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Abstract: Harmful and toxic algal blooms (HABs) are an increasing concern for marine social-
ecological systems. These unpredictable events threaten human health and may affect the viability
of economic activities such as shellfish fisheries due to harvesting bans. Monitoring and early
warning systems are developed to support management decisions to mitigate and reduce impacts.
Nevertheless, HAB alert systems currently only focus on the environmental dimensions to identify the
risk of bloom occurrences. Other socioeconomic dimensions associated with HABs are generally not
taken into account to support decision making. Integrating information on the economic risk of HABs
and on adaptive strategies of impacted communities would provide essential insights for decision
makers. This study presents an analysis of how the potential impacts of HAB-related restrictions on
economic activities can be effectively assessed to support decision making. A vulnerability-based
approach is developed and applied to the case study of the French scallop fishery in the eastern
English Channel. The results showed clear differences in vulnerability patterns between the studied
fishing fleets despite their similar exposure. This is associated with the heterogeneity in individual
characteristics in terms of sensitivity level and adaptive strategies. This research highlights the
important effect of social factors such as adaptation in the magnitude of HAB impacts and supports
the relevance of the vulnerability approach in the assessment of socioeconomic impacts of such
events. Combining environmental and socioeconomic factors through a composite index can bridge
the existing gaps in addressing and mitigating HAB impacts.

Keywords: HAB; vulnerability; impact; fishery; closure; sensitivity; exposure; adaptive capacity;
mitigation; decision-making

1. Introduction
1.1. Background and Aim of the Study

In the context of global issues, many fisheries in the world are facing several ecological,
economic and social issues that threaten their sustainability and challenge the governance
and the management system [1,2]. The degradation of marine environment is one of the
most important issues that affect the ecosystems’ properties and condition the functioning
of the fishing activities and their management. In particular, harmful algal blooms (HABs)
are one of the pressures that may affect marine ecosystems and produce negative impacts
on human health and wellbeing [3]. These natural and unpredictable phenomena represent
a growing concern for fishing communities all around the world [4-8]. When they occur,
toxic blooms can contaminate marine organisms such as shellfish and lead the management
authorities to implement commercial bans in order to avoid the consumption of contami-
nated seafood and protect human health. This mitigation strategy is still the most adopted
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in many countries around the world in order to manage HAB risks and impacts [9-12].
Based on routine monitoring programmes, this management strategy consists of adapting
to the occurrences of blooms and implementing a set of measures and restrictions based
on risk analysis [9,13-15]. These management measures can generate economic impacts
on fisheries-dependent activities and threaten their sustainability [8,16,17]. In addition to
economic impacts, these access bans to HAB-affected areas can also have non-economic
impacts including ecosystem services that have social or cultural value, and affect the
recreation activities and the wellbeing of coastal communities [7,8,18].

Whether based on mitigation or on other strategies, HAB risk-management systems
aim to reduce both sanitary and socioeconomic impacts [15]. However, the particularities
of HAB phenomena (i.e., their hazardous and random nature as well as their spatial
evolution) and the affected activities make it challenging to achieve this objective. Early
warning systems based on remote sensing are among the multiple and emerging monitoring
methods developed to provide information on HAB occurrences and toxins in order to
assist the management decisions [19]. Despite their high spatial resolution and the relevant
information that they can provide, these systems only focus on environmental dimensions,
i.e., they only express the risk of HAB occurrences and not toxicity and its associated
socioeconomic consequences, which makes them not effective enough to support decision
making. An alert system that considers both HAB occurrences/ toxicities and socioeconomic
risks is essential to improve the efficiency of management actions. To integrate social
and economic dimensions of HAB into such systems, a thorough understanding of the
associated impacts and responses of stakeholders is necessary.

Many studies have been carried out on HAB impacts. The aim of these research
efforts is to support decision making and policies in order to mitigate and reduce HAB
consequences [20,21]. However, the majority of these studies mainly focuses on aggregate
monetary assessments of economic losses associated with HAB occurrences [3,22,23]. There
are still very few studies focusing on the integration of social issues in impact assessments
in the literature despite their recent increases. In addition, there is no specific impact
assessment concerning the French fisheries. A few works have been conducted on HAB
costs but they only concerned limited areas or have been aggregated to other areas such as
the research conducted by Hoagland and Scatasta (2006) [23] on HAB-related costs in the
EU zones.

Social factors, in particular the characteristics and behaviours of communities, have
an important role in the way in which individuals may be affected. These social factors
may explain the variability of HAB impacts and the complexity of their assessments. It is
recognised in the literature that adaptive strategies allowing impact mitigation, despite
their potential costs, contribute (in the short or long term) to minimising the economic
losses of HABs, which induce overestimations or biases in HAB cost assessments in some
cases [3,22,24]. In the case of fisheries, during HAB events and harvest closures, moving to
other fishing areas or changing the target species could be an alternative strategy to reduce
the economic loses. But, these strategies depend on the individual capacity to adapt, taking
into account economic, institutional and social constraints. Moreover, according to many
studies, harvesting bans can have a positive effect on fisheries. As some phycotoxins do not
directly affect shellfish and their commercialisation may be authorised after decontamina-
tion [25], the closed areas may become fishery reserves allowing fishermen to compensate
their short-term losses after the fishing areas are reopened [3,26].

Taking into account all these risk avoiding strategies and their individual variability,
the impact level is significantly different from assessments only based on monetary evalua-
tions of short-term losses. Recent studies on HAB impacts highlight therefore the relevance
of considering individual and collective responses and behaviours of the HAB-affected
communities in impact assessments [8,14,27]. This can allow for a better understanding of
the impacts and provide valuable insights into decision making and HAB mitigation. In
the same way as all disturbances and consequences related to natural disasters, the degree
of HAB impact depends on many factors, which are mostly related to the adequacy of the
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implemented management system and the socioeconomic characteristics of the impacted
populations, and not only to the severity of HAB events [8]. These factors include the
frequency of HAB toxic events and restrictions duration, the communities” dependency
on the resource exposed to contaminations, and their ability to avoid or reduce the asso-
ciated impacts. This defines the concepts of the communities” exposure to unfavourable
conditions (HAB), their sensitivity to experiencing this risk, and finally, their capacity to
adapt in order to minimise the resulting consequences. Many studies highlighted that in
the case of HAB effects on human health, the level of impacts is positively correlated with
the severity of HAB events [28,29]. However, in the case of coastal-dependent activities
such as fisheries, the extent of harm due to HABs is not necessarily proportional to the
severity of these events, because communities” sensitivity and responses vary according
to their individual characteristics, which leads to differences in vulnerability patterns [27].
Hence, even though their exposure to the HAB risk is similar, some communities may be
highly impacted compared to others. This link between HAB severity and socioeconomic
properties and responses to management strategies is rarely addressed in the literature
about HAB impact assessments. It can then result in a different distribution of impacts
according to fleet segments.

Vulnerability to natural disasters varies frequently over time [30]. This is due to the
spatial and temporal variability of both the exposure of communities to risks and their
associated responses. Existing research carried out on socioeconomic dimensions of HAB
consequences only focus on some specific events, generally the most affecting occurrences.
This reflects thus a state at a specific moment and provides limited information on adaptive
strategies that does not allow the integration of dynamic processes, which are important to
decision making. The temporal and spatial trends and the evolution of HAB impacts are
not yet investigated in the literature. The development of an assessment framework based
on the vulnerability approach and the analysis of the evolution of communities’ responses
can meet these needs.

This paper addresses the socioeconomic impacts of toxic algal blooms on fishing
activity in the English Channel using a vulnerability analysis framework. This approach,
usually used to assess impacts of natural disasters resulting from climate change, is applied
to the case of socioeconomic impacts of HABs on fishing-dependent communities. The aim
of this paper is to assess the impact breadth of HAB-related closures on the French fishing
activity. Using the vulnerability framework, this study focuses on the case of the scallop
fishery and has two main objectives. The first one is to identify which fishing communities
are more likely to be vulnerable to these closures. The second objective is to analyse the
spatial and temporal evolution of fishers’ vulnerability and understand which factors are
contributing to these trends.

1.2. The Case Study of the Scallop Fishery Faced with HAB Toxicity Events in the Eastern
English Channel

The French coasts of the eastern English Channel are rich in biodiversity [31]. This
biodiversity has made this area a home of multiple activities and constitute the support
of many fisheries, in particular the scallop fisheries, which represents the main target
species for coastal communities in this area [32]. In France, the scallop fisheries are strictly
regulated and subject to specific operating conditions through compulsory management
measures implemented particularly in the classified shellfish bed of the Bay of Seine (zones
1 to 5 in Figure 1). This management consists of a set of access rules and technical measures
that aim to manage and preserve this fishery resource [33]. On the other hand, this area
has been one of the spots of harmful and toxic algal blooms for several decades. The three
main groups of toxic species identified in these blooms are Dinophysis, Pseudo-nitzschia and
Alexandrium, which, respectively generate toxins causing diarrheic (DSP), amnesic (ASP),
and paralytic (PSP) shellfish poisoning. The monitoring of these phytoplankton and their
accumulated toxins in marine organisms is mandatory in France in the framework of the
official sanitary monitoring system [25]. The regulatory thresholds for toxic phytoplankton
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biomass and their toxin concentrations are set in the European regulations (Regulation
(EC) N°853/2004 of 29 April 2004 (Annex III, Section VII, Chapter V)). According to the
monitoring data, Dinophysis and Pseudo-nitzschia blooms are frequent in the eastern English
Channel causing shellfish toxicity every year. In 2004, the abundance of Dinophysis reached
803,000 cells per litre of water in the Bay of Seine. For a taxon that has never proliferated at
high biomasses in France (<10,000 cells/L), this concentration is a national record for at
least the past thirty years [25]. For Pseudo-nitzschia, this area has experienced two major
episodes of very high shellfish toxicities, one in 2004 and the other in 2012.
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Figure 1. Location map of the study area (zones from 1 to J represent the scallop fishing areas. Zones
1,2,3,4 and 5 are called Bay of Seine, zones 6,7, 8, and 9 are called Proche exterieur, zones from 10 to ]
are called Outside the Bay of Seine or offshore zones). Note: The delimitation of the scallop fishing areas
was revised in 2021, and zones from 1 to J are therefore no longer current. However, the approach
and analysis in this study are still applicable to the new delimitations.

Since 2003, scallops have been frequently affected by HAB toxins, leading to commer-
cial bans when the concentration of toxins is higher than the regulatory thresholds defined
in the European regulation. The dynamics of HAB events and their toxicity have led to the
adaptation of management strategies and the responses of fishing communities. If fisheries
management in the English Channel is facing multiple environmental, socioeconomic, and
institutional issues, HAB events have become a major issue for the sustainability of the
fishery over the last decades. In this context, the exposure of such an important fishery
to an unpredictable HAB risk may have significant socioeconomic impacts. A detailed
understanding of the fishery activity and the vulnerability of fishing communities to HABs
is therefore needed to support the management of this risk.

2. Materials and Methods

The population studied in this paper concerns fishers targeting scallops in the eastern
English Channel, i.e., the ICES area 7.d (Figure 1). Database concerns all vessels using
dredges (exclusive or polyvalent) and which catch more than 1 kg of scallops via fishing
trips. In France, these vessels are structured in four fleet categories according to the typology
defined by the IFREMER'’s Fisheries Information System (French national monitoring



Sustainability 2023, 15, 12379

50f22

network for the observation of marine resources and the monitoring of professional fishing
fleets), which is adapted to the framework of the European programme of fleets economic
performance (Table 1). The objective of this typology is to manage the heterogeneity
of fishing vessels and to classify them into groups or segments having similar fishing
techniques and strategies as well as homogeneous economic characteristics [34,35]. In this
work, the size segmentation is different from that used in the fleet typology of IFREMER,
the French Institute of Marine Research. This segmentation is based on scallop management
regulations concerning the maximum scallop quantity (quota) allowed per landing (Section
8 of the decree n°0191 of 21 August 2018), according to the exploitation conditions, which
depend on the technical characteristics of vessels (e.g., length, width, and type of the
vessel) [36].

Table 1. Active fishing fleets targeting scallops in the eastern English Channel in 2020 (236 vessels).

Qs Maximum
Fleet Class Fleet Sub-Class Vessel’s Size Quantity/Landing *
Trawlers—Dredgers <I5m 1800 kg
194 Is (82%) >15m and <16 m 2000 kg
Traw] vesseis (oc7 >16m 2200 kg
rawiers Trawlers using <15m 1800 kg
passive gears >15m and <16 m 2000 kg
3 vessels (1%) >16m 2200 kg
Exclusive Dredgers <l5m 1800 kg
>15m and <16 m 2000 kg
30 vessels (13%)
>16 m 2200 kg
Dredgers
<15m 1800 kg
Polyvalent Dredgers
9 vessels (4%) >15mand <16 m 2000 kg
>16 m 2200 kg

* Daily quotas based on 4 fishing days per week.

The potential socioeconomic impact of HABs on a scallop-dependent fishery is related
to the potential loss of income due to fishing closures during toxicity events. These effects
depend mainly on the specific characteristics and activity strategies of each fishing company.
In this paper, the vulnerability approach is used to address the social and economic issues
induced by HAB-related fishing closures, and aims to (1) have a better understanding of
how fleet segments are affected, and (2) measure the degree to which these fleet segments
are likely to be impacted due to their exposure closures.

Vulnerability is a concept that describes the susceptibility of exposed elements or
systems (e.g., ecosystems, human communities, and activities) to experience losses or
negative consequences due to a hazard event [30,37—40]. It refers to a situation resulting
from a combination of environmental, physical, economic, and social factors [39,41]. The
vulnerability analysis is a framework primarily applied to climate change issues. This
approach is increasingly extended to other contexts and issues related to social-ecological
systems, but the purpose is still the assessment of the extent of hazard impacts and the
adaptive capacity of the exposed elements [42]. The aim of vulnerability assessments and
analysis is to inform and assist decision making [43].

Various methods and tools are used in the vulnerability analyses [42]. In this study,
indicator-based method and mapping were chosen to measure and analyse the vulnerability
of fishers and its spatial and temporal trends. It consists of constructing, calculating, and
then spatializing the vulnerability composite index (Figure 2). This approach highlights
the importance of measuring the spatial effects, which is rarely considered in impact
assessments, to achieve a more comprehensive and in-depth understanding of the dynamics
of HAB impacts and communities’ responses.
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Figure 2. Process of the vulnerability index construction and mapping.

There are different methods used to define and calculate the vulnerability index, but
all these methods are based on three components or dimensions: exposure, sensitivity,
and adaptive capacity [43] (Figure 3). Exposure and sensitivity determine the potential
impact associated with HAB events [43]. A long-term closure (exposure) of an area highly
frequented by fishing vessels, which depend on scallop production (sensitivity) could thus
result in additional costs and production losses (potential impact). This potential impact
can be reduced by the adaptive responses, and contribute to measure the degree of the

vulnerability to HABs.

Adaptive capacity

Vulnerability

Figure 3. Vulnerability dimensions.

2.1. The Vulnerability Components
2.1.1. Exposure

Potential impact

The exposure is defined as the condition of being subject to negative effects resulting
from a given hazard [44]. According to the IPCC (Intergovernmental Panel on Climate
Change), it is also defined by the magnitude of the hazard [45].



Sustainability 2023, 15, 12379

7 of 22

Exposure

category; (

Toxic algal blooms can affect fisheries in many ways, both directly and indirectly.
The direct effects include impacts on the exploited species, which lead to economic loss
related to changes in species physiology, behaviour, reproduction and recruitment, causing
abundance issues or mortalities [46]. In our case study, the exposure of fishers to toxic
algal blooms is related to the indirect impacts, as scallops are not directly affected by
HAB toxins but can accumulate them and threaten the consumers” health. The nature
of fishers” exposure to HABs is therefore linked to the measures implemented to protect
human health. Exposure describes then the fact that fishing fleets are confronted with
closures of production areas due to scallops’ contamination by phycotoxins and refers to
the magnitude of these closures.

Here, the exposure is measured based on an indicator defined from the rate of lost
working days related to fishing bans due to HAB events. This indicator was calculated
using data on administrative closures (legal decrees) and scallop fishing periods, provided
by the DIRM-MEMN (Direction Inter-régionale de la Mer Manche Est—Mer du Nord:
administration in charge of the implementation of management measures regarding HAB
events in the eastern English Channel). Data on area closures contain information about
the date and duration of closures in number of days structured by production zones and
fishing seasons between 2012 and 2019. Data on fishing periods refer to the fishing calendar
indicating the dates of the beginning and the closing of scallop fishing season for each
production area as defined in regulation. The rate of lost working days due to HAB-
related closures was calculated for each vessel category, production area, and fishing season
as the duration of closures in days divided by the total days authorised for the fishing
season (Equation (1)).

Duration of closures (zone,), (seasons)
Duration of the fishing season (zone;,), (seasons)

zone;), (seasong) =

)

2.1.2. Sensitivity

Sensitivity refers to the susceptibility to experience harm and negative effects resulting
from the exposure to a given risk, and the degree to which an exposed system is affected [44,45].
If exposure is resulted from external and uncontrolled factors (natural, institutional, etc.),
sensitivity depends on the characteristics of the exposed system (scallop fishing fleets) [44].
The identification of variables used to describe the fishers’ sensitivity is therefore based on
the analysis of their characteristics. Thus, the sensitivity of scallop fishers to HAB-related
closures is defined by their dependency to both scallop production and scallop fishing zone
likely to be closed. In this paper, only economic dependency was considered. The dependency
indicator is defined as the scallop contribution in total revenues of each vessel category. It was
calculated as the scallop production (catch value) divided by the total production of the vessel
category (all captured species) in each fishing area (Equation (2)).

()

e ~ Scallop production (zone,), (seasons)
Sensitivity eytegory, (20ney), (seasons) = Value of total landings (zone,), (seasons)

Data used to calculate the sensitivity indicator were obtained from the Fisheries
Information System of IFREMER. These data represent landings in volume and value,
structured by year, week, fishing fleet category, species, and fishing zone (Table 2). As
scallop fishing is a seasonal activity in France (from October to May), the variable “fishing
season” was added to the data table, based on the fishing calendar of scallops provided by
the management administration.
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Table 2. Data used to calculate sensitivity and adaptive capacity indicators.

Variable Description
Week 1 to 52.
Fishing season From 2012-2013 to 2018-2019.

The fleet categories are defined as the
combinations of the vessel’s length and fishing

Fishing fleet category technique (fleet sub-class). There were
12 vessel categories defined for this study.
. This variable includes 3 levels: “Scallops”,
Species

“Other shellfish”, and “Other species”.

Fishing zones refer to the 17 scallop fishing
areas as defined in Figure 1.

Fishing zone

Quantity Fishing quantity (kg).
Value Fishing value (EUR).

2.1.3. Adaptive Capacity

Adaptive capacity results from the ability to respond and to develop alternatives in
order to reduce or moderate harm [45]. It is defined as the process of adjustment and
development of behavioural characteristics that enable communities to cope with changes
in order to insure their incomes and wellbeing [47]. Based on fishing strategies in the
English Channel, the adaptive capacity of each vessel category was assessed through two
variables associated with fishers’ flexibility. This flexibility refers first to fishermen’s level
of polyvalence or their catches diversity, which means their ability to target other species in
addition to scallops (strategy or capacity 1). Second, it refers to the spatial distribution of
scallop vessels and their capacity to change fishing grounds during ban periods (strategy
or capacity 2). The level of polyvalence of fishers was calculated as the production of other
species divided by the total production of each vessel category. The capacity of vessels to
change fishing zones was assessed using the distribution of scallop production and the
contribution of the different fishing areas to the landings. As fishers use both strategies at
the same time, the adaptive capacity index was defined as the maximum value between
capacity 1 and 2 (Equation (3)).

Adaptive capacity ,egory, (S€asons) = max(capacity 1, capacity 2) 3)

2.2. The Composite Index of Vulnerability

The combination form of the vulnerability components is context-specific depending
on how the relationship among the vulnerability components is described [48]. In this
work, the vulnerability index is defined as a function of exposure and sensitivity, which
can be reduced by adaptive capacity. The multiplication of exposure and sensitivity values
defines the potential impact score (Equation (4)). Finally, the resulting index represents the
overall vulnerability of each vessel category per fishing zone and season (Equation (5)).

Potential immpact (zone,), (seasong) = Exposure x Sensitivity 4)

categoryy
Vulnerabilitycategoryf(zonez), (seasons) = Potential impact — Adaptive capacity  (5)

The construction of the vulnerability composite index involves two steps. First, the
indicators of exposure, sensitivity and adaptive capacity were calculated and normalised using
Min-Max method. This method allowed us to transform resulting values into a normalized
range between 0 and 1 in order to use common scale for all indicators (Equation (6)).

Xnormulised = (X - Xmin)/(Xmax - Xmin) (6)
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Xormalised 18 the standard indicator, X is the original value of the calculated indicator,
and X,,;;;, and Xj;x are the minimum and maximum values of the dataset for each vessel
category, fishing season and zone.

The second step concerns the aggregation of dimensions and the construction of the
composite index of vulnerability using Equation (5). In this study; it is assumed that all
indicators are equally important, and equal weighting is used. The resulting vulnerability
index was normalised between 0 and 1, with higher values indicating greater vulnerability.
Table 3 summarises the indicators chosen to characterise each dimension of the vulnerability
index, their construction and aggregation.

Table 3. Description of the construction of indicators used to calculate the vulnerability composite index.

Vulnerability = (Exposure X Sensitivity) — Adaptive Capacity

Dimensions Exposure Sensitivity Adaptive capacity
Closures of fishing areas due Economic dependency to Vessels” polyvalence and , .
, L D . . - . Vessels’ capacity to change
Components to scallops’ contamination scallop and fishing area likely diversity of catch (changing fishi
by phycotoxi to be closed the target specie, i llop) 1shung area
y phycotoxins 0 be close e target specie, i.e., scallop
. S - . Scallop production made in
Indicators Rate of lost working days Scallop contribution in total Contribution of other species cach area divided by the total

(closure rate) landings in total landings

production of all areas

Indicators construction

Duration of closure in days
divided by the total days

Scallop production (sales)
divided by the total
authorised for the production of the
fishing season vessel category

Production (sales) of other
species divided by the total
production of the
vessel category

Scallop production came from
other areas divided by the
total production of all areas

Indicators aggregation method

The maximum value

The processed indicators of exposure, sensitivity, and adaptive capacity as well as the
composite index of vulnerability have been published as an open-access dataset (https://doi.
org/10.35110/c12cal75-e2aa-41b9-962c-99111897b86e) [49], accessed on 10 June 2023.

2.3. Spatialisation of the Vulnerability Index

In this paper, the approach adopted for the spatialization of the vulnerability index is
based on dynamic visualisation. This approach consists of representing the vulnerability
of each fishing fleet category in a visually interactive format that allows for analysing,
understanding, and communicating the vulnerability spatial and temporal dynamics. In
order to simplify the interpretation and the spatial representation of the vulnerability
index, values were grouped and classified into five discrete categories ranged as follows:
lowest (between 0 and 0.2), low (between 0.2 and 0.4), moderate (between 0.4 and 0.6),
high (between 0.6 and 0.8), and highest (between 0.8 and 1). After calculating the three
components of vulnerability and the construction of the composite index, vulnerability
maps have been created and integrated into the web alert system of HAB events developed
by S-3 EUROHAB project. The objective is to translate a general risk of HAB occurrence
into a vulnerability score adapted to the different categories of fishing fleets and provide a
socioeconomic information in addition to the environmental aspects of this phenomenon.
Spatial data on scallop production zones were provided by Ifremer. All data processing
and production of the shape files were performed using R software (version 4.1.2) and
QGIS (version 3.10.10).

The spatialisation concerns not only vulnerability index but also its three components.
This allows us to better understand factors influencing the vulnerability dynamics, explore
the spatial patterns and correlations between the vulnerability components. An interactive
Web application was developed using R programming language and Shiny package. This
interactive visualisation aims to have a holistic view of the vulnerability and its components
and to present all the dimensions of the dataset including the fishing fleet categories as well
as the spatial and temporal aspects. The process of the development of this web application
involved two steps. First, based on the created indicators dataset, the application was
locally developed and written in R Shiny tool [50] of RStudio using shinydashboard [51]
and shinyWidgets [52] packages. Second, it was deployed to the web server of Ifremer and
a link was generated to make the application accessible by users.
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3. Results
3.1. Characterisation of Scallop Fishing Activity in the English Channel

Scallop fishing vessels are structured in four categories according to their fishing
techniques and target species: Trawlers—Dredgers, Trawlers using passive gears, Exclusive
Dredgers, and Polyvalent Dredgers. The majority of vessels belong to the categories
of Trawlers-Dredgers and polyvalent Dredgers. In terms of vessel length, the class of
vessels <15 m contains the largest number of vessels for all categories (more than 70%).

The analysis of the scallop landings shows that the Trawlers-Dredgers represent the
category that contributes the most to the total production of scallops, followed by Exclusive
Dredgers, Polyvalent Dredgers, and then Trawlers using passive gears (Figure 4). For all
vessels, the category of vessels <15 m seems to be the most important in terms of scallop
landings. Vessels >16 m of the category of Trawlers using passive gears are not represented.
This category does not target scallops, but rather targets other species.

* . fishingfleet
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Figure 4. Scallop production (value) in the eastern English Channel by fishing vessel category. CAD:
Trawlers using passive gears, CD: Trawlers—-Dredgers, DE: Exclusive Dredgers, and DP: Polyvalent
Dredgers; T1: <15 m, T2: between 15 m and 16 m, and T3: >16 m.

Figure 5 details the landings composition (in value) of each fleet category. It highlights
the seasonal patterns of scallop fishing activity as well as the variability in the level of
polyvalence between fleet categories. The weekly evolution of the interannual average
landings shows that fishing vessels are polyvalent, which means that they catch other
species in addition to scallops. Fishing landings consist of various species including
shellfish (scallops, white scallops, dog cockles, mussels, brown shrimps, and crawfish),
flatfish (common sole, turbot, and European plaice), crabs (European spider crab and
edible crab), common cuttlefish, Atlantic mackerel, red mullet, and some species of ray
fish. The contribution of each species to the total landings depends on the fleet category
and varies according to the fishing seasons. During scallop fishing season, from weeks 1 to
20 and the weeks 40 to 52, the fleet category of dredgers is the most dependent on scallop
landings (98%), in particular, the Exclusive Dredgers >15 m (DE-T2 and DE-T3) and the
Polyvalent Dredgers DP-T2. For the Trawlers, the most dependent categories to scallop
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landings are vessels <16 m (CD-T1 and CD-T2). Trawlers using passive gears are the least
dependent on scallop landings; these vessels target mostly other species than shellfish.
When the scallop fishing season is closed (from May to September), all vessels target other
species. Exclusive Dredgers mainly target shellfish, in particular white scallops and dog
cockles, while the other fleet categories catch other species such as the common sole and
the common cuttlefish.
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Figure 5. Weekly evolution of landings composition (interannual average between 2012 and 2019,
all fishing zones combined) (a) Trawlers-Dredgers, (b) Trawlers using passive gears, (c) Exclusive
Dredgers, and (d) Polyvalent Dredgers: CSJ = scallops; AC = other shellfish; AE = other species.

3.2. Exposure of Scallop Fisheries to HAB-Related Closures

Table 4 presents the exposure scores for each fishing zone and fishing season. As
shown in this table, the analysis of spatial trends of the exposure indicator highlighted
that fishing zone 9 represents a high-risk zone because it shows a high level of exposure
(exposure indicator = 1) over a long period: during the entire 2012-2013, 2013-2014, and
2018-2019 fishing seasons as well as several weeks in the 2014-2015 season. Results show
that zones 1, 2, 3, 4, and 5 representing the Bay of Seine have never been closed, this is
why they shows the lowest score of exposure. This is due to many reasons: on one hand,
it could be explained by the dynamics of HAB events and the environmental, biological,
and ecological aspects, and on the other hand, it is related to the specific management
measures implemented in the Bay of Seine. In fact, the scallop fishing season in the Bay
of Seine is particularly short compared to the other fishing areas. It is generally opened
later in November/December and closed in February/March. We can assume then that the
period of high toxicities and contamination of scallops coincides with the period of closure
of the fishing season (before the opening of the season or after its closure). This means that
although the scallops are contaminated, there are no toxicity tests conducted to confirm
or monitor the contamination, as samples are not carried out when the fishing season is
closed (no fishing activity, so no risk for the consumer’s health).
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Table 4. Exposure indicator of inshore fleets to scallop fishing bans due to HAB events.
Scallop Fishing Season
2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018 2018-2019

Z1 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0
Z3 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0
Z5 0.03 0 0.07 0 0 0 0
76 0 0.15 0.10 0.02 0 0 0.03
z7 0.02 0.15 0.10 0 0.06 0 0.13
V4 0.02 0 0.23 0 0.01 0 0.15
79 1 1 0.41 0 0.02 0 0.96
Z10 0 0 0.16 0 0.06 0.19 0.03
711 0.19 0 0.15 0 0.07 0.12 0.07
712 0.40 0.18 0.60 0.16 0.06 0 0.41
Z13 0.11 0.42 0.02 0.27 0.10 0 0.31
714 0.18 0 0.36 0.28 0.08 0 0.08
Z15 0.06 0 0.33 0.14 0 0 0.76
ZI 0.01 0 0.07 0.27 0 0 0
7] 0.01 0 0.05 0.22 0 0.08 0.06

The analysis of temporal evolution of the exposure indicator showed that scores are
particularly high at the beginning of the fishing season (from October to December). The
high level of exposure over the 2012-2013 and 2013-2014 fishing seasons especially in
zone 9, 12, and 13 is related to the long closures due to episodes of toxins causing ASP.
Starting from the season 2014-2015, closures are due to episodes of toxins causing DSP. The
2014-2015 and 2018-2019 seasons are characterized by a high level of exposure and large
spatial trends (all areas out of the Bay of Seine were concerned by HAB-related closures).

3.3. Sensitivity of Fishers upon the Scalop Fishing Activity

The sensitivity indicator of fishing fleets to the risk of HAB-related closures revealed
that all the studied fleet categories are highly dependent on scallop fishing. The analysis
of the dependency of fleet categories to scallop production and thus their sensitivity to
fishing zones closures showed that fishing fleets are highly sensitive. Sensitivity scores
varied between 0.5 and 1 for the majority of categories (Figure 6). Data on Trawlers using
passive gears >15 m and Polyvalent Dredgers >16 m were excluded from the data analysis
because they contain a lot of missing data. These categories do not appear to rely on scallop
fishing activity.

Spatial and temporal variability of the sensitivity indicator among fleet categories has
been observed. As shown in Figure 6, fishing fleets are highly dependent on the Bay of Seine,
especially zones 2, 3, and 4, over all fishing seasons. The dependency scores for the other
areas vary depending on fishing seasons and fleet categories. Trawlers—Dredgers <15 m,
Exclusive Dredgers >15 m and Polyvalent Dredgers <16 m seemed to be less dependent on
zone 1 during the 2017-2018 fishing season. The calculated standard deviation showed a
significant variation in sensitivity levels among the different fleet categories in zones 1, 6,
15, I and J. This indicates that these areas are not equally frequented by fishing fleets. The
selection and choice of fishing zones is influenced by various factors, including technical
characteristics, and environmental and economic conditions, as well as the traditional
knowledge and experience of fishermen. The analysis of the spatial distribution of scallop
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fishing fleets highlighted that the Bay of Seine is the most productive and frequented zone.
Fishing vessels are concentrated in this zone in the beginning of the fishing season from
November to February/March, then they move to the other zones when the Bay of Seine
is closed. This explains the fact that sensitivity levels are relatively high in all areas when
data are aggregated by fishing season. This data aggregation by season is due to the lack of
more detailed data to calculate the exposure indicator (data on fishing areas closures are
only available at the fishing season time scale).
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3.4. Adaptive Capacity Analysis

Results showed that the adaptive capacity of scallop fishing fleets is relatively high.
All fleet categories indicate an adaptive capacity level above 0.7. The analysis of variability
between fleet categories did not reveal significant disparities. This is related to the fact
that scallop fishing vessels are able to shift to other fishing grounds and compensate their
incomes by other species especially during the summer period. It is also related to the
aggregation method of the adaptive capacity indicator (maximum value). The structure
of vessels population including its composition, characteristics, and regional distribution
can significantly influence the level and the pattern of adaptive capacity. Therefore, an
analysis was conducted to assess the uniformity of fleet categories in terms of adaptive
capacity, focusing on the regional distribution of the studied fleet categories by homeport.
The results, presented in Table 5, show that the structure of the fishing fleet population
varies across areas. For instance, fleets from the Bay of Seine (generally from the ports
of the maritime district of Caen and Cherbourg) primarily consist of small-scale vessels
(<16 m), whereas larger-scale vessels (>16 m) are mainly from the maritime district of
Dieppe and Fécamp. This distribution highlights the particularity of scallop fishing in the
English Chanel in terms of response to HAB events, including socioeconomic aspects, as
well as the regulation and management of the activity.

Table 5. Geographical distribution of scallop fishing vessels by maritime district.

Maritime District

BL DP FC LH CN CH Other
CD-T1 4% 11% 2% 8% 63% 10% 1%
CD-T2 4% 13% 4% 5% 55% 19% 0%
CD-T3 9% 43% 11% 8% 19% 9% 1%
CAD-T1 1% 11% 0% 3% 58% 15% 11%
CAD-T2 0% 0% 0% 0% 0% 100% 0%
DE-T1 2% 53% 1% 5% 24% 14% 0%
DE-T2 3% 48% 0% 5% 34% 9% 0%
DE-T3 10% 60% 20% 1% 6% 3% 0%
DP-T1 3% 15% 0% 3% 40% 33% 4%
DP-T2 11% 23% 0% 5% 14% 48% 0%
DP-T3 0% 0% 0% 0% 60% 0% 40%

BL: Boulogne-Sur-Mer, DP: Dieppe, FC: Fécamp, LH: Le Havre, CN: Caen, CH: Cherbourg, and Other: Dunkerque,
Saint-Malo, Saint-Brieuc, Paimpol, Morlaix, Brest, Concarneau, Saint-Nazaire, La Rochelle, and Marennes.

3.5. Vulnerability Analysis

Results of the vulnerability scores showed that vulnerability levels vary across the
different fleet categories. Spatial and temporal variabilities have also been highlighted. The
highest vulnerability was observed for Trawlers—Dredgers >15 m, all Exclusive Dredgers,
and small-scale Polyvalent Dredgers <16 m, especially in zone 9 during the 2012-2013,
2013-2014, and 2018-2019 fishing seasons. This highest vulnerability corresponds to the
high level of exposure and sensitivity. The vulnerability of small-scale Trawlers—Dredgers
(<15 m) is moderate even for highest levels of exposure and sensitivity in zone 9 during
hot-spot seasons. This is related to their high level of adaptive capacity. On the other hand,
the low exposure over the Bay of Seine zones plays a key role in the vulnerability patterns
due to its high importance for fishing fleets especially small-scale vessels of Normandy and
their high dependency on this area. High and moderate vulnerability have been observed
in many zones including zones 13, 14, 15, I, and J.

The vulnerability, once calculated and assessed, is made available to stakeholders
in a simple, operational way through a web server. It is accessible for each fishing sea-
son, area, and fleet segment. This tool provides a user-friendly interface that enables
stakeholders to visualise vulnerability and its components quickly and easily, and aids
in evaluating the impacts related to closures of fishing areas due to marine phycotoxin
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contaminations. Compared to an existing system that only considers a global and homoge-
neous impact on the entire fishery, this tool helps us to better understand the distribution
of these impacts within a heterogeneous fishing fleet, and to define potential actions to
be implemented to support the most vulnerable vessels. The developed application for
the dynamic visualization of vulnerability and its components maps are accessible at:
https:/ /scallop-fishing-indicators.ifremer.fr/ (accessed on 28 May 2023). An overview of
the application is presented in Figure 7.

The Vuinerability of scallop fishing fleets according to their sensitivity, adaptive capacity and exposure to harmful algal bieoms
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Figure 7. A screenshot of the interactive maps of the vulnerability indicator and its components.

4. Discussion and Conclusions

The dynamics of HABs induces the exposure of the scallop fishing fleet to HAB-related
closures. Closures are a consequence of management measures to reduce HAB risks on
human health. As a mobile spatial activity, the scallop fishing fleet will then face a certain
variability regarding exposure trend. The duration and location of closures significantly
influence the level of impact. The analysis of the spatial and temporal trends of the exposure
indicator allowed us to determine high-risk zones and periods. It highlighted that the
coincidence of a high level of exposure in the beginning of the fishing season and the
large trend of closures could have a significant impact on fishing activity because it is
the period of high production of scallops. In terms of spatial distribution of the resulting
exposure indicator, the analysis showed that the Bay of Seine, the most productive area
for scallops, has never been closed due to toxic HAB events. Considering the impact of
global changes on the dynamics of HABs, especially the toxic events, closures in the Bay of
Seine could have a significant impact on scallop-fishing activity and modify the patterns of
their vulnerability.

In terms of fleet segments, exposure is similar for all categories, according to their
fishing grounds. The variability of vulnerability is related to the socioeconomic character-
istics of each fleet segment, including their sensitivity and adaptive capacity. Sensitivity
levels of fishers are relatively high for all fleet categories. Therefore, vulnerability pattern is
mainly influenced by the adaptive capacity. Fishing vessels operating in the Bay of Seine
and in zones called “proche exterieur” (Figure 1) in particular zones 9 as well as the zone
12 are polyvalent and have a thriving market for their catches due to the high demand
for scallops. On the other hand, fishing vessels of Boulogne-Sur-Mer are less polyvalent
and they do not have a large market. Tools including equipment, fishing techniques, and
infrastructure varies according to each fishing port. Some ports such as the port of Port-en-
Bessin may have competitive advantages in terms of catches valorization (ability to obtain
higher price or better demand, “fishing in their garden”), which can affect opportunities
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for fishermen operating in these zones. The ports infrastructure and the market structure
have therefore a key role for the adaptive capacity of fishers. Fishing vessels in the Bay
of Seine are very structured and the area is highly protected through many regulations
and restrictions. However, the ports in this area have many facilities and infrastructures to
support fishermen. Areas out of the Bay of Seine, in particular the eastern zones, are bigger
than the Bay of Seine, and ports are less structured and do not benefit from the same social
cohesion. As a result, fishing vessels are able to move and change their fishing ground
easily. All these factors explain the relative high level of adaptive capacity of scallop fishing
vessels from the Bay of Seine.

The spatial and temporal analysis of the vulnerability of scallop fishers faced with
HAB-related area closures allowed us to analyse both HAB events consequences in terms of
management actions (closures), and fishing communities’ characteristics (sensitivity) and
responses in terms of adaptive capacity. The construction of vulnerability indicators makes
it possible to describe qualitatively how fishermen are impacted by HAB events, taking
into account both spatial and temporal dimensions. Their perception of the associated
risk varies significantly based on fishing techniques, strategies, and capacity to adapt to
HAB-related closures, while considering economic resilience. The differentiation between
more and less polyvalent fleet categories refines the dynamics of fishermen’s responses
to HAB shocks and, consequently, their vulnerability. The analysis results enable a focus
on the most vulnerable segments, while other segments are capable of internalizing and
smoothing the impacts of HABs over the entire season, through market adjustment effects
and spatial and technical polyvalence. This approach also provides a historical analysis of
past events, which allows for a more proactive response to potential crises. In fact, while the
monitoring data on HABs and their toxins are centralized and recorded, collecting specific
data on fishing grounds closures remains challenging. Currently, there is no consolidated
database or system gathering all these historical data, which led to a loss of memory
regarding past events and their associated crises. Nonetheless, this temporal and spatial
analysis over seven fishing seasons (from 2012 to 2019) provides a better understanding of
the associated impacts and highlights the periods and areas where fishing fleets are most
susceptible to adverse consequences.

Such an approach proves more operational than the commonly found monetary
assessments that focus on lost income or profits [23,53]. Monetary impact assessments
quantify the magnitude of the pressure, but do not provide sufficient information on the
necessary actions for effective management. On the other hand, vulnerability indicators,
allow for the characterisation of each fisherman’s activity during specific periods. This
provides valuable insights on changes in activity over time or space, which can be mobilized
to prevent or mitigate the economic impacts associated with HABs. These actions can
be used for decision making at both the individual and collective level. At an individual
level, fishermen can make informed choices based on business strategies, such as adjusting
activity programming or changing target species. On a collective level, actions can be taken
to collectively manage the impacts, such as redistributing fishing effort to prevent local
overexploitation when fishing zones are closed. In this context, the division of the fishing
area in the eastern English Channel into small zones and the establishment of scallop
fishing zones, referred to as the current “sanitary zones” (Figure 1), represents the initial
planning action of the French management system in response to the HAB toxicities crisis
in 2012. The primary objective of this measure is to implement partial closures rather
than a complete ban of the entire area. This progressive approach has facilitated crisis
management and enabled fishermen to develop coping strategies during toxicity episodes
by continuing their fishing operations in non-closed areas. However, further reflections and
efforts are necessary to adapt to this restructured management system, especially in terms
of supporting fishermen in their adaptation to access restrictions of fishing zones. Potential
compensation and mitigation measures for the associated impacts could be considered,
including allocating quotas or additional fishing days to the most vulnerable fishermen, or
providing financial support to offset losses or costs related to closures, such as expenses
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incurred when shifting to alternative fishing grounds. Investing in the renovation and
modernisation of fishing vessels, (investing in vessels that consume less energy), is another
proposal for improving the resilience of fishermen.

Furthermore, the vulnerability approach provides a new perspective for understand-
ing the consequences of HABs in terms of governance, particularly in promoting proactive
measures rather than relying solely on reactive approaches such as bans and fishing area
closures. However, the present approach has limitations regarding the processing of the
exposure component. Closure data are not consistently and centrally archived, and there
can be a time lag between data collection and availability. As a result, vulnerability calcu-
lations are based on aggregated data by fishing season, while the proposed vulnerability
tool is designed to operate in real time, continuously updating the vulnerability indicator
for each event leading to a closure. Real-time monitoring of HAB impacts has long been
a challenge due to delays associated with in situ sampling and analysis [15]. However,
advancements in remote sensing, particularly through the use of Sentinel 3 Ocean and
Land Colour Instrument (OLCI) satellites, have enabled the development of online early
warning systems that provide timely information within a few hours of satellite image
acquisition. The S-3 EUROHAB portal (www.s3eurohab.eu/portal) accessed on 15 March
2023, operating in the Channel area and funded under the French-Channel-English Interreg
programme, is an example of such an early warning system. While these systems provide
probabilities of harmful algal bloom occurrences, they do not directly assess toxicity risks
that could lead to closures. Progress is being made in addressing this limitation, and as
soon as toxicity risks associated with blooms can be translated into closure risks for specific
species, the vulnerability indicator can be processed in a more dynamic manner. In this
logic of dynamic vulnerability index, this study has demonstrated the capacity to provide
and present vulnerability index on a weekly time scale. This temporal resolution aligns
better with the available in situ monitoring data on HAB-related scallops’ toxicity (weekly
toxicity results), and it is well suited to fishing activity based on weekly quotas. Further-
more, it addresses management needs by delivering more timely information. Although
this paper does not present the results of the weekly indicators due to data limitations, it
illustrates the value of prioritising more detailed time scales to comprehend the dynamics
of the vulnerability index.
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