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ABSTRACT. Worldwide climate change will influence the spatial distribution and status of exploited fish stocks, often in uncertain
ways with cascading effects on the social-ecological systems depending on them. Likewise, changes in sociopolitical conditions
influencing consumer demand, fuel, and fish prices may jeopardize the viability of fisheries. Predicting whether existing management
systems can adapt to these changes is key and especially challenging in data-poor fisheries. In the Mediterranean Sea, the tropical and
subtropical dolphinfish (Coryphaena hippurus) is at its northernmost reproductive distribution area and has sustained a seasonal age-0
based artisanal small-scale fishery since ancient times. We built a quantitative Bayesian Belief Network (BBN) model integrating a
diverse set of ecological, social, and economic input data to assess the impact of plausible midterm futures (2040-2059) on the seasonal
economic profit for dolphinfish fishers in Mallorca (Balearic Islands, Western Mediterranean). These future scenarios accounted for
increasing sea surface temperature based on global IPCC projections, population dynamics and growth of dolphinfish, economic
forecasts of future fish and fuel prices, and stakeholders' views on feasible adaptations of the local management system. Seven out of
twelve scenarios point towards increased profitability for fishers. To date, the fishery is managed locally although within a wider EU
regulatory framework, and options such as advancing the opening date of the fishing season in response to climate-induced changes
in growth and body size of dolphinfish might be economically beneficial. This will, however, depend critically on the evolution of
unknown factors such as changes in other target species, consumption habits of people, and market dynamics. We show here that, even
in fisheries without information on stock status, an integrated and holistic assessment of adaptive capacities of management systems
is possible.
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INTRODUCTION

Worldwide climate change will have far-reaching effects on fish
species as well as fisheries and fishing communities who exploit
and depend on them (Brander 2007, Friedman et al. 2020,
Godfray et al. 2010, Perry et al. 2005). These fisheries social-
ecological systems (SES) are directly affected by the relative
stability of ecosystem state and their abilities to adapt to state
changes (Salgueiro-Otero and Ojea 2020). Especially, the effects
of climate change on small-scale fisheries have gained attention
in recent years (Jara et al. 2020, Krumhansl et al. 2017, Nurse
2011, Pranovi et al. 2013). Small-scale fisheries are undeniably
important for the cultural identity and livelihoods of millions and
for the supply of food and employment; worldwide, 90% of fishers
supply half of the marine fish caught for human consumption
(Kolding et al. 2014). These fisheries will not only be affected by
a changing climate but also by shifts in demography, policy,
demand, and global market dynamics, all of which increase the
uncertainty about the future to come. Developments in these
socio-political drivers may play an equally important role in the
profits and prospects of these fisheries (Pinnegar et al. 2021).
Despite the recent research attention, it remains challenging to
predict or even quantify how these changes may affect their
adaptive capacities, i.e., the ability to adjust to potential damage,
to take advantage of opportunities, or to respond to consequences
(IPCC 2014, WGII, Glossary) and whether existing management
systems are flexible enough to cope with these changes.

The Mediterranean Sea is a global climate change hotspot with
predicted water temperature increases of more than 4°C

depending on the region by the end of the century (Hertig and
Jacobeit 2008). For the Mediterranean small-scale fisheries, which
make up to 81% of the entire fleet and provide almost 55% of the
total employment onboard (FAO 2020a), climate change is thus
a worrying threat. Emerging evidence shows the consequences of
these changing conditions such as the redistribution of fish
species, changes in abundance, fertility, survival, phenology and
food web structure, loss of spawning habitats of pelagic fish, or
adrasticincrease of alien and invasive species (Albouy et al. 2013,
Durrieu de Madron et al. 2011, Lasram et al. 2010, Marba et al.
2015). Without a doubt, there will be many “losers” (e.g., species
that contract or shift their distribution) but also some “winners”
(e.g., species that expand their distribution) (Moullec et al. 2019).
Fisheries based on warm-water species could thus benefit from
global warming if only the development and growth of fish species
linked to rising seawater temperatures were considered. Therefore,
identifying these species is key to understanding the adaptive
capacities of local small-scale fisheries. Adaptive capacities can
be strengthened through management interventions, leading to
socioeconomic benefits and a lower overall vulnerability of
related SES (Lauerburg et al. 2020).

The common dolphinfish (Coryphaena hippurus) has supported
small-scale fisheries in the Mediterranean Sea since ancient times
and has a profound cultural value (Massuti and Morales-Nin
1997, Molté et al. 2020a). Dolphinfish is a thermophilic species
inhabiting the tropical and subtropical surface waters of the
world, preferentially between 21°C and 30°C, with its
reproductive northernmost distribution in the Mediterranean Sea

'Thiinen Institute, Institute of Sea Fisheries, “Mediterranean Institute for Advanced Studies IMEDEA, CSIC-UIB), Marine Ecosystem Dynamics
Group., *Mediterranean Institute for Advanced Studies IMEDEA, CSIC-UIB), ‘Institut de Ciéncies del Mar, CSIC, Barcelona, Spain


https://doi.org/10.5751/ES-12977-270143
mailto:henrike.rambo@thuenen.de
mailto:henrike.rambo@thuenen.de
mailto:aospina.co@me.com
mailto:aospina.co@me.com
mailto:ignacio@imedea.uib-csic.es
mailto:ignacio@imedea.uib-csic.es
mailto:maynouf@icm.csic.es
mailto:maynouf@icm.csic.es
mailto:vanessa.stelzenmueller@thuenen.de
mailto:vanessa.stelzenmueller@thuenen.de

(FAO 2019, Maguire et al. 2006, Quigley and Flannery 1996);
therefore, it could be a climate change “winner”. A study
combining a climate, biogeochemistry, and a food web model
projected that dolphinfish biomass in the Mediterranean Sea
could increase up to 34% toward the end of the century under a
high greenhouse gas emission scenario and current fishing
mortality (Moullec et al. 2019). Another recent study also
projected increases in the average length at catch under warming
scenarios (Molto et al. 2021).

Here, we illustrate the complex and multiple trade-offs that can
be expected for the dolphinfish fishery on the island of Mallorca,
Balearic Islands, known locally as llampuga fishery, as part of a
plausible future change shared by many similar systems. In the
Western Mediterranean, dolphinfish spawn from late spring to
early summer and the juveniles are thought to leave these waters
for the Atlantic Ocean at the beginning of winter (Besbes
Benseddik et al. 2015, Gatt et al. 2015, Massuti and Morales-Nin
1995). In the Balearic Islands, these extremely rapidly growing
age-0 juveniles, up to approx. 20 cm furcal length in their first
month (Morales-Nin et al. 1999), are fished seasonally between
August and November when they are most abundant by an
artisanal small-scale fishery operating Fish Aggregating Devices
(FADs). This fishery also takes place in Italy (Sicily), Malta and
Tunisia. In Mallorca, dolphinfish is consumed mostly by locals
as a whole, unprocessed fish.

Due to its thermal requirements for spawning and growing (above
21°C, Molté et al. 2020a), increased warming will likely affect: 1)
the duration and spatial extent of spawning due to changes in
phenology (Asch et al. 2019); 2) the amount of time each year
that the species is present in the Mediterranean Sea (Molt¢ et al.
2020a); and 3) the growth and average size attained at the current
opening of the fishery at the end of August (Molto et al. 2021).
Conceivable consequences for the fishery include an increase in
the average size of fish at the onset of the fishery opening date,
change in the number of days when fishing this species is feasible
due to an increase in days when marketable sizes are available
(Molté et al. 2021, Peck et al. 2020), and potentially a change in
market behavior depending on the latter two points (Peck et al.
2020). This could lead to the adoption of adaptive management
measures to strengthen these fisheries’ viability in the face of
change, including changing the timing of the fishing season and
plans to incentivize the consumption of dolphinfish beyond local
demand that may yield increased income.

According to the above, the evaluation of adaptive management
options needs to be based on a profound knowledge of the
interlinkages and dynamics of fisheries' SES (Friedman et al.
2020, Salgueiro-Otero and Ojea 2020). Transferring key SES
components and uncertainties of the interlinkages and dynamics
into quantitative models allows investigating the risk of
management measures. Also, it enables further exploration of
logical consequences of management actions on the provisioning
of ecosystem services such as food provision (Baeta et al. 2018,
Fronzek et al. 2012, Polasky et al. 2011, Stelzenmiiller et al. 2011)
by exploring the social-ecological trade-offs under different
scenarios of multiple stressors (Katsanevakis et al. 2011,
Stelzenmiiller et al. 2013). Here we follow this approach and
provide quantitative projections of the effects of future change
to economic and environmental conditions for the traditionally
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and culturally important dolphinfish fishery around Mallorca
Island. Specifically, we used Bayesian Belief Networks (BBN) to
integrate data on sea surface temperature (SST) based on global
Intergovernmental Panel on Climate Change (IPCC) projections
under different scenarios, information on population dynamics
and growth of dolphinfish, economic projections of future fish
and fuel prices, and stakeholders’ perceptions on feasible
adaptations of the local management systems. BBNs are powerful
graph-based probabilistic models that explain the causal
relationships between variables (nodes) using conditional
probability distributions. These models have been applied to
several management systems governing small-scale fisheries
(Coccoli et al. 2018, Mulazzani et al. 2016, Naranjo-Madrigal et
al. 2015, van Putten et al. 2013). Furthermore, the BBN approach
can help build a social-ecological model of fisheries in an
environment that is partly data-rich (landings and economics
statistics) and partly data-poor (abundance and distribution of
resource).

Our study is among the first that fully quantify a model
representing a SES that incorporates the potential effects of
climate change and changes in fish and fuel prices in the context
of small-scale fisheries despite the lack of formal stock
assessments.

METHODS

Dolphinfish fishery in Mallorca

This ancient artisanal small-scale fishery is conducted by fishers
operating small boats (~10m) and special surrounding nets (boat
seines) to harvest juvenile dolphinfish that accumulate below
FADs (Morales-Ninetal. 2000). Fishers own one boat and usually
employ one person on board, so the number of licenses is
equivalent to fishing effort in terms of boats per day (Morales-
Nin et al. 2005). With less than 10% of effort (boat-days) devoted
to this fishery annually, the seasonal dolphinfish fishery generates
26% in weight of all landed fish and 13% of the revenues in the
Balearic Islands (Palmer et al. 2017).

The management system of the dolphinfish fishery in Mallorca
is quite comprehensive. This fishery is managed by the
Agriculture, Food and Environment Ministry & Fisheries
Directorate of Spain (which follows EU directives), advised by
the fisheries directorate of the Balearic Islands regional
government (Orden OAA/1688/2013). Current regulations in
place include: 1) determining the date of opening of the fishery
currently set at the 25" of August; 2) establishing weekends and
bank holidays asno fishing days; 3) limiting the number of licenses
and allocating a system for the distribution of FAD zones around
Mallorca; and 4) restricting, to those boats, the use of gears during
the established fishing season. Further, fishers have a self-imposed
daily catch quota since 2012 that fluctuates around 150 kg per
boat to control prices (Molté et al. 2020a).

BBN development

We chose BBNs as a modeling environment due to several
properties. BBNs are very flexible; multiple stressors and
endpoints can be considered in the same framework and they are
capable of combining qualitative and quantitative data stemming
from different sources. Therefore, BBNs can integrate
information across disciplines, they can deal with small and
incomplete data sets, while their probabilistic nature accounts for
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uncertainty and the opportunity to perform scenario analysis
(Benson and Stephenson 2018, Farmani et al. 2009, Grét-
Regamey et al. 2013, Marcot 2012, Sperotto et al. 2017,
Stelzenmiiller et al. 2010). Furthermore, the capacity of BBNs to
integrate expert opinion directly includes stakeholders in the
modeling process (Laurila-Pant et al. 2019). Easy-to-understand
graphical outputs also facilitate communicating the results to
stakeholders. BBNs consist of two structural model components:
1) a conceptual model (a directed acyclic graph, DAG)
representing the best available knowledge about system
functioning that represents dependencies between the model’s
variables (referred to as nodes); and 2) conditional probability
tables (CPTs) denoting the strengths of the links in the graph
(McCann et al. 2006). Directed arrows representing cause-effect
relationships between the system’s variables indicate the statistical
dependency between different nodes. Each arrow startsin a parent
node and ends in a child node. The graph is acyclic and, therefore,
no feedback arrows from child nodes to parent nodes are allowed.
The DAG can be developed either by experts and based on system
understanding and/or via empirical observations. The resulting
DAG structure forms the basis for developing an operational
BBN. The probabilistic relationships between model nodes are
then specified in CPTs. CPTs can be parameterized based on
expert opinion, derived from mathematical or logical equations,
or learned from the correlative structure in empirical data. Each
node is constrained to a finite number of states that describe the
probability distribution of the system variables (as an example
this could be “increase” and “decrease” for discrete or 1-10; 10-30;
30-100 for continuous variables). Each given state of one variable
(node) is associated with a probability between zero and one, so
that the sum of state probabilities adds up to one (100%).

Here, expert scientists, including the authors of this publication,
with ample experience in the particularities of the species and
fisheries of the study area, were chosen as the most reliable and
complete source of knowledge to reconstruct the links between
the specific biological, environmental, and socioeconomic
components to be included in a first draft of the DAG structure.
With the first draft of the DAG structure in hand, a first
interactive workshop was held in January 2018 with key
responsible people in the Directorate General of Fisheries of the
Balearic Islands, a key fisheries authority, to brainstorm on the
locally relevant interlinkages of the social-ecological system
mapped in the DAG. In total, five scientists and three
representatives of fisheries management were consulted on the
development of the BBN. The group of scientists, authors of this
publication, developed a new DAG structure based on the
gathered stakeholder advice to quantify the relationships between
variables. Data scoping and data analysis furthered the
development of the model to select the final set of parsimonious
nodes to populate the CPTs. The BBN was shared with the same
stakeholders to discuss ground-truth scenarios, debrief results,
and refine useful outcomes in May 2019. We limited our
interaction to highly informed stakeholders from the Directorate
General of Fisheries, directly involved in local fisheries
management, some of them being fishers in the past. These
stakeholders had a strong background in fisheries policy and
regulations from local to international governance levels, local
market behavior, and fishery dynamics and technology. Providing
that they were very familiar with all aspects of the dolphinfish
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fishery, we are confident that these key stakeholders provided
appropriate information to develop key components of the BBN.
In the following paragraphs, we detail the data sources and
treatment for the different components of the BBN development
and scenario analysis (see Fig. 1). All BBN nodes are further
described in Table 1.

Fig. 1. Diagram of data input into 1) the Bayesian Belief
Network(BBN) development and 2) subsequently for belief
updating under the scenario testing (SST: Sea Surface
Temperature, RCP: Regional Concentration Pathways).
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2. Scenario testing

Ecological component of the BBN

There is a notable lack of mechanistic and empirical knowledge
about the ecology and spatial dynamics of this species and the
stock status is unknown (Moltd et al. 2020a). Therefore, we
defined the ecological component by the link between climate and
the fishery as conducted through the estimation of how
temperature affects spawning phenology and growth. For a given
thermal scenario (see below), we calculated the probability at
which day the average size of dolphinfish becomes vulnerable to
the fishery. This exercise was conducted in part by the authors in
Molté et al. (2021) and is briefly explained below.

First, a model of the hatching date probability of individuals as
a function of temperature was built using (1) a database of
juveniles’ daily otolith readings, (2) a database of gonadosomatic
index (GSI) estimations (indicative of average population
spawning state) around the world, and (3) Sea Surface
Temperature (SST) estimations extracted from satellite imagery
for each location and date. This hatching date probability model
was in return built on two Bayesian sub-models: one predicted
the probability that an individual belonging to a cohort was born
on a specific date (from otolith readings and accounting for
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Table 1. Overview of all Bayesian Belief Network(BBN) model nodes, their node states, description, and data sources.

BBN nodes States (S) Description & data source

Opening of fishing 25.08.; The fishing season is currently opened on Aug 25 in the Balearic Islands. This node

season 18.08.; provides the management option to prepone the opening up to four weeks maximum at
11.08.; weekly intervals. One week equals five fishing days given that fishing is not permitted on
04.08.; weekends.
28.07.

Calendar day where 01.01. - 06.05.; This node indicates the probability for each day of the year (more specifically the week or

d.=20cm 06.05. - 17.06.; larger interval it falls into) at which the mean length of dolphinfish (d.) has reached a
weekly intervals from 17.06. - 23.09.;  marketable size of 20 cm. Probabilities are cumulative with 0% at the beginning of the year
23.09.-07.10, and a 100% at the end of the year. Days with (near) zero probability were grouped into
07.10. - 28.10.; and larger states spanning weeks or months while all other days with higher probabilities were
28.10. - 30.12. grouped into weekly intervals.

Actual fishing days 64 to 60; 69 to 74; 74 to 78; 78 to 83;

83 to 88; 88 10 93; 93 to 98

Range of days that the fishing activity takes place (days where at least one boat was fishing)
per fishing season. Data from 2004 to 2016 indicate that fishing took place during 64 to 78
days from potentially 88 days (25 of August till 31 of December) minus weekends and bank
holidays where fishing is prohibited. If the choice is made to open the fishing season two
weeks earlier, 10 fishing days are added to the range of "Actual fishing days".

Fishing effort 10 to 16; 16 to 21; 21 to 25
[boats/day]
Fish price [EUR/kg] 3.3t05.4;541t07.5;7.5t09.6;9.6 to

12;12to 14.4;14.4t0 16.3
Quota [kg/boat/day] <=150;

The average number of boats (license holders) per 3" dand 4™ quarter that operate per day
(local fisheries statistics)

Historical (2004 until 2016) seasonally aggregated (3rd & 4th quarter) data on price per
kilogram of dolphinfish (Palmer et al., 2017)

A self-imposed quota system exists since 2012 and is currently set at 150 kg per boat per

>150 day. This node denotes how often catches exceeded this limit based on seasonally
aggregated catch data (local fisheries statistics).

Landings [kg/boat/day] 40 to 88; 88 to 107; 107 to 177

The amount of dolphmﬁsh caught per boat per day. Daily landings data were seasonally

aggregated per 34 & 4™ quarter from 2004 till 2016 (local fisheries statistics).

Product of the Landings and Fish price nodes

The revenue from sold bycatch caught per boat per day seasonally aggregated per 3rd & 4th
quarter from 2004 till 2016 (local fisheries statistics).
Historical (2004 until 2016) seasonally aggregated (3rd & 4th quarter) data on labor costs

Historical (2004 until 2016) seasonally aggregated (3rd & 4th quarter) data on fixed &
variable costs adjusted from STECF data
Historical (2004 until 2016) seasonally aggregated (3 & 4" quarter) data on price of fuel

th

Fuel price multiplied by the mean daily fuel consumption per boat (68.39 liters) adjusted

Sum of the Revenue and Bycatch nodes minus the Total costs node

Revenue 140 to 350; 350 to 650; 650 to 1,000;

[EUR/boat/day] 1,000 to 1,450; 1,450 to 1,900; > 1,900

Bycatch 28 to 50; 50 to 100; 100 to 240

[EUR/boat/day]

Labor costs 75to 116; 116 to 158; 158 to 210; 210

[EUR/boat/day] to 300 (adjusted from STECF data)
Fixed & variable costs 41 to 64; 64 to 87; 87 to 115; 115 to

[EUR/boat/day] 166

Fuel price 0.21 to 0.36; 0.36 to 0.58; 0.58 to 0.8;

[EUR/L] 0.8 t0 1.02;1.02to 1.3; 1.3 to 1.42 per liter (EUROSTAT)
Fuel costs 14 to 25; 25 to 37; 37 to 49; 49 to 63;

[EUR/boat/day] 63 to 89; 89 to 97 from STECF data
Total costs 130 to 210; 210 to 280; 280 to 350; 350 Sum of all cost nodes
[EUR/boat/day] to 420; 420 to 562

Daily profit Negative profit; 0 to 290; 290 to 590;

[EUR/boat] 590 to 1,000; 1,000 to 1,600; More

than 1,600

Negative profit (S1); 0 to 18,000 (S2);
18,000 to 45,000 (S3); 45,000 to
45,000 (S4); 75,000 to 100,000

(S5); >100,000 (S6)

Seasonal profit
[EUR/boat]

Product of the Daily profit and Actual fishing days nodes

mortality effects); the other predicted the fraction of the
population being at a specific spawning state at a specific month.
Both sub-models are related to the temporal location of the
spawning peak and the spread of the distribution of the actual
dates of birth. The two sub-models were coupled in a Bayesian
approach that functions as a predictive model for the hatching
date of individuals from a fishery-dependent sampling with
temporal biases (Molto6 et al. 2020b). Second, a temperature and
photoperiod-dependent growth model was used, based on
otoliths collected from age-0 individuals born (and growing)
under diverging thermal constraints, either early or late in the
season within a determinate region or on similar dates but in
different regions (Molto et al. 2021). Third, the predicted hatching
date of individuals (first model) was integrated within the
individual growth model (second model), together with other key
concurrent effects on size distributions, such as mortality sources,

in an individual-based model that enables the calculation of the
average body length of the dolphinfish simulated population at
any date under thermal constraints (Molt6 et al. 2021).

Finally, for each thermal scenario, the individual growth
trajectories were independently estimated for each of 1 million
simulated fish, according to the coupled models above. We
extracted predictions of daily probabilities for average furcal
length reaching 20 cm, which was approx. the minimum average
length of marketed fish, hence taken here as a size of vulnerability
to the fishery (Fig. 2). The origin and processing of daily
temperature data needed to run the biological components is
explained in Appendix 1. To include the output from the growth
model as a BBN node, the daily probabilities (which add up to
one) were grouped into intervals (see Fig. 2) and then used as state
boundaries in the BBN node (“Calendar day where d.=20 cm”).
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Fig. 2. Predicted probabilities of the day of the year (binned
into intervals) at which half the population of dolphinfish
reach a size of 20 cm furcal length under the baseline scenario
(blue), the IPCC RCP4.5 scenario (green) and the IPCC
RCPS8.5 scenario (red), the latter two both modeled over the
time period of 2040 to 2059, while the blue line indicates the
current opening day of the fishing season (IPCC:
Intergovernmental Panel on Climate Change; RCP:
Representative Concentration Pathways).
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Socio-economic components of the BBN

We used daily fisheries statistics on landings and prices, and
external information on fuel costs and production costs to expand
the socioeconomic components. The statistics of the daily fish
sales were supplied by the responsible agents in the centralized
wharf to CSIC and were available from 2004 until 2016. In
Mallorca, the commercialization of all the landings is made
through a single central fishing wharf (OPMallorcaMar), which
is a cooperative composed of all the boat owners in the island. In
addition, fishers are associated in guilds by port (Confraries),
which in turn are associated in the Balearic Fishers Federation
(Federaci6 Balear de Confraries de Pescadors). The landings are
arranged in standard boxes by the fishers and auctioned daily in
decreasing prices (Dutch auction). An automatic selling
procedure, implemented since 2004, registers for each box, among
other data, the commercial category, the weight in kilos, the price,
and the name of the boat. We collected data on the number of
boats per day (a measure of effort), dolphinfish landings and
bycatch, as well as the number of annual licenses. To decrease the
variability and spread, daily data were seasonally aggregated for
the 3™ and 4" quarters to display more representative seasonal
daily averages. We derived fish price, fuel price, labor costs as well
as fixed and variable costs from four sources: 1) landings value,
fish price, and daily effort (number of vessels for the two quarters
3Q and 4Q) were obtained directly from the database on sale bills
(2004-2016; partially published in Palmer et al. 2017); 2) current
fuel prices were obtained from the weekly database on national
fuel prices maintained by Eurostat (https://ec.europa.eu/energy/
en/data-analysis/weekly-oil-bulletin); 3) production costs (labor
costs, fixed and variable costs) for the Spanish Mediterranean
artisanal fleet were derived from the STECF economic database
for the corresponding year, adjusted by effort (2 quarters instead
of one full year) and fleet typology (https://stecf.jrc.ec.europa.eu/
dd/fleet); 4) these costs were further calibrated for the small-scale
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llampuga fleet segment from interviews with fishers collected
previously, published in Maynou et al. (2013). For the last two
sources, the methodology for parameter estimation is given in
Annex 6 of the Annual Economic Report (AER 2018, pp.
524-554).

Finally, data on the management system were gathered from
stakeholder consultation. The final baseline model included the
main components relevant to the dolphinfish fishery and the BBN
was trained with the above explained data. The model endpoint
is “Seasonal Profit per boat” which relates to the profit per license
holder. The ecological component is represented by an output
from a biological growth model calculating the day of the year at
which the mean length of dolphinfish reaches a marketable size
of 20 cm; the management system includes the current quota and
licensing system, as well as the opening of the fishing season and
the number of fishing days within a year. The amount of
dolphinfish landings represents the fisheries yields, while the
economic components include income from bycatch, fish and fuel
prices, costs, revenue, and profits.

A sensitivity analysis was performed to identify to which degree
the variability in its posterior probability distribution was
explained by other variables (i.e., rank order) (Marcot et al. 2006).
Therefore, we calculated the entropy reduction for the model node
“Seasonal profit”. All computations were done using the
commercial software Netica (Norsys, version 5.24).

Scenarios

We built our scenarios on four socio-political scenarios for aquatic
resources in Europe that were developed under the Horizon 2020
project CERES (Peck et al. 2020). These scenarios, published by
Pinnegar et al. (2021), were inspired by the IPCC Special Report
on Emissions Scenarios framework (SRES, IPCC 2001) and
combine the new system of Shared Socio-economic Pathways
(SSPs, O’Neill et al. 2014) with Representative Concentration
Pathways (RCPs). The SSPs themselves are scenarios that provide
narratives for projected socioeconomic global changes up to 2100.
SSP1,SSP 2, SSP 3, and SSP 5 were used which deal with different
challenges for mitigation and adaptation to climate change based
on different assumptions on social and political futures. These
were coupled with RCP 4.5, RCP 6.0, and RCP 8.5 which represent
moderate, relatively high, and high greenhouse gas concentrations
that increase radiative forcing on Earth by 4.5 W m™, 6.0 W m?,
and 8.5 W m™ at the end of the 21°* century, respectively (Moss
et al. 2010). This yielded four generic scenarios, namely Local
Stewardship (RCP 6.0 and SSP2), World Market (RCP 8.5 and
SSP5), National Enterprise (RCP 8.5 and SSP3),and Global
Sustainability (RCP 4.5 and SSP1) (see further in the text), which
differ in their focus on consumerism versus environmental goals,
their local versus global outlook, technological development as
well as on the severity of global warming. In addition, nominal
price projections of future fuel and fish prices taken from Hamon
et al. (2021), based on the macroeconomic general equilibrium
model MAGNET (Woltjer and Kuiper 2014) were assigned to
each of these four scenarios. To account for the uncertainty
around these estimates historical price variability was analyzed
to provide trends corresponding to the lower and higher bounds
of the 95% confidence interval around MAGNET price
projections (Hamon et al. 2021, Pinnegar et al. 2021). These
scenarios have been applied to a suite of different European
fisheries (Hamon et al. 2021) and aquacultures (Kreiss et al. 2020).
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We regionalized these scenarios in order to make them applicable
and relevant to the specific case of the dolphinfish fishery with
both fisheries scientists and managers from the Regional Fisheries
Directorate of the Balearic Islands as previously detailed. These
stakeholders suggested different local management options in
combination with the output from the biological growth model
such as potential changes in landings and the opening date of the
fishing season. Each scenario is envisaged for 2040 till 2059, as
economic and other projections are highly uncertain after that
period. Besides the social and economic implications of the
scenarios described below, each scenario has a biological
component that directly depends on each of the three RCPs.
Essentially (see previous sections), warming at the three RCPs
will impact spawning and growth, and thus the day in the year at
which the average length of the cohort becomes vulnerable to the
FAD fishery. The regionalized scenarios combining all imagined
futures for this fishery were defined as follows.

The Local Stewardship (LS) scenario focuses on conservation
efforts to preserve coastal habitats used by juvenile dolphinfish
(thefished fraction) for feeding. Better control over coastal fishing
practices would improve resource status but dolphinfish out of
reach of coastal artisanal fisheries would not be effectively
managed (including bycatch by long-liners, Macias et al. 2016).
Self-regulation of artisanal fishery and policy incentives for local
consumption would benefit the fishery. However, in the absence
of reliable data on demand, we speculate with a potential 10%
increase in catches under the assumption of enough population
size and incentivization of market consumption.

In the World Markets (WM) scenario, a decline in apex predators
of high value due to fishing (e.g., tunas, valued demersal fish)
could increase prey available to adult dolphinfish. Alternatively,
bycatch mortality from uncontrolled long-liners could increase
the competitiveness of large fishery enterprises that may inundate
local markets and blur local cuisine traditions, thus affecting the
demand for dolphinfish. Most of the value of dolphinfish would
be transferred to the recreational fishery. We speculate with a 10%
decrease in catches, driven by the artisanal fishers, to keep profits.

Under the National Enterprise (NE), environmental degradation
and fishing effort would be contained at levels similar to current
ones. Artisanal fishing activities may benefit because they provide
a relatively considerable number of jobs and because exports and
imports are economically discouraged. Conflicts over the resource
property could arise because of the high mobility of this species
which represents a shared resource (Molto et al. 2020a).
Recreational fisheries would be reduced and national labeling
schemes focusing on sustainability would exist. A potential legal
extension of the fishery period of two weeks (10 fishing days) was
envisaged.

Global Sustainability (GS) would lead to a reduction in fishing
effort on many species, with uncertain consequences for
dolphinfish. Assessment of dolphinfish would be compulsory and
catch quotas would be implemented by the EU and inter-country
management plans in the Western Mediterranean would be
enforced. Reduced fishing pressure on spawners might increase
the size of the stock. Artisanal fishers will be well paid because
the fishery would be sustainable (catches of juveniles) and
extremely selective, with almost no discards. Ecolabeling will add
to these advantages.
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In Table 2 we summarize the changes made to the respective model
nodes under each of the four regionalized scenarios. We
considered low, medium, and high projections on annual global
fuel and fish price from Hamon et al. (2021) leading to a total of
12 scenarios. We used 2015 as a base year and projected prices
until 2050 (the midpoint of the time slice) using nominal values.
There is little difference between projected prices among
scenarios; only between low, medium, and high projections.
Therefore, all fish and fuel prices from 2015 (€6.905/kg and €0.295/
1) were raised to their respective 2050 prices applying the annual
change rates (Table 2) and were attributed to the state in which
they fall with 100% probability. Two exceptions being fish price
under GS which was much lower compared to all the other
scenarios while the price of fuel was higher under NE, respectively.
Here, medium and high fish price projections under GS were
attributed to one state lower, and medium and high fuel price
projections under NE to one state higher than under all other
scenarios. While WM and GS scenarios have identical fuel price
projections (+2.59% annually), NE and LS scenarios have similar
projections on fish price (see Table 2). Taken together, fish and
fuel prices are highest under the NE scenario and lowest under
GS. Hence, WM and LS projections are overall most similar.
Marginal differences between both could not be displayed by the
BBN (both scenario projections were attributed to the same states
for fish and fuel price). However, landings are simulated to
decrease and increase by 10%, respectively. Therefore, all changes
in seasonal profit between these two scenarios can be attributed
to the differences in daily landings. Price projections were given
in nominal prices. Hence, mean labor costs as well as fixed and
variable costs and revenue from bycatch were corrected for
inflation by an annual increase of 2% in all scenarios and were
attributed to the highest state.

For the node “Calendar day at which d. = 20 cm”, probabilities
were updated according to the biological growth model runs
assuming different temperature increases under the respective
RCPs. Essentially, by the end of 2059, increases in SST associated
with RCP 8.5 would advance the date when juvenile dolphinfish
would reach a vulnerable mean length by 10-20 days. Under RCP
4.5, an advance of five to 15 days earlier was predicted.

For each scenario, we calculated the relative change in
profitability, defined as net profit divided by income, compared
to 2015.

RESULTS

The derived BBN representing the key dynamics of the
dolphinfish fishery is presented in Fig. 3, including the posterior
probability distributions of the compiled model. These
distributions reflect the average past conditions of the states of
each node, also referred to as the baseline scenario. Under these
historical conditions, the mean seasonal profit per boat or license
holder was €32,800 with a standard deviation of almost similar
magnitude. In the frame of a BBN, however, the probability
distributions and changes therein are much more meaningful. The
highest probable state for this node indicates that seasonal profit
was between €18,000 and €45,000 with a probability of 44%, while
the probability of earning more than €100,000 was extremely low,
less than 2%, which indicates the potential range and uncertainty
of these numbers.
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Table 2. Summary of the Bayesian Belief Network(BBN) nodes that were adapted under the various scenarios (d.: dolphinfish; RCP:
Representative Concentration Pathway; SSP: Shared Socio-economic Pathway; WM: World Market; NE: National Enterprise; LS:
Local stewardship; GS: Global sustainability). The labor costs, fixed and variable costs as well as the bycatch revenue node (not shown
in this table) were projected by an annual increase of 2% under all 12 scenarios.

BBN nodes
Socio-political scenarios ~ Scenario name Calendar day where Opening of fishing season  Landings Fish price ™' Fuel plriceJr’1
(2041-2060) d. =20cm
World Markets WM_med model output no change 10% decrease +1.57% +2.59%
[RCP 8.5, SSP5] WM_low +0.84% +1.04%
WDM_high +2.31% +4.16%
National Enterprise NE_med model output 2 weeks earlier no change +1.67% +2.89%
[RCP 8.5, SSP3] NE_low +0.94% +1.33%
NE_high +2.41% +4.47%
Local Stewardship LS_med model output no change 10% increase +1.64% +2.61%
[RCP 6.0, SSP2] LS_low +0.91% +1.06%
LS_high +2.37% +4.18%
Global Sustainability GS_med model output no change no change +1.33% +2.59%
[RCP 4.5, SSP1] GS_low +0.60% +1.04%
GS_high +2.06% +4.16%

Annual change rate in nominal value for the period between 2016 and 2050.
'Hamon et al. (2021), Pinnegar et al. (2021)

Changes in the probability distribution of seasonal profit (the
probability of seasonal profit falling into one of the six states S1-
S6 defined in Fig. 4 and Table 1) as well as the relative change in
profitability under each of the four scenarios (WM, NE, GS, LS)
and three price projections (low, medium, high) compared to the
probability distribution and mean value of the baseline scenario
(BL) are summarized in Fig. 4a and 4b, respectively.

The probability of seasonal profit being larger than €100,000
(falling into the highest state; S6, Fig. 4a) was between 2.6% (WM)
to 8% (NE) for low price projections and 23% (GS) to 43.2% (NE)
for high price projections (Fig. 4a). Under all scenarios with low
price projections, probabilities were similar to the baseline
scenario and remained highest between €18,000 and €45,000 (S3).
Under the assumption of medium and high projected prices,
differences between scenarios with a global (GS and WM) versus
a local/national (LS and NE) outlook became apparent. For the
former, the most likely state for seasonal profit to fall in was
between 45,000 and 75,000 (S4). For the latter, both medium and
high price scenarios under LS and the high price scenario under
NE were most likely to yield profits larger than €100,000 (S6).
Under the baseline scenario, total daily costs per boat ranged
between €210 and €280 with a probability of 48.5%, while in the
future, they will likely double to €420 to €562 with probabilities
between 61% and 100%.

The absolute seasonal profit increased in all scenarios ranging
from 18% (WM_low) to 263% (LS_high and NE_high). However,
given that we calculated in nominal values that include inflation
and does not account for value loss, we also looked at relative
changesin daily revenues versus daily costs and the relative change
in profitability. While total costs doubled across all scenarios,
revenues increased asymmetrically from 1.2 to 3 times. In all
scenarios with low price projections, revenues increased less than
the costs leading to a net loss in profit. This was also confirmed
in a decrease in relative profitability ranging from -3.8% under
LS to -12.7% under the WM scenario (Fig. 4b). The GS scenario
with medium price projection showed no change, neither in the

revenue to cost ratio nor in profitability (-0.6% can be interpreted
as no change). For all other scenarios, revenues increased relative
to costs, and profitability improved by 3% (WM_med) to 11.8%
(LS_high). The best profitability performance was achieved under
the LS scenarios followed by NE confirming that scenarios with
a local or national future outlook (LS and NE) outperformed
scenarios with a global focus (WM and GS). Here, the WM
scenarios performed slightly better than GS, except for the low
price projection scenarios.

Our projections revealed that the uncertainty in the derived
economic nodes daily revenue, daily profit, and seasonal profit
was high; standard deviations ranged from 35% to 99%. Also, in
all nodes the most probable states were predicted to occur between
30% and 43% only, indicating an overall likelihood of 70% to 53%
to fall into the five remaining states. Contrarily, uncertainty in the
costs nodes was low.

The sensitivity analysis of the BBN showed that landings and fish
price accounted for 23% and 14% variance reduction in the
“Seasonal profit” node while fuel price only contributed
marginally (0.03%). All management nodes combined account
for 4%. Not surprisingly, the highest reduction in variance was
achieved by the daily profit and revenue node with 74% and 56%,
respectively.

The projected ecological changes, when linked to advancing the
fishing season by two weeks, produced slight changes in seasonal
profits of 12%. Roughly, starting fishing season earlier by two
weeks had the same economic benefit as increasing landings by
10%.

DISCUSSION

Our study provides one of the few examples of a fully quantified
model of a SES related to an artisanal small-scale fishery under
climate and socio-political change. With the help of a profound
scenario analysis, we demonstrated potential stakeholder-elicited
adaptations to the current management system to mitigate future
economic and environmental changes (changes in dolphinfish


https://www.ecologyandsociety.org/vol27/iss1/art43/

Ecology and 8001ety 27(1) 43
ds /vol2

Fig. 3. Bayesian Belief Network(BBN) model describing the key components and interactions of the dolphinfish fishery around
Mallorca Island. Posterior probability distributions of the compiled net are shown for all nodes while colors indicate the different
components of the model (ecological: blue; management: red; yield: orange; economic: grey). Each node is described in Table 1.
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Fig. 4. The probability of seasonal profit falling into one of the
six states (S1: <0€; S2: 0-18.000€; S3: 18.000-45.000€; S4:
45.000-75.000€; S5: 75.000-100.000; S6: >100.000€), and b) the
relative change of profitability compared to the baseline scenario
(BL) under each of the four scenarios (WM: World Market, NE:
National Enterprise, LS: Local stewardship, GS: Global
sustainability) and medium, low, and high price projections
leading to 12 scenarios (e.g., WM_med refers to the World
Market scenario with medium price projections etc.). The
baseline scenario represents the average weighted past conditions.
The percentage for the most probable state under each scenario is
given in 4 a) and the dashed line in 4 b) indicates no change.

a) b)

BL- BL-

WM_med~ WM_med- -
WM_high - WM_high- -
NE_med- NE_med- |
2 NE_low- NE_low-
15 h
§ NE_high- NE_high- H
D LS_med- LS_med- i
LS low- LS low- 1
LS_high- LS_high- b
GS_med- GS_med-
csson- [ s Jow-
GS_high- . GS_high- -
0 2 5 10 5 0 5 10
Probability [%] Change in relative profitability [%]
BsB2BssleHss B s W v B ne B s [ os

growth due to increases in water temperature). These adaptations
leading to improved profitability included advancing the current
opening of the fishery (e.g., LS scenarios) or increasing the landings
by 10% (e.g., NE scenarios). While we focused our model runs on
these adaptations, the model further enables the simulation of
changes in all other main management strategies, such as the
provision of licenses via the number of boats (fishing effort),
adapting the daily landings per boat, or co-deciding a daily quota
system larger than the current 150 kg per boat.

Overall, the NE and LS scenarios outperformed the scenarios with

“global” outlook. This is largely due to the stakeholder choices
in specific management adaptations. Stakeholders felt that only in
these nationally focused scenarios adequate support from
governments would be granted to support this local fishery and
allow for an increase in landings or an extension of the fishing
season despite the fact that the growth model suggested the
feasibility of advancing the fishing season under all scenarios. The
higher increases in fuel costs as predicted under the NE scenarios
did not change the positive outcome under these scenarios. This is
because fuel consumption is moderate and fuel costs are only
associated with visiting FADs close to their base ports instead of
needing to take longer trips in search of fish to catch. Generally, in
small-scale fisheries energy consumption is not the main cost,
contrary to fisheries based on industrial fleets (Guyader et al. 2013).
However, the fishing method is sensitive to severe weather (strong
currents, extreme winds), resulting in FAD loss or impeding gear
deployment, which incurs higher variable cost and loss in revenues.
Climate model projections are highly uncertain for storms and
indicate that for southern Europe these may in fact decrease (Kay
et al. 2018). If additional data would become available this could
easily be incorporated into the model by adapting cost nodes or the
number of fishing days per season.
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Contrary to this, fish price had a significant impact on future
profits and plays a key role in local management regulating
landings to keep prices stable. This was the main reason the GS
scenarios performed less well even though the overall future under
these scenarios would be sustainable. However, fish prices as
predicted by the MAGNET model are projected to decrease the
most under GS. Hence, seasonal profit and profitability under the
GS_med scenario was lower than the WM_med scenario, even
though under this globalized future with limited to no
governmental control a 10% decrease in landings was assumed by
the stakeholders. Given that in all low price projection scenarios
the same state for fish price was assumed, WM_low performed
worse than GS_low.

Even though fish price was predicted to increase only under high
price scenarios (more than the annual average 2% inflation), all
scenarios with medium price projections improved their
profitability buffered by adaptations in management or remained
the same. This suggests that fishers could actually tolerate a slight
decrease in fish prices (in real terms) without threatening the
feasibility of this fishery.

It has to be mentioned that the uncertainty in all scenario
predictions measured by the standard deviation and probability
distributions was high. This is quite common given that the model
was calibrated with fisheries statistics that tend to have a large
range of values and are prone to misreporting. Also, the model
integrates a large range of different data and assumptions of how
different futures may affect this fishery. All results should be
interpreted as indications of possible trends instead of taking
them at face value.

Lastly, due to the lack of estimates on stock abundance, the fishery
is managed via prices instead of stock assessment, which is why
the present model lacks an indicator of abundance. It is thus not
possible to predict the impacts of the scenarios (e.g., changes in
landings or the opening of the fishing season) on the dolphinfish
stock. The General Fisheries Commission of the Mediterranean
(GFCM) has recently started an effort toward the assessment of
the stock via data-limited approaches (FAO 2020b). Until this is
finalized, transitional measures following the precautionary
approach are recommended. Although our model incorporates
some effects of warming on the populations, much needs to be
advanced on, for example, the interaction of this species with
other species in future conditions. Current models suggest
increased biomass of dolphinfish in the Mediterranean by the end
of the century (Moullec et al. 2019).

The overall perception of stakeholders of the BBN was positive.
Not only is there no quantitative stock assessment for this species
but there is also no qualitative approach to examine potential
responses of fish and fishers to climate change (or any other
external stressor). Stakeholders were very proactive in offering
alternative states of the system, particularly giving their opinion
on how fishers would react to sudden increases or decreases in
prices or abundance. They found the overall assumptions made
on the effects of climate change on this fishery reasonable but
were more reluctant to believe that projections (economic, social,
and biological) could be taken too far. They shared that the worst
problem for the fishery is the lack of attractiveness for fishers.
Licenses have decreased by two thirds since 1974 (Barrientos et
al. 2020). Generally, the fisheries in the Balearic Islands have been
declining since the 1950s (Maynou et al. 2013).
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Another issue is the lack of demand. For example, catches cannot
be too high because there is no market yet to absorb them beyond
local consumption. Currently, the fishing season does not last
until the official end of December 31* because even local
consumption patterns shift toward Christmas for other species
(pers. comm., I. Catalan), and autumn storms and declines in
juvenile dolphinfish abundance toward winter make this fishery
less favorable. The stakeholders’ general view was that assuming
dolphinfish would be favored climatically in the coming decades
as predicted by the growth model, only substantial increases in
demand will allow fishers to benefit from a longer fishing season.
If demand cannot be improved, incentives for fishers will be lower
to increase overall landings. Improvements in demand may be
achieved for example, through active marketing campaigns
toward tourists, who may not yet appreciate this local species to
a full extent. This could be achieved through government-
sponsored incentives to consumption, or incentives to process the
fresh product. Further, exporting dolphinfish (which is currently
only consumed locally as a whole, unprocessed fish) to other areas
where the fish is highly appreciated might be considered.

The dolphinfish fishery is comprehensively managed at the local
level, including measures such as a licensing system and
restrictions on how, when, and where to fish that are well
implemented. In a future climate, where not only our biological
models but other projections on phenology (e.g., Asch et al. 2019)
suggest advancements of around two weeks in spawning
phenology, it is likely that the length of the fishing season can be
slightly increased. In this specific case, the advancement of two
weeks could be made at the local/national level by the Agriculture,
Food and Environment Ministry & Fisheries Directorate of
Spain, advised by the fisheries directorate of the regional
government of the Balearic Islands (Orden OAA/1688/2013).
However, the European Union has set a minimum date of
mandatory opening to August 15", Quotas are not in place, but
fishers exert a self-imposed daily quota per boat to control prices.
However, these quotas are no guarantee of price maintenance:
dolphinfish price fluctuated greatly after their establishment
suggesting that the quota did not stabilize the prices (Grau and
Camiiias 2011; Camiiias et al. 2016). In any case, these changes
in quotas should be effectively communicated to managers. It is
likely that multinational (quota) agreements will be required in
the future to manage this shared stock, given the fact that several
nations exploit juvenile dolphinfish using FADs in the
Mediterranean (Molto et al. 2020a). More knowledge on its
population dynamics and stock status is needed to reduce the
uncertainty in the models and assess whether potential future
increases in overall landings are within safe ecological limits.

To summarize, the management system in place has so far assured
the commercial viability of the fishery even in the absence of a
formal stock assessment, likely due to the artisanal small-scale
nature of the fishery targeted only to satisfy local demand.
However, whether fishers are likely to realize climate change-
induced benefits will depend critically on other factors such as
the evolution of other target species, people’s consumption habits
and market dynamics. Market uptake of dolphinfish could be
enhanced by facilitating a certification scheme, improving
branding and marketing of dolphinfish beyond local
consumption while maintaining cultural heritage of the product,
and incentivizing young people to take part in this fishery. This
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will require the assistance of the local government. The strongest
expected changes are therefore more dependent on social,
political, and marketing issues than on projected biological
changes alone.

CONCLUSION

Climate change will no doubt influence fisheries in the decades
to come, often with negative consequences, but as shown here
and in other works, there is room for “winners” (Moullec et al.
2019). However, the usual definition of winners and losers tends
to rely on purely biological components. From a fisheries
perspective, many other factors must be accounted for such as
changes in prices, costs, and demand. Further, future
socioeconomic benefits that may arise for these fisheries can only
be harnessed through adaptive management action stressing the
importance of investing in adaptive capacities of fisheries SES.

Here we provide an example approach that allowed integrating
various data sources to fully quantify an SES associated with the
dolphinfish fishery and its response to plausible scenarios. Our
results show the interconnectedness of many factors that affect
the fisheries’ adaptive capacity, hence here presented as seasonal
profits. Further, we exemplify the relevance to develop a
perception of SES together with selected and knowledgeable
stakeholders.

It is often argued that formal fisheries management objectives
(e.g., MSY) based on traditional stock assessments are
indispensable to managing a fishery. We show here that relatively
data-poor fisheries such as the artisanal small-scale dolphinfish
fishery can be analyzed by integrating different data sources to
circumvent the absence of formal knowledge of stock status to
provide concrete management advice. Further knowledge on
stock abundance, species interactions, and better physical
projections would nevertheless help to improve this probabilistic
approach.

Responses to this article can be read online at:
https://www.ecologyandsociety.org/issues/responses.
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Acknowledgments:

This study received funding from the European Union's Horizon
2020 research and innovation program under grant agreement No
678193 (CERES - Climate change and European Aquatic
Resources). HR was supported in part by the CERES project and
in part by the BMBF-funded project SeaUseTip (funding code:
0I1LC18254-C). AOA was supported by H2020 Marie
Sktodowska-Curie Actions (746361 ). Parts of the work conducted
by IC benefited from the collaboration of the Fundacion
Biodiversidad, from the Ministry for Ecological Transition,
through the PLEAM AR program, co-funded by FEMP. We thank
OPMallorcaMar and Federacio Balear de Confraries de
Pescadors for their support and collaboration. We also thank A.
Grau and F. Riera, from the DG Fisheries of the Balearic Islands,
for their useful inputs. Further, we thank C. Kreiss for useful
discussions on the price projections. Part of the data used in this

Ecology and 8001ety 27(1) 43
ds /vol2

study was obtained from the FAO-Copemed and FAO-Copemed IT
projects  (http:llwww.faocopemed.orgl) as well as the E.U.
Copernicus Marine Service Information.

Data Availability:

The aggregated data and BBN model that support the findings of
this study are openly available at www.openagrar.delreceivel
openagrar_mods_00074060.

LITERATURE CITED

Albouy, C., F. Guilhaumon, F. Leprieur, F. B. R. Lasram, S.
Somot, R. Aznar, L. Velez, F. Le Loc'h, and D. Mouillot. 2013.
Projected climate change and the changing biogeography of
coastal Mediterranean fishes. Journal of Biogeography 40
(3):534-547. https://doi.org/10.1111/jbi.12013

Asch, R. G,, C. A. Stock, and J. L. Sarmiento. 2019. Climate
change impacts on mismatches between phytoplankton blooms
and fish spawning phenology. Global Change Biology 25
(8):2544-2559. https://doi.org/10.1111/gcb.14650

Baeta, M., F. Breton, R. Ubach, and E. Ariza. 2018. A socio-
ecological approach to the declining Catalan clam fisheries. Ocean
and Coastal Management 154:143-154. https://doi.org/10.1016/].
ocecoaman.2018.01.012

Barrientos, N., R. Vaquer-Sunyer, Federacié Balear de Confraries
de Pescadors, Direccidé General de Pesca, Medi Mari, J. Alos, and
P. Oliver. 2020. Flota pesquera. Informe Mar Balear. R. Vaquer-
Sunyer, and N. Barrientos: 104pp.

Benson, A.J.,and R. L. Stephenson. 2018. Options for integrating
ecological, economic, and social objectives in evaluation and
management of fisheries. Fish and Fisheries 19(1):40-56. https://
doi.org/10.1111/faf. 12235

Besbes Benseddik, A., R. Besbes, S. Ezzeddine Najai, and et al.
2015. Cycle reproductif et gamétogenese de la dorade coryphene
Coryphaena hippurus (Coryphaenidae) des eaux tunisiennes.
Cybium 39:47-58.

Brander, K. M. 2007. Global fish production and climate change.
Proceedings of the National Academy of Sciences of the United
States of America 104(50):19709-19714. https://doi.org/10.1073/

pnas.0702059104

Coccoli, C., I. Galparsoro, A. Murillas, K. Piarbasi, and J. A.
Fernandes. 2018. Conflict analysis and reallocation opportunities
in the framework of marine spatial planning: A novel, spatially
explicit Bayesian belief network approach for artisanal fishing
and aquaculture. Marine Policy 94:119-131. https://doi.
org/10.1016/j.marpol.2018.04.015

Durrieu de Madron, X., C. Guieu, R. Sempéré, P. Conan, D.
Cossa, F. D’Ortenzio, C. Estournel, F. Gazeau, C. Rabouille, L.
Stemmann, S. Bonnet, F. Diaz, P. Koubbi, O. Radakovitch, M.
Babin, M. Baklouti, C. Bancon-Montigny, S. Belviso, N.
Bensoussan, B. Bonsang, I. Bouloubassi, C. Brunet, J. F. Cadiou,
F. Carlotti, M. Chami, S. Charmasson, B. Charriére, J. Dachs, D
Doxaran, J. C. Dutay, F. Elbaz-Poulichet, M. El¢éaume, F.
Eyrolles, C. Fernandez, S. Fowler, P. Francour, J. C. Gaertner, R.
Galzin, S. Gasparini, J. F. Ghiglione, J. L. Gonzalez, C. Goyet,



https://www.ecologyandsociety.org/vol27/iss1/art43/
https://www.ecologyandsociety.org/issues/responses.php/12977
https://www.ecologyandsociety.org/issues/responses.php/12977
https://doi.org/10.1111/jbi.12013
https://doi.org/10.1111/gcb.14650
https://doi.org/10.1016/j.ocecoaman.2018.01.012
https://doi.org/10.1016/j.ocecoaman.2018.01.012
https://doi.org/10.1111/faf.12235
https://doi.org/10.1111/faf.12235
https://doi.org/10.1073/pnas.0702059104
https://doi.org/10.1073/pnas.0702059104
https://doi.org/10.1016/j.marpol.2018.04.015
https://doi.org/10.1016/j.marpol.2018.04.015

L. Guidi, K. Guizien, L. E. Heimbiirger, S. H. M. Jacquet, W. H.
Jeffrey, F. Joux, P. Le Hir, K. Leblanc, D. Lefévre, C. Lejeusne,
R. Lemé, M. D. Loye-Pilot, M. Mallet, L. Méjanelle, F. Mélin,
C. Mellon, B. Mérigot, P. L. Merle, C. Migon, W. L. Miller, L.
Mortier, B. Mostajir, L. Mousseau, T. Moutin, J. Para, T. Pérez,
A. Petrenko, J. C. Poggiale, L. Prieur, M. Pujo-Pay, V. Pulido, P.
Raimbault, A. P. Rees, C. Ridame, J. F. Rontani, D. Ruiz Pino,
M. A. Sicre, V. Taillandier, C. Tamburini, T. Tanaka, I. Taupier-
Letage, M. Tedetti, P. Testor, H. Thébault, B. Thouvenin, F.
Touratier, J. Tronczynski, C. Ulses, F. Van Wambeke, V.
Vantrepotte, S. Vaz, and R. Verney. 2011. Marine ecosystems’
responses to climatic and anthropogenic forcings in the
Mediterranean. Progress in Oceanography 91(2):97-166. https:/
doi.org/10.1016/j.pocean.2011.02.003

Eurostat database. https://ec.europa.eu/eurostat/data/database.

FAO. 2019. Coryphaena hippurus (Linnaeus, 1758). Species fact
sheets. http://www.fao.org/fishery/species/3130/en. Accessed 14
February 2019.

FAO. 2020a. The State of Mediterranean and Black Sea Fisheries
2020. Rome, General Fisheries Commission for the
Meditrerranean: 152pp.

FAO. 2020b. Report of the forty-third session of the General
Fisheries Commission for the Mediterranean (GFCM)—Athens.
Greece, 4-8 November 2019. GFCM Report no.43. Rome. https:/
doi.org/10.4060/ca8379%n

Farmani, R., H. J. Henriksen, and D. Savic. 2009. An evolutionary
Bayesian belief network methodology for optimum management
of groundwater contamination. Environmental Modelling &
Software 24(3):303-310. https://doi.org/10.1016/j.envsoft.2008.08.005

Friedman, W. R., B. S. Halpern, E. McLeod, M. W. Beck, C. M.
Duarte, C. V. Kappel, A. Levine, R. D. Sluka, S. Adler, C. C.
O’Hara, E. J. Sterling, S. Tapia-Lewin, I. J. Losada, T. R.
McClanahan, L. Pendleton, M. Spring, J. P. Toomey, K. R. Weiss,
H. P. Possingham, and J. R. Montambault. 2020. Research
Priorities for Achieving Healthy Marine Ecosystems and Human
Communities in a Changing Climate. Frontiers in Marine Science
7(5). https://doi.org/10.3389/fmars.2020.00005

Fronzek, S., T. R. Carter, and K. Jylhi. 2012. Representing two
centuries of past and future climate for assessing risks to
biodiversity in Europe. Global Ecology and Biogeography 21
(1):19-35. https://doi.org/10.1111/5.1466-8238.2011.00695.x

Gatt, M., M. Dimech, and P. Schembri. 2015. Age, Growth and
Reproduction of Coryphaena hippurus (Linnaeus, 1758) in
Maltese Waters, Central Mediterranean. Mediterranean Marine
Science 16:334-345. https://doi.org/10.12681/mms.706

Godfray, H. C. ], J. R. Beddington, I. R. Crute, L. Haddad, D.
Lawrence, J. F. Muir, J. Pretty, S. Robinson, S. M. Thomas, and
C. Toulmin. 2010. Food security: The challenge of feeding 9
billion people. Science 327(5967):812-818. https://doi.org/10.1126/
science. 1185383

Grét-Regamey, A., S. H. Brunner, J. Altwegg, M. Christen, and
P. Bebi. 2013. Integrating expert knowledge into mapping
ecosystem services tradeoffs for sustainable forest management.
Ecology and Society 18(3):34. https://doi.org/10.5751/ES-05800-180334

Ecology and 8001ety 27(1) 43
ds /vol2

Guyader, O., P. Berthou, C. Koutsikopoulos, F. Alban, S.
Demaneche, M. Gaspar, R. Eschbaum, E. Fahy, O. Tully, L
Reynal, O. Curtil, K. Frangoudes, and F. Maynou. 2013. Small
scale fisheries in Europe: A comparative analysis based on a
selection of case studies. Fisheries Research 140:1-13. https://doi.
org/10.1016/j.fishres.2012.11.008

Hamon, K., C. Kreiss, J. Pinnegar, H. Bartelings, J. Batsleer, 1.
Catalan, D. Damalas, J. Poos, S. Rybicki, S. Sailley, V. Sgardeli,
and M. Peck. 2021. Future socio-political scenarios for aquatic
resources in Europe: an operationalized framework for marine
fisheries projections. Frontiers in Marine Science 8(578516).
https://doi.org/10.3389/fmars.2021.578516

Hertig, E., and J. Jacobeit. 2008. Downscaling future climate
change: Temperature scenarios for the Mediterranean area.
Global and Planetary Change 63(2):127-131. https:/doi.

org/10.1016/j.gloplacha.2007.09.003

IPCC. 2001. Climate Change 2001: Synthesis Report. A
Contribution of Working Groups I, II, and III to the Third
Assessment Report of the Integovernmental Panel on Climate
Change. Watson, R.T. and the Core Writing Team (eds.).
Cambridge University Press, Cambridge, United Kingdom, and
New York, NY, USA, 398 pp.

Jara, H. J., J. Tam, B. G. Reguero, F. Ganoza, G. Castillo, C. Y.
Romero, M. Gévaudan, and A. A. Sanchez. 2020. Current and
future socio-ecological vulnerability and adaptation of artisanal
fisheries communities in Peru, the case of the Huaura province.
Marine Policy 119:104003. https://doi.org/10.1016/j.marpol.2020.104003

Katsanevakis, S., V. Stelzenmiiller, A. South, T. K. Serensen, P. J.
S. Jones, S. Kerr, F. Badalamenti, C. Anagnostou, P. Breen, G.
Chust, G. D’Anna, M. Duijn, T. Filatova, F. Fiorentino, H.
Hulsman, K. Johnson, A. P. Karageorgis, I. Kroncke, S. Mirto,
C. Pipitone, S. Portelli, W. Qiu, H. Reiss, D. Sakellariou, M.
Salomidi, L. van Hoof, V. Vassilopoulou, T. Vega Fernandez, S.
Voge, A. Weber, A. Zenetos, and R. ter Hofstede. 2011.
Ecosystem-based marine spatial management: Review of
concepts, policies, tools, and critical issues. Ocean and Coastal
Management 54(11):807-820. https://doi.org/10.1016/].
ocecoaman.2011.09.002

Kay, S., H. Andersson, I. Catalan, K. Eilola, Jorda G, H. Wehde,
and E. Ramirez-Romero. 2018. Projections of physical and
biogeochemical parameters and habitat indicators for European
seas, including synthesis of Sea Level Rise and storminess. H2020
CERES project deliverable D1.3, https://ceresproject.eu/. 64pp.

Kolding, J., C. Béné, and M. Bavinck. 2014. Small-scale fisheries
- importance, vulnerability, and deficient knowledge. Governance
for Marine Fisheries and Biodiversity Conservation: Interaction
and coevolution. S. Garcia, J. Rice and A. Charles. Wiley-
Blackwell. Chichester, West Sussex, UK. https://doi.
org/10.1002/9781118392607.ch22

Kreiss, C., E. Papathanasopoulou, K. Hamon, J. Pinnegar, S.
Rybicki, G. Micallef, A. Tabeau, A. Cubillo, and M. Peck. 2020.
Future Socio-Political Scenarios for Aquatic Resources in
Europe: An Operationalized Framework for Aquaculture
Projections. Frontiers in Marine Science 7(806). https:/doi.
org/10.3389/fmars.2020.568159



https://doi.org/10.1016/j.pocean.2011.02.003
https://doi.org/10.1016/j.pocean.2011.02.003
https://ec.europa.eu/eurostat/data/database
http://www.fao.org/fishery/species/3130/en
https://doi.org/10.4060/ca8379en
https://doi.org/10.4060/ca8379en
https://doi.org/10.1016/j.envsoft.2008.08.005
https://doi.org/10.3389/fmars.2020.00005
https://doi.org/10.1111/j.1466-8238.2011.00695.x
https://doi.org/10.12681/mms.706
https://doi.org/10.1126/science.1185383
https://doi.org/10.1126/science.1185383
https://doi.org/10.5751/ES-05800-180334
https://doi.org/10.1016/j.fishres.2012.11.008
https://doi.org/10.1016/j.fishres.2012.11.008
https://doi.org/10.3389/fmars.2021.578516
https://doi.org/10.1016/j.gloplacha.2007.09.003
https://doi.org/10.1016/j.gloplacha.2007.09.003
https://doi.org/10.1016/j.marpol.2020.104003
https://doi.org/10.1016/j.ocecoaman.2011.09.002
https://doi.org/10.1016/j.ocecoaman.2011.09.002
https://ceresproject.eu/
https://doi.org/10.1002/9781118392607.ch22
https://doi.org/10.1002/9781118392607.ch22
https://doi.org/10.3389/fmars.2020.568159
https://doi.org/10.3389/fmars.2020.568159
https://www.ecologyandsociety.org/vol27/iss1/art43/

Krumhansl, K. A., J. N. Bergman, and A. K. Salomon. 2017.
Assessing the ecosystem-level consequences of a small-scale
artisanal kelp fishery within the context of climate-change.
Ecological Applications 27(3):799-813. https://doi.org/10.1002/
eap.1484

Lasram, F., F. Guilhaumon, C. Albouy, S. Somot, W. Thuiller,
and D. Mouillot. 2010. The Mediterranean Sea as a ‘cul-de-sac’
for endemic fishes facing climate change. Global Change Biology
16:3233-3245. https://doi.org/10.1111/5.1365-2486.2010.02224 .x

Lauerburg, R. A. M., R. Diekmann, B. Blanz, K. Gee, H. Held,
A. Kannen, C. Mollmann, W. N. Probst, H. Rambo, R. Cormier,
and V. Stelzenmiiller. 2020. Socio-ecological vulnerability to
tipping points: A review of empirical approaches and their use
for marine management. Science of The Total Environment
705:135838. https://doi.org/10.1016/j.scitotenv.2019.135838

Laurila-Pant, M., S. Maintyniemi, R. Venesjarvi, and A.
Lehikoinen. 2019. Incorporating stakeholders' values into
environmental decision support: A Bayesian Belief Network
approach. Science of The Total Environment 697:134026. https://
doi.org/10.1016/j.scitotenv.2019.134026

Macias, D., J. Baez, S. Barcelona, S. Saber, J. Caminas, and J. Ortiz
de Urbina. 2016. Revision of Dolphinfish Bycatch in Spanish
Mediterranean Large Pelagic Longline Fisheries, 2000-2014.
CopeMed II-MedSudMed Technical Workshop on Coryphaena
hippurus Fisheries in the Western-Central Mediterranean.
CopeMed II Ocasional Papers: 37.

Maguire, J., M. Sissenwine, J. Csirke, and R. Grainger. 2006. The
state of the world highly migratory, straddling and other high seas
fish stocks, and associated species. FAO Fisheries Technical
Paper. Rome. No. 495:77pp.

Marba, N., G. Jorda, S. Agusti, C. Girard, and C. M. Duarte.
2015. Footprints of climate change on Mediterranean Sea biota.
Frontiers in Marine Science 2(56). https://doi.org/10.3389/
fmars.2015.00056

Marcot, B. G., J. D. Steventon, G. D. Sutherland, and R. K.
McCann. 2006. Guidelines for developing and updating Bayesian
belief networks applied to ecological modeling and conservation.
Canadian Journal of Forest Research 36(12): 3063-3074. https://
doi.org/10.1139/x06-135

Marcot, B. G. 2012. Metrics for evaluating performance and
uncertainty of Bayesian network models. Ecological Modelling
230: 50-62. https://doi.org/10.1016/j.ecolmodel.2012.01.013

Massuti, E., and B. Morales-Nin. 1995. Seasonality and
reproduction of dolphin-fish (Coryphaena hippurus) in the
Western Mediterranean. Scientia Marina 59(3-4):357-364.

Massuti, E., and B. Morales-Nin. 1997. Reproductive biology of
dolphin-fish (Coryphaena hippurus L.) off the island of Majorca
(western Mediterranean). Fisheries Research 30(1-2):57-65.
https://doi.org/10.1016/S0165-7836(96)00562-0

Maynou, F., B. Morales-Nin, M. Cabanellas-Reboredo, M.
Palmer, E. Garcia, and A. Grau. 2013. Small-scale fishery in the
Balearic Islands (W Mediterranean): A socioeconomic approach.
Fisheries Research 139: 11-17. https://doi.org/10.1016/].
fishres.2012.11.006

Ecology and 8001ety 27(1) 43
ds /vol2

McCann, R. K., B. G. Marcot, and R. Ellis. 2006. Bayesian belief
networks: Applications in ecology and natural resource
management. Canadian Journal of Forest Research 36
(12):3053-3062. https://doi.org/10.1139/x06-238

Molté, V., P. Hernandez, M. Sinopoli, A. Besbes-Benseddik, R.
Besbes, A. Mariani, M. Gambin, F. Alemany, B. Morales-Nin,
A. Grau, J. Caminas, J. Baez, M. Vasconcellos, L. Ceriola, and I.
Catalan. 2020a. A Global Review on the Biology of the
Dolphinfish (Coryphaena hippurus) and its Fishery in the
Mediterranean Sea: Advances in the Last Two Decades. Reviews
in Fisheries Science & Aquaculture 28(3):376-420. https://doi.
org/10.1080/23308249.2020.1757618

Molté, V., A. Ospina-Alvarez, M. Gatt, M. Palmer, and 1. A
Catalan. 2020b. A Bayesian approach to recover the theoretical
temperature-dependent hatch date distribution from biased
samples: the case of the common dolphinfish (Coryphaena
hippurus). arXiv:2004.01000v2.

Molto, V., M. Palmer, A. Ospina-Alvarez, S. Pérez-Mayol, A. B.
Benseddik, M. Gatt, B. Morales-Nin, F. Alemany, and 1. A.
Catalan. 2021. Projected effects of ocean warming on an iconic
pelagic fish and its fishery. Scientific Reports 11(1):8803. https://
doi.org/10.1038/s41598-021-88171-1

Morales-Nin, B., M. Stefano, A. Potoschi, E. Massuti, P. Rizzo,
and S. Gancitano. 1999. Differences between the sagitta, lapillus
and vertebra in estimating age and growth in juvenile
Mediterranean dolphinfish (Coryphaena hippurus). Scientia
Marina 63(3-4):327-336. https://doi.org/10.3989/scimar.1999.63n3-1637

Morales-Nin, B., M. Linde, and M. Valls. 2005. The Dolphinfish
fishery in Majorca Island. Report 2004. Illes Balears, Spain, FAO-
COPEMED.

Morales-Nin, B., Cannizzaro L, and Massuti E, et al. 2000. An
overview of the FADs fishery in the Mediterranean Sea. Proc
Tuna Fish Fish Aggregating Devices Symp 184-207.

Moss, R. H., J. A. Edmonds, K. A. Hibbard, M. R. Manning, S.
K. Rose, D. P. van Vuuren, T. R. Carter, S. Emori, M. Kainuma,
T.Kram, G. A. Meehl, J. F. B. Mitchell, N. Nakicenovic, K. Riahi,
S. J. Smith, R. J. Stouffer, A. M. Thomson, J. P. Weyant, and T. J.
Wilbanks. 2010. The next generation of scenarios for climate
change research and assessment. Nature 463(7282):747-756.
https://doi.org/10.1038/nature08823

Moullec, F., N. Barrier, S. Drira, F. Guilhaumon, P. Marsaleix,
S. Somot, C. Ulses, L. Velez, and Y. J. Shin. 2019. An End-to-End
Model Reveals Losers and Winners in a Warming Mediterranean
Sea. Frontiers in Marine Science 6(345). https://doi.org/10.3389/
fmars.2019.00345

Mulazzani, L., R. Trevisi, R. Manrique, and G. Malorgio. 2016.
Blue Growth and the relationship between ecosystem services and
human activities: The Salento artisanal fisheries case study. Ocean
and Coastal Management 134:120-128. https://doi.org/10.1016/].
ocecoaman.2016.09.019

Naranjo-Madrigal, H., I. van Putten, and A. Norman-Lopez.
2015. Understanding socio-ecological drivers of spatial
allocation choice in a multi-species artisanal fishery: A Bayesian
network modeling approach. Marine Policy 62:102-115. https:/
doi.org/10.1016/j.marpol.2015.09.003



https://doi.org/10.1002/eap.1484
https://doi.org/10.1002/eap.1484
https://doi.org/10.1111/j.1365-2486.2010.02224.x
https://doi.org/10.1016/j.scitotenv.2019.135838
https://doi.org/10.1016/j.scitotenv.2019.134026
https://doi.org/10.1016/j.scitotenv.2019.134026
https://doi.org/10.3389/fmars.2015.00056
https://doi.org/10.3389/fmars.2015.00056
https://doi.org/10.1139/x06-135
https://doi.org/10.1139/x06-135
https://doi.org/10.1016/j.ecolmodel.2012.01.013
https://doi.org/10.1016/S0165-7836(96)00562-0
https://doi.org/10.1016/j.fishres.2012.11.006
https://doi.org/10.1016/j.fishres.2012.11.006
https://doi.org/10.1139/x06-238
https://doi.org/10.1080/23308249.2020.1757618
https://doi.org/10.1080/23308249.2020.1757618
https://doi.org/10.1038/s41598-021-88171-1
https://doi.org/10.1038/s41598-021-88171-1
https://doi.org/10.3989/scimar.1999.63n3-1637
https://doi.org/10.1038/nature08823
https://doi.org/10.3389/fmars.2019.00345
https://doi.org/10.3389/fmars.2019.00345
https://doi.org/10.1016/j.ocecoaman.2016.09.019
https://doi.org/10.1016/j.ocecoaman.2016.09.019
https://doi.org/10.1016/j.marpol.2015.09.003
https://doi.org/10.1016/j.marpol.2015.09.003
https://www.ecologyandsociety.org/vol27/iss1/art43/

Nurse, L. A. 2011. The implications of global climate change for
fisheries management in the Caribbean. Climate and
Development 3(3):228-241. https://doi.org/10.1080/17565529.2011.603195

O’Neill, B. C., E. Kriegler, K. Riahi, K. L. Ebi, S. Hallegatte, T.
R. Carter, R. Mathur, and D. P. van Vuuren. 2014. A new scenario
framework for climate change research: the concept of shared
socioeconomic pathways. Climatic Change 122(3): 387-400.
https://doi.org/10.1007/s10584-013-0905-2

Palmer, M., B. Tolosa, A. M. Grau, M. d. M. Gil, C. Obregon,
and B. Morales-Nin. 2017. Combining sale records of landings
and fishers knowledge for predicting métiers in a small-scale,
multi-gear, multispecies fishery. Fisheries Research 195:59-70.
https://doi.org/10.1016/j.fishres.2017.07.001

Peck, M., 1. Catalan, D. Damalas, M. Elliott, J. Ferreira, K.
Hamon, P. Kamermans, S. Kay, C. KreiB, J. Pinnegar, S. Sailley,
and N. Taylor. 2020. Climate change and European Fisheries and
Aquaculture: ‘CERES' Project Synthesis Report. Hamburg.

Perry, A. L., P. J. Low, J. R. Ellis, and J. D. Reynolds. 2005.
Ecology: Climate change and distribution shifts in marine fishes.
Science 308(5730):1912-1915. https://doi.org/10.1126/science.1111322

Pinnegar, J. K., K. G. Hamon, C. M. Kreiss, A. Tabeau, S. Rybicki,
E. Papathanasopoulou, G. H. Engelhard, T. D. Eddy, and M. A.
Peck. 2021. Future Socio-Political Scenarios for Aquatic
Resources in Europe: A Common Framework Based on Shared-
Socioeconomic-Pathways (SSPs). Frontiers in Marine Science 7
(568219). https://doi.org/10.3389/fmars.2020.568219

Polasky, S., S. R. Carpenter, C. Folke, and B. Keeler. 2011.
Decision-making under great uncertainty: environmental
management in an era of global change. Trends in Ecology &
Evolution 26(8):398-404. https://doi.org/10.1016/j.tree.2011.04.007

Pranovi, F., A. Caccin, P. Franzoi, S. Malavasi, M. Zucchetta,
and P. Torricelli. 2013. Vulnerability of artisanal fisheries to
climate change in the Venice Lagoona. Journal of Fish Biology
83(4):847-864. https://doi.org/10.1111/jfb.12124

Quigley, D. T. G., and K. Flannery. 1996. mCommon Dolphin-
Fish Coryphaena Hippurus L. in Irish and Other North-Eastern
Atlantic Waters. The Irish Naturalists’ Journal 25(7):260-263.

Salgueiro-Otero, D., and E. Ojea. 2020. A better understanding
of social-ecological systems is needed for adapting fisheries to
climate change. Marine Policy 122:104123. https:/doi.
org/10.1016/;.marpol.2020.104123

Sperotto, A., J-L. Molina, S. Torresan, A. Critto, and A.
Marcomini. 2017. Reviewing Bayesian Networks potentials for
climate change impacts assessment and management: A multi-
risk perspective. Journal of Environmental Management
202:320-331. https://doi.org/10.1016/j.jenvman.2017.07.044

Stelzenmiiller, V., J. Lee, E. Garnacho, and S. 1. Rogers. 2010.
Assessment of a Bayesian Belief Network-GIS framework as a
practical tool to support marine planning. Marine Pollution
Bulletin 60(10):1743-1754. https://doi.org/10.1016/1.marpolbul.2010.06.024

Stelzenmiiller, V., T. Schulze, H. O. Fock, and J. Berkenhagen.
2011. Integrated modelling tools to support risk-based decision-

Ecology and 8001ety 27(1) 43
ds /vol2

making in marine spatial management. Marine Ecology-Progress
Series 441:197-212. https://doi.org/10.3354/meps09354

Stelzenmiiller, V., P. Breen, T. Stamford, F. Thomsen, F.
Badalamenti, A. Borja, L. Buhl-Mortensen, J. Carlstom, G.
D’Anna, N. Dankers, S. Degraer, M. Dujin, F. Fiorentino, I.
Galparsoro, S. Giakoumi, M. Gristina, K. Johnson, P. J. S. Jones,
S. Katsanevakis, L. Knittweis, Z. Kyriazi, C. Pipitone, J.
Piwowarczyk, M. Rabaut, T. K. Serensen, J. van Dalfsen, V.
Vassilopoulou, T. Vega Fernandez, M. Vincx, S. Voge, A. Weber,
N. Wijkmark, R. Jak, W. Qiu, and R. ter Hofstede. 2013.
Monitoring and evaluation of spatially managed areas: A generic
framework for implementation of ecosystem based marine
management and its application. Marine Policy 37(0):149-164.
https://doi.org/10.1016/j.marpol.2012.04.012

van Putten, I., A. Lalancette, P. Bayliss, D. Dennis, T. Hutton, A.
Norman-Lopez, S. Pascoe, E. Plaganyi, and T. Skewes. 2013. A
Bayesian model of factors influencing indigenous participation
in the Torres Strait tropical rocklobster fishery. Marine Policy
37:96-105. https://doi.org/10.1016/j.marpol.2012.04.001

Woltjer, G. B., and M. H. Kuiper. 2014. The MAGNET Model:
Module Description. Wageningen: LEI Wageningen UR, 144pp.



https://doi.org/10.1080/17565529.2011.603195
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.1016/j.fishres.2017.07.001
https://doi.org/10.1126/science.1111322
https://doi.org/10.3389/fmars.2020.568219
https://doi.org/10.1016/j.tree.2011.04.007
https://doi.org/10.1111/jfb.12124
https://doi.org/10.1016/j.marpol.2020.104123
https://doi.org/10.1016/j.marpol.2020.104123
https://doi.org/10.1016/j.jenvman.2017.07.044
https://doi.org/10.1016/j.marpolbul.2010.06.024
https://doi.org/10.3354/meps09354
https://doi.org/10.1016/j.marpol.2012.04.012
https://doi.org/10.1016/j.marpol.2012.04.001
https://www.ecologyandsociety.org/vol27/iss1/art43/

Appendix 1

Background material on temperature projections

The physical model used to calculate present and future surface water temperature is the
Proudman Oceanographic Laboratory Coastal Ocean Modelling System (POLCOMS, (Holt and
James 2001), which is a baroclinic three dimensional model with the ability to run in regions
which include both the deep ocean and the continental shelf using 40 sigma layers. The model
was provided by PML, UK (Kay et al. 2018) and has been validated for surface values in the
Mediterranean (Ramirez-Romero et al. 2020). Within the frame and efforts of an EU project
(CERES, https://ceresproject.eu/), projections for the RCPs were made using data from the global
climate model MPI-ESM-LR (http://www.mpimet.mpg.de/en/science/models/mpi-esm.html) and
downscaled to regional climate model. Model data from surface temperatures for present runs
(average 2006-2016) was corrected for bias for each week (typically 0.3-1°C) using satellite data
for the same period (CMEMS, scaled to model resolution), by differentiation of average
temperatures (modelled — observed). This was conducted averaging a grid of approx. 200km
(bounded by 40.5N - 2E, 38.75N, 4.25E) km around the Balearic Islands, which was taken as
representative of the thermal conditions for the spawning area. The projection of warming in the
different RCPs was averaged for the decade 2041-2060 (referred to as 2050).
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