change future

The goal of managing EU’s living marine resources under

the CFP is to ensure that fishing activities are environmentally
Frontiers in Marine Science 15
sustainable in the long term (EU, 2013a). To do so, the impact of

fisheries on marine ecosystems needs to be minimized, while

also considering how ecosystem dynamics affect fisheries

opportunities and profitability. With climate change firmly

impacting marine ecosystems, it is now crucial to also manage

EU fisheries in a climate change future (Holsman et al., 2019;

Howell et al., 2021; Woods et al., 2021; Hidalgo et al., 2022).

Facing uncertainties in future climate, we have developed an

impact assessment in a scenario-based framework for testing the

sensitivity to ecological and economic effects arising from

environmental changes induced by climate change under

current management measures. In our study, the EU fisheries

assessed here were predominantly found to be resilient to the

impact of climate-driven short-term stresses, provided

management of such fisheries is based on and follows sound
TABLE 2 Towards renewed or adapted EU CFP (EU, 2013a) instruments identified by the study to fit the new challenges induced by climate
change stresses.

Climate-induced
stresses

Challenges Impacted current
CFP instruments

CFP instruments to deploy/adapt

Changing fishing
patterns

Maladaptation to the new
situation, imbalanced
fleets (STECF, 2020)

Total allowable catch
(TAC) and quotas
Technical measures
(landing sizes and
selectivity requirements)
Bilateral agreements

Annual TACs, quotas and current minimum conservation reference sizes (MCRSs)
defined in the EU Technical Measures Regulation (EU, 2019) may need adjustment to
new carrying capacity
Fishing rights would need to adjust to the available fishing opportunities with quota
swapping and via the bilateral agreements negotiated every year with non-EU fleets
Continue the regionalization (EU, 2013a Art. 18) for adapting the governance
structure, besides EU level generic measures, to decentralized, regionalized
measures based on sound scientific advice and stakeholder participation

Transition towards a
new climate-aware
fisheries management

Barriers to transition (path
dependencies, costs, social
acceptance)

Grandfathering (i.e.,
allocation based on
historical landings)
Prevailing technical
measures (EU, 2019)

Flexible quota allocation (e.g., individual fishing quotas (ITQs) or at least an easier
system to exchange quota between companies of two MS)
Promote investment in new gears to improve selectivity, reduce choke species, and
reduce fuel use
Adapt the landing obligation to limit the risk in multispecies fishery of choke species
“on the move” (i.e. with a shifting spatial distribution compared to historical ranges)
TABLE 3 Potentials for resilience within the current (EU, 2013a) or a reformed CFP governance.

Actions Entities Potential for resilience Obstacles

Anticipate
the change

Fishing fleet
(STECF, 2020)

High profitability Overcapitalization and overfishing impairing profitability

CFP governance
(EU, 2013a)

Dynamic management (e.g., update biological reference
points regularly)
Ecosystem approach to fisheries management (EAFM) (e.g.,
account for supporting ecosystem services)

Demanding scientific knowledge acquisition and the need for a
detailed, robust, and shared understanding of the marine ecosystems’
dynamics by all relevant stakeholders
Moving targets (e.g., fluctuating quotas) making future profit
uncertain
“Relative stability” principle

Response
to change

Fishing fleet
(STECF, 2020)

Adapt to local circumstances
Follow the stocks
Diversification

Additional effort to reach the fishing grounds
Crossing jurisdictions
Mismatched opportunities with species assemblage (e.g., risk for choke
species)

CFP governance (EU,
2013a)

Redesign of the principle of relative stability, or quota
swapping and quota transfers

Inertia of historical rights (path dependency)

Common market
organization (CMO,
in EU, 2013b)

Stimulate demand through marketing strategies and
informative campaigns
Producer Organisations (POs) have the potential to adapt
EU fisheries to the new context of resource availability and
evolving market conditions

Consumer habits may impose a barrier to the trade of newly abundant
resources
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scientific advice (Lesson 1). If in the short-term, well-managed

stocks (that is, stocks that are not overfished and not suffering

from overfishing) are resilient to shocks, building resilience to

long-term trends due to climate change will be less challenging.

Firstly, it was found that the health of a stock is a prerequisite for

stock resilience. Secondly, while changes are unavoidable,

adaptive harvest rules, i.e., that respond to available biomass,

e.g., by updating target, threshold, and limit reference points as

changes in stock productivity are detected, have been shown to

provide benefits under both static and changing climates (Gaines

et al., 2018). Undesirable stock trajectories show the need for

flexible fisheries management, which uses lower F in managing

the fisheries to buffer against those risks. Harmful mismatches

between reference points and actual productivity levels call for

more conservative management targets than currently

undertaken. Besides, non-compliance with quotas with higher

than intended fishing mortality combined with climate change

effects could act to push stocks even further outside levels that

safeguard the reproductive capability of the stocks (Lesson 2).

The lack of accurate information on natural phenomena

affecting stock productivity on which to base the management of

fisheries has substantial consequences on the robustness and the

accuracy of the scientific advice for fisheries deployed to support

evidence-based management. In this respect, our simulations

show that most trajectories returning to initial states might be a

consequence of fisheries and ecosystem model designs that, by

construction, still assume constant biological features of

individual species (e.g. incorporating range changes in

biological features, mainly recruitment, but not changing them

dynamically, or changing some but not all correlatively).

However, regime changes are more likely to happen if

biological features are not assumed to be static (as in the

present ecosystem simulation studies). The robustness of the

reference points and the management system in which they are

used also depends on assumptions about the stability of

biological processes. However, determining whether biological

parameters have changed because of density dependence, the

evolutionary effect of fishing, or the environment requires

further research. The natural mortality suffered by marine

species is a key parameter that cannot be directly observed but

instead is derived based on various assumptions and models

(Lesson 3). If all biological features remain the same, the risk of

the stocks passing a tipping point toward a new regime is

unlikely because of compensatory effects. A new regime is

unlikely unless thresholds on some oceanographic features

might be reached as for the Baltic Sea (on oxygen, salinity

determinants of cod spawning, etc.), or the Irish Sea example

(sensitivity to affecting the lower trophic level productivity, etc.).

Uncertainties in both science and management call for a

precautionary approach. In the absence of accurate knowledge,

lower targets for fisheries decrease the impact of (climate-

induced) shocks with a buffer. Following the precautionary

approach, as adopted in the (EU 2013a, Art. 2.2), and
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managing fisheries at levels below the theoretical maximum

sustainable yield, can result in a minor expected loss of yield

and provide resilience to short-term stress and permit the

application of an adaptive approach (Earle, 2021). Since

impacts are more likely to be detected, allowing an appropriate

response to being made, such an approach may then provide a

buffer against risks from unexpected environmental changes

(Lesson 3). This is even more important since the risk (of

overexploiting or under exploiting) facing climate change

effects is asymmetric, the risk of losing it all being

incommensurately more important than losing a little, which

calls for applying a fishing pressure slightly lower than FMSY,

therefore not using the MSY as a target but as a limit instead

(ICES, 2022a; ICES, 2022b).

Aiming at lower exploitation levels than the FMSY has been

suggested several times (e.g. the “pretty good yield”, PGY, see

Rindorf et al., 2017 after Hilborn, 2010, or Earle, 2021). PGY is a

more resilient fishing strategy by maintaining stocks in a safe

space even if the fisheries management face uncertainties and

unknowns. Aiming at PGY means fishing at a lower level than

the FMSY. For example, in the EU CFP multiannual plans where

FMSY ranges are used, F in the lower range is derived from

delivering no more than a 5% reduction from maximum

sustainable yield obtained by fishing at FMSY in the long term

(ICES, 2021). However, anticipating an economic loss from

models assuming stable long-term yield from a current,

unchanged situation is likely misleading and underestimates

the benefit of the precautionary exploitation. An example is

given by the North Sea herring, where recovery to MSY Btrigger

after the shock is anticipated to be more successful when

management is based on FMSY in the lower range, while

yields are similar except in the short term. The same effect is

anticipated for herring and sprat in the Baltic Sea and the NEA

mackerel stock, showing a reduced risk when the management

advice is based on the lower bound of the FMSY range, at the

cost of lower catches in the short term. Similarly, in the Med,

most stocks are managed with a target F of F0.1, which is

intended to be a lower estimate of FMSY, while in tuna stocks

the F target is commonly set to be less than FMSY as the

objective is to keep biomass> BMSY and F<FMSY. If fishing at

levels corresponding to the PGY comes with a loss of potential

yield in the short term by fishing less than FMSY, such a target

provides a buffer against the risk of an unexpected reduction in

productivity from external factors to the fishing which justifies

recommending target F < FMSY.

Species interactions in the food web also alter MSY (Lesson

4), as some stocks may collapse whenever passing a tipping point

in the ecosystem, while “pretty good yield” can also be expanded

to a pretty good multispecies yield (PGMY) to accommodate

situations where the yield from a stock affects the ecosystem,

economic and social benefits, or sustainability (Rindorf et al.,

2017). Therefore, the role of species interactions in the

ecosystem is an essential predictor of resilience, though we
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observed that marine populations always return to an initial state

in the 10-30y horizon we investigated and not to a new

equilibrium if no significant changes affect the biological

features of individual species in the food webs. The risk

created by the ecosystem to pass some tipping points with

abrupt shifts under pressures and cumulative impacts would

need further consideration on a longer time horizon and inflate

the level of uncertainty in future pathways. In the short term,

aligned with the time scale that matters to the fishing,

bioeconomic models showed that using flexible management

with lower than Maximum Sustainable Yield targets improves

stock resilience at the cost of reducing catch in the short term

(Lesson 5).

Following a precautionary strategy is more problematic in a

mixed fisheries context. In mixed fisheries such as the North Sea

fisheries for demersal species, as long as compliance to the EU

landing obligation (LO) is met, the simulations anticipate that all

stocks will recover from an initial shock by 2030. However, the

FMSY in the lower range strategy increases the risk for North Sea

cod to choke the fleets by being the limiting quotas, leading to

missing fishing opportunities in the short term but likely

compensated with gain in the longer term. Choke species can

lead to a dramatic decrease in effort and, therefore, favorable

stock developments with higher SSB for others (now

underexploited) stocks. Such indirect protection assumes the

full compliance of the North Sea mixed fisheries with the LO,

which has been fully implemented since 2019 in Europe,

requiring the fishing to stop as soon as the limiting quota is

exhausted. Because of this possible adverse impact on the fleets,

the risk of non-compliance to the LO is high (STECF, 2022b)

and therefore the direct and indirect gains expected from

respecting it are still unlikely in the EU. We then learnt that

high resource resilience would not necessarily ensure the

resilience of the fleets as long as some fishing capacity must be

removed, at least in the short term, when more limiting

management is implemented (Lesson 5).

We also learnt that resource resilience would not necessarily

come with the use of less fuel, as other economic factors and

effects come into play, such as the ones induced by short term

economic losses experienced by different fleets (Lesson 6). Fuel

consumption in the fishing sector may be affected by the

harvested stock development, and healthy fish stocks would

reduce the risk of increasing fuel use and affecting fishery

economics or other ecosystem components such as the

seafloor integrity. Fuel use intensity and efficiency may also

change along with investing and implementing new fuel-efficient

technologies in operating the fishing, but possibly not reducing

the absolute fuel consumption because of the “rebound effect”

(Lesson 7). The collection of high-resolution vessel data may

show that fuel use depends on fishing techniques. In parallel,

energy-efficient technologies already exist (Lesson 8).

Implementing them would require improving the uptake of

innovations, including demonstrating to stakeholders the
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potential for increased catch rates and reduced fuel costs. The

transition towards reducing fuel consumption would need to be

supported by the setup of EU regulatory instruments for

promoting the possible synergy in facing climate change,

reducing fossil fuel use, and developing innovations and ocean

literacy (Lesson 9).

Therefore, the way forward is to ensure governance that will

support the continuation of dynamic, adaptive management to

cope with the changing conditions induced by climate change in

EU Waters (Lesson 10). As a co-benefit, we expect favorable

stock development from resilient stocks to climate effects to

reduce fuel use as long as there is a relationship between higher

catch rates and high stock biomasses.
Ensure the fishing sector meets the
sustainability and fuel reduction targets

Lower catch rates and then more effort induced by the

climate change effects and shocks would increase fuel use, as

shown, for example, in the case of the demersal fisheries in the

North Sea or the Dutch flatfish fisheries. On the contrary, there

is, therefore, a win-win-win situation as a way forward for

fisheries which would consist of ensuring i) the resilience of

the stocks and their habitats (with a precautionary approach

ensuring fishing at a lower level than the FMSY) and ii) reducing

the fuel use, while iii) saving on costs that would increase the

economic resilience of the EU fleet. Such management is at the

core of the current suite of multiannual management plans

(MAPs), especially implementing a continuous effort reduction

in the western Mediterranean (EU, 2019), and in the Adriatic Sea

(GFCM, 2019). However, it is still currently hard to check this

virtuous circle (i.e., Figure 9) against the real world, other than

by testing with bio-economic modelling. Fuel measurement data

are not sufficiently available, as we learned in this study, and fuel

consumption data are estimates or reconstructions based on

fishing effort data and not direct measurements collected

onboard. There is a further need to understand the amount of

energy being used now (the fuel and lubricants used during the

fishing operations by the main engine, the auxiliary engines, or

in the upstream or downstream businesses onshore, etc.). Also,

because we found that implementing existing solutions to reduce

energy use in fisheries has been very limited, the signal toward

improvement in this virtuous cycle will not be captured in any

existing specific datasets. Hence, the main challenge faced in this

work was the analysis and development of the narrative

surrounding EU Member States’ fuel use, which is collected

along with a wide range of fisheries-related data (the EU DCF),

but again none of these data results from direct measurement of

fuel use. We found that it is not accurate to apply the DCR/DCF

data and draw conclusions on the fuel efficiency of the fleet

segments (but see Guillen et al. 2016). Overall, knowledge is key,

and monitoring programs and pilot studies should be promoted
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to support the policymakers with scientific shreds of evidence

and align research needs with policy ambition. There is,

therefore, an identified need for supporting and extending

research project-based investigation with bioeconomic models

to anticipate the effects of management measures on reducing

fuel use in fisheries, especially identifying reduction potentials

when switching fishing techniques, and risk for compensatory/

rebound effects that may prevent saving fuel from stocks

development towards recovery.

Propagating the change induced by reductions in fishing

impacts to other supportive ecosystem components, the fisheries

management (EU CFP) and environmental policies (EU Marine

Strategy Framework Directivein EU (2017), and other EU

directives, see Boyes and Elliott, 2014) could contribute to

securing future fishing opportunities for the fishing fleets in

the EU, along with fulfilling the market demand and ensuring

coherence in meeting European and national targets. Collection

of harmonized, reliable, and accurate data sets is needed along

with scientific development to favor this propagation and engage

the virtuous cycle (Figure 9), furthering the need for an

Ecosystem Approach to Fisheries Management beyond

considering standard fisheries science only, including

developing of research efforts to:
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i. Better describe the link between the physical drivers

and the ecological response. For example, recruitment

of some fish species is mainly determined by

environmental factors and trophodynamics, and only

to a less extent by the adult fish or potential spawning

stock size (e.g. well-illustrated by the east Baltic cod in

Plikshs, 2015, or Svedäng et al., 2022). Therefore, there

is a need to enhance stock assessment models to

consider climate factors that affect the productivity of

the stocks (e.g. , including stock abundance,

distribution, timing, physiology, recruitment success,

reproductive rate, growth, feeding and spawning

migrations), as well as biological reference points,

management limits, and targets; and

ii. Better describe and capture the link between the

ecological response and fisheries’ effects and response

to management. A typical example is to study the effect

of area-based management. Indeed, the benefits from

closed areas may come from holding individuals that

have (on average) a larger average body size, which

result in higher overall population biomass within the

closed area (as large fishes are not impacted by fishing

pressure). Such enhanced biomass may then result in
FIGURE 9

The figure shows (extracted from Bastardie et al., 2022) an idealized virtuous circle showing incremental steps that would provide incentives to
fishing vessels deploying selective fishing gears or using fishing techniques with reduced environmental impact toward maintaining healthy and
productive marine ecosystems and therefore supporting the fisheries and their future yields.
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Fron
adult migration (i.e., spillover) and/or increased

number of larvae dispersing from the closed area (but

see Caveen et al., 2015). Such dispersal may then

replenish adjacent fishing grounds, as long as fishing

effort displacement does not cancel out these effects

Bastardie et al., 2020. Therefore, there is a need to better

describe the different possible fishers´ response to

changes in the demographic structure of fish

populations, including the decisions, tactics or

strategies to cope with environmental stressors (such

as the climate change) on stock access. Given different

degrees of vulnerability and adaptability, the impact on

fishers is likely to depend on the type of fishing

employed (e.g., small-scale fishing vs industrial fishing

having different profitability levels, different mobility

range etc.) and therefore vulnerability to variance in

stock structure and change in spatial distribution (as

discussed by Adger et al., 2005, Marshall and Marshall,

2007, Holland et al., 2017);

iii. Better describe the possible management actions and

viable socio-ecological pathways that could mitigate the

effect or adapt to it under the constraints of the social

and ecological system. For example, regulatory barriers

constraining the flexibility of the fisheries to adapt to

novel conditions may be removed, as long as they will

not impair future opportunities, and incentives for

redirecting the fisheries toward viable pathways may

be deployed (e.g. Hamon et al., 2021; Woods et al.,

2022). Describing this link also requires understanding

the adaptive responses available to fishers, that is,

whether there is the capacity to change operations or

whether social, financial or regulatory barriers exist,

and under what conditions they would implement this

adaptive response (i.e. the level of change before an

adaptive new path is taken in response to the change).
Conclusion

Along with this study, we advocate for climate-aware

fisheries management and a precautionary approach, which

will by nature reinforce the resilience of the fishing sector to

face a changing climate and its effects. At the same time, the

fisheries sector is challenged by higher fuel prices lowering their

profitability and the necessity to reduce the greenhouse gas

emissions to meet environmental targets. Also in parallel, the

growing need for food security may push soon toward finding

ways for boosting seafood production. At the time of writing, the

EU has developed a package of policies that would possibly

reconcile environmental, economic and social sustainability by

heading toward reducing the fuel used in the fishing sector to

meet the environmental targets while ensuring a consolidated
tiers in Marine Science 19
CFP. Regulations that impair the opportunities for

improvements supported by the EU would be amended with

the “Fit for 55” package initiative from the European

Commission, comprising a proposal for energy taxation

(Energy Taxation Directive in EU, 2021c) where the Member

States may no longer exempt fishing vessels for fuel tax to

accelerate a transition toward low-carbon fishing techniques

and practices. Proposals for alternative fuels infrastructure will

also mandate investments within a transitional period in ports

for shore-side electricity and alternative fuels, including

sustainable biofuels and biogas, and renewable fuels of non-

biological origin (EU, 2021d). The European Green Deal (COM

(2019) 640 final) sets out an objective of resource-efficiency,

reaching zero emissions by 2050 and protecting, conserving and

enhancing the EU’s natural capital, with an intermediate target

of 50 to 55% reduction of emissions by 2030 (compared to 1990

levels; a reduction by 23% had already been achieved by 2018).

The EU Commission also committed to strengthening climate-

proofing, resilience-building, prevention, and preparedness,

which should be the basis for a revised or reformed policy to

come in 2023.

There might be no immediate need to reform the current

CFP to increase the resilience of stocks exploited by the EU

fleets, whenever the current management measures are applied

and complied with, along with promoting a climate-aware

fisheries science, and tailored to local circumstances.

Improving fuel efficiency is different. The environmental

climate targets and the worldwide fuel price increase after the

geopolitical events of start 2022 show the necessity to reduce the

dependency on fossil fuels in the fishing sector in the short term.

We identified barriers that impair the complete uptake of science

and innovative solutions into the advice chain in fisheries

management. Hence knowledge of the socio-bio-economic

dynamics should be acquired, new trends and innovative

solutions explored, and translated from science to policy,

which would also require supporting mutual trust among

stakeholders (Cvitanovic et al., 2021). Documenting effects as

we do should promote the further development of knowledge-

based decision-making and confidence for managing living

marine resources in EU waters and their exploitation with

minimal impact. If the changing climate impacting the seas

was not on the political agenda of fisheries policy in Europe so

far, this risk has now to be considered for mitigating the

uncertainty it implies on the future fishing opportunities, the

provision of fish to the European markets, and the interlinked

ambition to reach environmental targets including phasing out

fossil fuel use. The purpose of this study was then to provide the

policymakers with a technical background for the CFP

assessment regarding issues related to climate change. Again,

the issues are twofold: whether the current CFP caters for the

implications on fisheries management from the climate change

(adaptation and resilience) and how the CFP can contribute to

climate change mitigation by reducing emissions of greenhouse
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gases from the European fishing fleet. Reaching these objectives

includes the provision of climate-resilient socio-ecological

pathways for further decarbonization of the EU’s energy

system and the continuation of seafood provisioning to the

European markets with minimal environmental impact and in

a changing climate.
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