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1. Introduction

Over the last two decades, market-driven certification schemes have grown to encourage responsible fishing
practices in the seafood industry worldwide [1]. In fact, the demand for sustainable labelling has recently
increased, and the COVID-19 pandemic has further heightened consumer interest in traceability and
sustainability in seafood products [2]. Such an increasing trend is particularly evident in northern Europe and
USA where large retailers began making commitments to sustainable seafood since the early 2000s and
where good fisheries management regimes coupled with effective governance already exist [3-4]. At the
same time, market penetration of eco-labelled products suited the traditions of these countries of purchasing
and consuming a limited range of processed/packaged fishery products coming from large-scale fisheries [5-
6]. In contrast, southern countries are less conducive to the sale of ecolabelled products, particularly the
Mediterranean ones [7] where according to the General Fisheries Commission for the Mediterranean (GFCM)
most fish stocks (58%) are exploited at unsustainable level [8] and are shared among countries with different
governance. Overall, the small-scale fishery is largely dominant in the region (comprising 84% of all fleets,
[8]) and it has been a cornerstone of socio-economic growth of different local fishing communities. Although
there have been preliminary analyses of opportunities for labelling Mediterranean small-scale fisheries [9],
proper labelling schemes are still in the developmental stage. Moreover, Mediterranean consumers usually
prefer fresh over processed (e.g., canned) fishery products and are also traditionally more attentive to the
origin and traceability of their fish purchases [10-12]. Therefore, in the Mediterranean region the potential
added value of certification, beyond environmental compliance, is primarily perceived in the valorization of
product origin.

Among various ecolabeling schemes, the Marine Stewardship Council (MSC) is the largest certifier of seafood
ecolabel for the wild caught fish in the world [13]. An increasing number of fisheries have applied for MSC
certification (mainly in northern Europe and USA, [5, 14]) and recently, commercially valuable AIS (Aquatic
Invasive Species) have become part of certification programmes [15]. Specifically, MSC guidelines were
developed to allow fisheries on non-native species to seek evaluation against the MSC standards for
sustainable fisheries [16]. Such standards allow the certification of AlS fisheries if they meet specific criteria,
particularly that the presence of a large self-sustainable population with its own dynamics must be
demonstrated. Examples of certified AIS fisheries exist in areas invaded by few introduced species in
countries committed to sustainable fisheries in the long-term (i.e., northern Europe). For instance, the Dutch
razor clam (Ensis directus) fishery was the first to be certified under the MSC requirements for Sustainable
Fisheries of AIS in European waters [17]. The species, native to the north-east America coast, is fully
established in Dutch coastal waters and it is heavily regulated with annual stock assessment surveys [17].
Then, another successful example is the red Kamchatka king crab (Paralithodes camtschaticus) fishery in the
Barents Sea [18]. The harvesting of this AIS (from the Sea of Japan and the Sea of Okhotsk in the 1960s; [19-
20]) became certified as a sustainable and responsible fishery, meeting the requirement of the MSC Standard.
The species has been fully established in the southern Barents Sea, and there are strong economic interests
both in Russia [21] and in Norway [22] to maintain the stock as a sustainable exploited resource.

Whereas in the Mediterranean, although there are two MSC-certified fisheries (e.g., Bluefin tuna fisheries in
Spain and France and the Venetian striped Venus clam fishery, see [23]), proper labelling schemes for AlS
fishery are lacking in the region. The Mediterranean currently stands as one of most invaded seas in the world
[24] with over 1,000 AIS recorded [25-27]. These introductions are linked to shipping, aquaculture, and the
opening of Suez Canal (Lessepsian migration) [28]. Many of these invaders are included in the list of the 100
worst invasive species in the Mediterranean [29]), due to their major impacts on biodiversity and ecosystem
functioning. Among the most notable are the lionfish (Pterois miles), which preys heavily on native reef fishes
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[.], presenting an
opportunity to transform this edible AIS into a new economic asset for local communities. This dual nature,

being both a harmful invasive species and a valuable seafood resource, makes C. sapidus an ideal candidate
to exploit in the framework of a certification scheme. Currently, C. sapidus supports valuable commercial
fisheries in several invaded Mediterranean countries such as Tunisia, Turkey, Greece, and Spain [-]. In
contrast, in Italy, no official fishery for C. sapidus has been established and still its market remains locally

limited [48].

Recently, a regional fisheries certification program specifically tailored for the Adriatic Sea was developed
under the PRIZEFISH project (INTERREG project Italy-Croatia CBC Program, https://programming14-20.italy-
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In the present study, we evaluate how the ARFM can be adapted to an edible AIS in the Mediterranean.
Specifically: (a) we document the artisanal C. sapidus fishery in the northern Adriatic Sea as a case study; (b)
we evaluate whether this case study meets specific criteria to achieve the ARFM certification scheme; (c) we
discuss how this case study can offer a valuable tool to build an adaptive harvest strategy for edible AlS in
Mediterranean. This study represents the first attempt to assess how a regional certification framework can
be adapted to a responsible fishery targeting an AlS in the Mediterranean.
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2. Materials and methods
2.1 The case study

In summer 2023, an unprecedented outbreak of C. sapidus occurred in the northern Adriatic Sea [48]
affecting coastal lagoons, river mouths, and salt marshes, which provide ideal habitats for its establishment
due to their variable environmental conditions [47, 58]. C. sapidus is a highly adaptable predator, tolerating
a wide range of salinities and temperatures [40, 44]. Its predation on mollusks, crustaceans, and fish [59-60]
has led to biodiversity loss and conflicts with artisanal fisheries in coastal lagoons in the northern Adriatic Sea
[50]. For instance, the Sacca di Goro lagoon (Figure 1a), located in the Po River Delta, is among the most
important clam farming areas in Europe, especially for Manila clams (Ruditapes philippinarum). This area
supports approximately 1,700 clam farmers accounting for around 60% of the local fishing community [61]
with an annual turnover exceeding €100 million [62]. However, in recent years, the ecosystem has faced
growing threats including coastal erosion, rising sea levels, saline intrusion [63-64] and the invasion of C.
sapidus [59]. By 2023, the overwhelming invasion posed a severe risk to the local fishing economy,
particularly to R. philippinarum aquaculture [65]. As a response to this invasion, local fishers developed
fishing methods (Figure 1b) based on traditional gears (crab wire pots) specifically used to target C. sapidus
in its native area [66].

2.2 Data collection

An interview-based approach was adopted to document the emerging local fishery targeting C. sapidus in
the Sacca di Goro lagoon. Data was collected through interviews held with 41 professional fishers from Goro
in September 2024. Face-to-face interviews were conducted in Italian considering a common practice called
“oral history” [67-68] through a semi-structured questionnaire (Supplementary Table 1) divided into three
sections. In the first section, respondents were requested to provide personal information (age, gender). In
the second section, respondents were asked to report details about the gears developed and catches
(maximum day and year of capture, catch season, etc.). In the last section, respondents were then asked to
provide information about market sale and their perception of evaluating a certified responsible fishery of C.
sapidus. Participation was entirely voluntary and anonymous to ensure the confidentiality of respondents’
information and minimise response bias.
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-. a) Location (Goro) of the case study, northern Adriatic Sea; . C. sapidus pots developed by
fishers to catch individuals < 5 cm (pot on the left) and individuals > 5 . (pot on the right).

2.3 The integration of AlS in the ARFM standards

When a fishery targeting an AlS is selected for certification, a dedicated list of requirements [.] must be met
to ensure that such activity aligns with sustainability without unintentionally promoting the persistence or
further spread of AIS. Thus, to assess the potential for integrating C. sapidus- into the ARFM scheme,
the following conditions were considered:

i. The abundance of the introduced species_ is comparable to or exceeding that of
native species occupying similar ecological niches.

ii. The species has expanded its distribution beyond its initial introduction range within the new environment.

iii. Documented evidence demonstrates that eradication of the species is not feasible using known methods
without causing severe ecological, economic, or social consequences.

iv. The species was introduced to the new location prior to 1993; this being the year that the Convention on
Biological Diversity (CBD), which includes provisions on introduced species, was ratified.

v. If the introduction occurred after the CBD was _ species shall only

potentially be in scope if the introduction was non-deliberate and occurred at least 20 years prior to the date
the application is made for assessment against the MSC standard.

vi. There is no ongoing or future intentional introduction of the non-indigenous species into the environment.

Incorporating these conditions into the ARFM standards provides a precautionary, transparent, and
internationally aligned framework. It helps balance ecological integrity with the socio-economic potential of
edible AIS fisheries, ensuring that certification supports biodiversity protection, not exploitation-driven
invasiveness.
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2.3.1 The ARFM standards

The next step was to evaluate whether the C. sapidus fishery meets the full set of ARFM scheme standards
which consist of three key principles or ‘pillars’: Governance, Environment, and Socio- economic (see the
description of each pillar in Supplementary Material). Each pillar includes a number of Supporting Articles

(SAs) that can be seen as summary clauses (i.e., not to be scored) articulated into a set of Specific Indicators

(Sls, see more details in [57]) summarized in Table 1. The SAs were developed by incorporating the most well-
known internationally agreed set of principles for responsible fisheries management such as the FAO Code

of Conduct for Responsible Fisheries, the FAO Guidelines for eco-labelling of fish and fishery products from

marine capture fisheries and from EU Common Fishery Policy (CFP) regulations (notably Regulation EU No.

1380/2013).

Table 1. Structure of the ARFM Standards.

Components

Supporting Articles (SAs)

Specific Indicators (Sls)

GOVERNANCE

There shall be a structured and legally mandated
management system based upon and respecting
international, national, and local fishery laws, for
the responsible utilization of the target stock and
conservation of the marine environment.

Legislation (1.1.1)

Cooperation (1.1.2)

A clear decision-making process is part of the
management system to achieve the objectives
foreseen by international, national, and local
fishery laws and has an appropriate approach to
avoid conflicts.

Environmental policies (1.2.1)

Management plan or a set of
management measures
(1.2.2)

ENVIRONMENT

There shall be an effective fishery data
(dependent and independent) collection and
analysis system for stock management purposes.

Data collection/ Statistics
(2.1.1)

To support its optimum utilization, there shall be
regular stock assessment activities appropriate
for the fishery resource—its range, the species
biology, and the ecosystem—all undertaken in
accordance  with  acknowledged scientific
standards.

Institutional framework
(2.2.1)

Data limited approach (2.2.2)

Management actions and measures for the
conservation of stock and the aquatic
environment shall be based on the precautionary
approach. Where information is deficient, a
suitable method using risk assessment shall be
adopted to take into account uncertainty.

Precautionary approach
(2.3.1)

Absence of information
(2.3.2)
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Considerations of fishery interactions and their | Ecosystem impacts (2.4.1)
effects on the ecosystem shall be based on best
available science, local knowledge where it can be
objectively verified, and a risk-based management
approach to determine the most probable
adverse impacts. Adverse impacts on the fishery
on the ecosystem shall be appropriately assessed
and effectively addressed.

Food web (2.4.2)

SOCIO-ECONOMIC | The economic, social, and cultural value of Economic conditions (3.1.1)
resources (e.g., where a fishery is based on local
traditions) shall be assessed by the appropriate
fisheries management organization in order to
assist decision making on their use. Balance
indicators

Excess fishing capacity shall be avoided and Balance indicators (3.1.2)
exploitation of the stocks shall remain
economically viable.

The fishery activity shall work in full compliance Human rights and safety on
with international laws on labour and human board (3.1.3)
rights.

The assessment of a candidate fishery for ARMF certification is made at two levels: i) the assessment of the
condition of the fishery for which the application was submitted - Component of Evaluation (CoE), and ii) the
assessment of the condition of the formal candidate for certification Component of Accreditation (CoA). In
particular, the CoE specifies the fishery under assessment, the gear type/s employed and the key
management organization and the principal target species. Therefore, the CoE is the reference framework
and includes all the vessels practicing the fisheries concerned in the Adriatic Sea. The CoA is the formal
candidate Applicant to enter in the certification process (a fisherman or a Producer Organization - PO). It is a
subgroup of the CoE and is constituted by a group of vessels (or even a single vessel) targeting the same
species and using the same gear of the CoE.

2.3.2 Scoring system

To determine the performance of C. sapidus fishery, each Sl will be scored at level of CoE and at level of CoA
using the grid reported in Table 2, with clear rationales being provided at each step. For each SI, the final
mark will be based on the sum of the two individual scores given separately for the CoE and for the CoA.

Table 2. The ARFM Marking system.

ARFM marking grid

CoE 2 3 4 5
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CoA 2 3 4 5

Final mark (CoE+CoA) 4 6 8 10

[To be certified, a fishery must score 2 6 (CoE + CoA) for each of the 14 Specific Indicators as well as an average
of 8 out of 10 (CoE + CoA) across all SIs under each of the three key components. Indeed, a Sl can score, for
instance:

If the fishery is scored between 6 and 7 for any SI, the Applicant is required to improve the fishery’s
performance against that Indicator by means of an action plan, so that it will get 8 or above within five
years. This leads to the fishery being certified ARFM ‘subject to an action plan’ (see paragraph above).

Whenever a Sl needs to be scored only at the level of CoE or CoA and not at both, it will be scored directly
on the scale 4, 6, 8, 10.

A full description of the ARFM certification scheme is available from [57].

3. Results

3.1 Identification of C. sapidus fishery through fishers’ knowledge

Interview respondents were 86% males (36) and 14% females (5) and the average age was 44 years old. All
respondents were members of the Cooperativa Gorino, Goro. Respondents reported that around 800
polyvalent small-scale vessels, with an average of 5-8 m LOA (overall length), operate in Sacca di Goro lagoon
to target C. sapidus. Participants stated that since May 2023, C. sapidus has been targeted in the area using
wire crab pots developed by fishers (Figure 1b) following the Louisiana design [53]. Specifically, the gear is
characterized by a rectangular shape and was around 0.6 m long, 0.4-0.5 m in width and depth, with two
entrances and a compartment for bait storage. They also specified that each fisher deployed around 20 pots
per day in the Sacca di Goro lagoon. Respondents mentioned that pots are usually baited with chicken or
mullet. During the interviews, fishers showed two different pots: one with 25 mm square mesh size for
individuals < 5 cm (Figure 1b, on the left) allocated for disposal and one with 40 mm square mesh size for
individuals > 5 cm (Figure 1b, on the right) for market sale. The latter can hold up to 6 Kg of C. sapidus. They
also mentioned an anti-predator system (Figure 2) developed and used by all fishers in the Po River Delta
area to protect cultured clams from C. sapidus predation. Specifically, this system consists of a large wire net
applied around farmed plots. Inside each plot, the traps used to catch small C. sapidus are placed in proximity
to the wire netting and a plastic netting is applied to cover each seeded area. Further investigation is ongoing
to better understand how this system works and its efficiency. Then, the pots used to catch big individuals
are placed outside the plot. Furthermore, respondents stated that due to C. sapidus predation, their licensed
clam farming area shifted from 20 to 8 hectares.
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Figure 2. Anti-predator system developed by fishers to protect cultures of clams from C. sapidus predation
in the Po River Delta.

Then, all respondents mentioned that C. sapidus has been occasionally caught since 2015, successively the
species became dominant since 2023 and potentially it will be more abundant in 2025. They also indicated
that catches were usually dominated by males from late spring (May) and gradually decreased in early fall
(September). Then, in winter, catches were usually composed of females. However, the highest catches were
mentioned among May and October, with a maximum day capture of 250 Kg recorded by each fisher in July
2024.

Exploring the monthly trend of C. sapidus (Figure 3), a first peak of market sale was recorded in September
2023, with 14390 Kg of crabs sold, followed by a decrease until January 2024. Then, the quantities of C.
sapidus sold on the market gradually increased, reaching a second peak in June 2024 with 8279 Kg. The
disposal of C. sapidus exhibited a different trend compared with its market sale. A first peak of disposal was
recorded in October 2023, with 5246 Kg crabs allocated. Then, a gradual increase was recorded in March
2024 with a second peak of disposal reached in July 2024. Subsequently, all respondents indicated €1-1,50
as the average price they usually sell 1 Kg of C. sapidus. All respondents agreed and specified that a certified
responsible fishery of C. sapidus would be possible if the Government and industry-focused activities will
jointly introduce dedicated funds to develop a new market.
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Figure 3. Monthly kilograms of C. sapidus harvested by 'Cooperativa Gorino (Goro)' from August 2023 to
August 2024, showing quantities sold on the market (blue line) and those allocated for disposal (gray line).

3.2 ARFM assessment of the C. sapidus fishery

The assessment of C. sapidus fishery according to the ARFM scheme has requested certain
assumptions/adjustments, beside those already described and related to AlS fisheries in general (reported
under paragraph 2.1). One of the key assumptions is that the C. sapidus fishery is not assessed at CoE level
as it is a unique case on the national panorama, and it is exerted solely by the Applicant. Indeed, usually C.
sapidus is accidentally harvested by means of nets while the use of pots is specific to the Sacca di Goro lagoon
and potentially adjacent areas. This is the reason why the scoring system has been adapted by using a scoring
range (4 to 10), at CoA level only.

All arguments behind the assessment of the C. sapidus fishery with pots in the Sacca di Goro lagoon over the
3 pillars is reported in Supplementary Material.

3.3 Remedial actions

According to the ARFM scoring system (paragraph 2.3.2), if the fishery is scored between 6 and 7 for any
Specific Indicator, the Applicant is required to improve the fishery’s performance against that Indicator by
means of a five-year action plan, so that it will get 8 or above within the following 5 years.

Under the conditions described for each of the three ARFM Pillars (see Supplementary Material), the ARFM
certification of the C. sapidus fishery with pots would be released, therefore, “subject to an action plan”
adopted by the Applicant, containing a set of improvement/pilot actions towards a more responsible fishery.

With regard to the Sl 1.2.2 of the Pillar 1. Governance, rated at present with a score of 0 out of 10, the Action
Plan should contain a set of actions aimed at introducing a regulation on the use of fishing gears (pots)
targeting C. sapidus, such as:



2655

10
1257
12

158

1260
1261
18

iy)
263
264
2765

2267
27
2268

270
271

372
273
36

274

3875

277
278

9279
44
45

281
4782

- Maximum amount of kilograms for each fishing ship in a day;
- Allocation of fishing days among fishing ships;

- Maximum number of pots for each fisher onboard;

- Maximum number of fishing days in a year.

The scoring of all the Sl in the Governance Pillar would improve, in addition, in the event that a National Plan
for the Containment of the C. sapidus is adopted, laying down a system to control the spread of that species
also through fisheries.

Relevant measures in this context are, for instance:

- Selective fishing campaigns, i.e. catching activities conducted using specific fishing gears, which
minimize by-catches of other species and favour the selection of target species by size and sex;

- Financial support to the design and manufacturing of new selective fishing gears;

- Specific rules related to fish waste disposal, even when C. sapidus capture is achieved as a bycatch.

With regard to the Socio-economic Pillar, the SI 3.1.1. is scored at present 6 out of 10, because the assessment
is made on the basis of data relating the whole fishing activity of the Applicant (i.e. including for instance
clam farming), and not solely C. sapidus fishery. The scoring of this Sl would improve if the C. sapidus fishery
was monitored more systematically, through the collection of detailed and specific data only related to C.
sapidus fishery. Therefore, the Action Plan developed by the Applicant, should contain monitoring practices
focused on recording/reporting of C. sapidus catches and activities, including data such as:

- Quantities -, fishing time, fishing depth, geographical coordinates of start and end of fishing;
- Quantities placed on the market and quantities treated as fish waste;

- Economic value of C. sapidus commercial catches (in terms of profit and loss accounts);

- Incomes and costs of C. sapidus harvesting activities;

- Subsidies received as compensation measures;

- Number of people engaged in C. sapidus harvesting activities.

In addition, the performance of all the SI of the Socio-economic Pillar would improve if a National Plan will
be adopted, containing a set of measures aimed at preventing the worsening of economic damages of fishing
companies (i.e. compensations, expenses related to the capture and waste disposal) and at supporting the
recovery of economic activities. Relevant actions embrace, for instance, novel solutions for the valorisation
of catches, such as the development of C. sapidus-based products or alternative uses (i.e. for food,
pharmaceuticals, or cosmetic products).

The collection of data regarding the state of the stock and the ecosystem impacts of the C. sapidus fishery,
would improve in addition the scoring of the Sls of the Environmental Pillar. Types of data potentially
collected with the support of fishing operators are, for instance:

- Quantities -, fishing time, fishing depth, geographical coordinates of start and end of fishing;
- Biological data (composition of catches by size and sex) of the commercial catch;
- Information on environmental and habitat conditions associated with the catch.

These data, combined with other environmental data on the habitat and biology of C. sapidus, would
significantly improve information about the C. sapidus distribution and impacts on the ecosystem.

4.Discussion
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4.1 The ARFM assessment of the Adriatic C. sapidus fishery with pots

The assessment of the Adriatic C. sapidus fishery with pots according to the ARFM standard conducted in
Section 3.2., reveals that at present the ARFM certification would not be released for that fishery, unless an
action plan is adopted by the Applicant.

By introducing a system for measuring the fishery's performance through a set of Specific Indicators,
however, the ARFM criteria can constitute a guide and a reference framework for the adoption of more
responsible fishing practices.

While the governance structure aligns with existing national and EU regulations, specific legal frameworks
and monitoring systems for C. sapidus fishery by means of pots remain absent, thus the adoption of voluntary
and virtuous behaviour by the companies involved in the fishery is particularly important.

The standards set out in Pillars 1. Governance, 2. Environment, 3. Economic and social aspects, and the range
of remedial actions suggested, may serve as a model for adaptive fisheries management in response to
invasive species challenges, balancing ecological control with economic and social sustainability in the
Adriatic region.

4.2 Potential adaptive management harvest strategy to mitigate the expansion of C. sapidus

Defining realistic and achievable management goals is not an easy task when dealing with AlS. Considering
the effect of climate change coupled with overexploitation and other anthropogenic pressures, it is a major
challenge to adjust management actions to address alarming AlS invasions such as C. sapidus in the northern
Adriatic. Recently, a compendium of measures for managing established AIS has been drafted under the
framework of a collaboration between the Food and Agriculture Organization (FAO) and the National
Research Council — Institute for Marine Biological Resources and Biotechnology (CNR - IRBIM) in Italy [69].
Considering the socioeconomic context of the present study, this collection of management actions was
explored to suggest a potential adaptive harvest strategy to mitigate the expansion of C. sapidus in invaded
coastal habitats in the northern Adriatic (Figure 4). The conceptual framework behind this strategy that is
proposed here outlines some key components and is also taking into account recent attempts to evaluate
and contain the invasion of the species in the area.
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4.2.1 Data collection

Currently, there is no dedicated monitoring programme for C. sapidus in the northern Adriatic, and only
preliminary assessments on the occurrence and spread of the species was recently conducted in two coastal
lagoons [50-51]. Therefore, further data are urgently needed on a wider spatio-temporal scale to better
understand C. sapidus population dynamics. It seems that a participatory approach where fishers and the
scientific community cooperate to collect LEK and other information [69] would be successful in building trust
through effective collaboration [70-71]. Nevertheless, continuous scientific monitoring on the abundance
and distribution of C. sapidus should be carried out according to standard protocols and additional
information on growth, mortality, diet and fisheries discards might be collected to assess the stock status of
C. sapidus and increase accuracy of the food web modeling that are needed to develop robust scientific
advice for policy makers [72].

4.2.2 Management practices

In response to the C. sapidus outbreak in summer 2023, the Italian government allocated €3 million to
support affected fishers and shellfish farmers [69]. Eligible costs were defined for catching and disposing of
the species. In May 2024, an Extraordinary Commissioner for the C. sapidus was appointed to coordinate
efforts among stakeholders, including fishers, scientists, and government agencies. This collaboration led to
the Italian Blue Crab containment plan presented in January 2025, with €10 million allocated for 2025-2026
under the Agriculture Decree [73]. The plan focuses on biodiversity protection, species containment, and
economic recovery, listing key measures such as removal and disposal of 2,600 tonnes of C. sapidus,
aquaculture protection, biomass valorization, and financial support. It also includes selective fishing,
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ecosystem monitoring, and fleet involvement, though sustainable exploitation for human consumption
remains unaddressed [74].

In contrast, in several Mediterranean countries, such as Tunisia [52] Greece [54], Egypt [75-76], Turkey [53,
77] and Spain [49], the species has already gained an important economic interest as a novel food source. In
addition, the GFCM agreed that necessary measures should be taken to achieve the creation of an adaptation
strategy to cope with potential impacts of invasive species and climate change on fisheries over the medium
term (2017-2020; [78]). Among the measures proposed, the Recommendation GFCM/42/2018/7 aims to
maintain the stock of both blue crab species - C. sapidus and P. segnis - at Maximum Sustainable Yield (MSY)
levels, as well as the socio-viability of blue crab fisheries [79]. However, to achieve an effective sustainable
exploitation, regulations (e.g., size limits, landing restrictions, fishing closure) and precautions that ensure
long term responsible harvesting practices should be adopted. Indeed, overfishing the invasive population
leads to future reduced catch rates, and can make the commercial exploitation of C. sapidus uneconomical
in the long term (even resulting in subsequent collapse of a developed fisheries; see for example [80]). This
can arise the so-called “bioeconomy paradox” [81]. While exploiting C. sapidus for commercialization is a
challenge, incentivizing long-term sustainable fishing would maintain viable populations of C. sapidus and
ensure a market-driven harvest. In this context, an effective strategy should be based on scientifically
informed Harvest Control Rules (HCRs) that balance ecological sustainability with socioeconomic
considerations. Perhaps, clear guidelines should be established to prevent conflicts with other fisheries and
resource users. Again, a collaborative and data-driven approach that engages stakeholders from across the
fishing, research and management sectors is clearly needed to develop a sustainable and responsible
management of the C. sapidus fishery.

4.2.3 Responsible fishing and mitigation

The development of alternative gears for selective harvesting of C. sapidus may provide the opportunity to
control its impact in invaded areas. Technical efforts to reduce or mitigate the impact of C. sapidus on Manila
clam farming started immediately after the outbreak in the northern Adriatic lagoon systems. Indeed, as the
survey conducted in the present study reveals, fishers from Goro took the initiative to develop and use a new
design of pots for targeting different sizes of the invader. Passive gears, such as those pots, allowed for
targeted harvesting of C. sapidus lowering its predation on Manila clam farming and the impact on sensitive
habitats compared to active and less selective gears initially used in the area (e.g., “Ostreghero”, a sort of
beam trawl) [82]. However, without proper regulation and adherence to sustainability standards, such as
those outlined in the ARFM schemes, short-term gains from intensive harvesting could lead to unintended
consequences, such as habitat degradation or shifts in the marine food web. By promoting the use of passive
gears within a structured and adaptive management approach, policymakers and stakeholders can balance
ecological conservation with economic viability, securing the resilience of both marine environments and
coastal communities for future generations. However, a number of actions should be carefully considered.
Investment by government and industry in the commercial harvest of C. sapidus (e.g., regional incentives to
establish acommon management strategy and subsidies to fishers for commercial harvesting) should be cost-
effective in the long term and may create economic opportunities for local fishing communities, ultimately
reducing the socio-economic burden of the invasion. Indeed, while the commercial harvest of C. sapidus can
help reduce the adverse effects of the invasion, simultaneously create alternative economic return though
the development of a new fishery. However, research and testing are needed to evaluate whether the
innovative gear technology could be managed in the Adriatic lagoon systems and potentially implemented in
other impacted areas of the Mediterranean. Hence, effective communication and cooperation among the
different stakeholders from the fishery sector, scientific community and management bodies is
recommended to prevent conflicts and set shared goals for building long-term commitment.
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4.2.4 Sustainable market penetration

If the AIS is an edible species, which is the case of C. sapidus, the promotion of human consumption would
be one of the main components of a potential adaptive harvest strategy to avoid further expansion. In the
present study, the new gear design seemed to have helped local fishers to exploit the C. sapidus as a new
resource. Whereas, relatively small individuals (< 5 cm) were allocated for disposal, large individuals (> 5 cm)
were locally marketed. However, considering the low market price of the species, catches are still not
profitable. Although C. sapidus is generally appreciated among Italian consumers, the trade in Italy is limited
to some regions where the species is typically consumed locally due to taste preferences [48]. Considering
the deep-rooted tradition of consuming local fishery products, the shift toward incorporating AlS edible
species like C. sapidus into Italian traditional cuisine will take time. Cultural preferences, consumer habits
and established culinary practices play a significant role in shaping seafood demand, making the acceptance
of new species a gradual process. However, through targeted efforts such as chef-led innovations, consumer
education, and promotional campaigns highlighting the culinary potential of C. sapidus, its integration into
the Italian market can be encouraged. Over time, as familiarity grows and the economic and ecological
benefits of utilizing AlIS become more apparent, C. sapidus may find its place alongside traditional seafood,
contributing to both sustainable fisheries management and local gastronomy. Beyond its culinary use, the
extraction of chitosan and astaxanthin from the shells of C. sapidus could present an opportunity to support
the current shift in the global seafood market and reduce species specificity (i.e., other economically valuable
crustacean species could help meet demand; [83]); increase waste management efficiency in accordance
with European regulations [84] and global trends [85], and produce valuable compounds with broad
applications in the pharmaceutical, biomedical, cosmetic, agricultural, and biotechnology fields [86-88].

The management of an AlS species with market value is also a source of debate among different stakeholders,
as some may see the species as an economic opportunity while others perceive it as an ecological threat (e.g.,
the king crab fishery in Norway, [89]). These conflicting viewpoints make AIS management complex, requiring
careful balance between economic incentives and ecological responsibility. In this context, a regional
certification scheme plays a critical role in enabling sustainable market penetration by setting standardized
criteria that ensure responsible harvesting, ecological sustainability, and socio-economic benefits. It will
bridge the gap between ecological responsibility and economic opportunity, provide credibility to fisheries
by verifying that their practices align with environmental and ethical standards, and guide the integration of
invasive species into local markets without compromising long-term sustainability. Without certification,
consumer trust and market expansion may be hindered, as sustainability-conscious buyers often seek
products with verified environmental responsibility. To overcome this barrier, stakeholders should work
toward strengthening governance, improving data collection on stock dynamics, and fostering cooperative
management strategies. Only through these refinements the fishery can align with the ARFM scheme, paving
the way for a truly sustainable market penetration of C. sapidus that balances ecological protection with
economic utilization.

4.3 Benefits and risks to trade AlS

The trade of AIS presents a complex mix of benefits and risks that require careful management. Some AIS
can have positive effects on native biodiversity and may enhance or provide new ecosystem services [90].
Edible AIS such as C. sapidus can represent an opportunity for local economies (as a new food resource)
and not just a threat to livelihoods [91]. Commercializing those AIS can create economic incentives that
help mitigate their ecological impacts while generating financial benefits for fishers and industries. The
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exploitation and consumption of edible ASI is increasingly promoted as a measure to raise awareness and
turn them into a food source and economic benefit for local communities [. .]. For instance, the
consumption of edible AIS such as Macrobrachium nipponense in wetland complex in Iran [.]
Metapenaeus monoceros in Tunisia [.], Penaeus aztecus [.] and Pterois miles [.] in Greece has been a
valuable opportunity to enhance the socioeconomic conditions of local fishers. In some cases, AlS have
become major fisheries, providing alternative livelihoods and compensating for losses due to declining
native stocks [3., .]. Additionally, they can enhance food security and promote local market
development, especially when traditional fisheries are struggling [.]. However, these benefits come with
potential hazards, including the potential for overfishing that paradoxically can reduce the invasive
populations making their exploitation uneconomical resulting in an apparent bioeconomic paradox [.].
Without management, fishing for AIS can lead to the resource being exploited to such an extent that
exploitation is no longer economically viable (usually much sooner than the risk of local extinction of the
AlS), and all investment in developing the fishery and market is wiped out. Without strict regulations, the
commercialization of AIS could even incentivize their further spread into new areas, whether through
accidental releases or intentional introductions to maintain fishery profits. This would lead to further
ecological damage, conflicts among stakeholders, and unregulated exploitation. Effective management
strategies must carefully balance long term ecological and economic objectives, ensuring that AlS trade
does not unintentionally worsen the problem it seeks to solve.
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