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ARTICLE INFO ABSTRACT

Keywords: Originally introduced to France in the 1970s for aquaculture purposes, the clam Ruditapes philippinarum (Adam
Iv.[anilg clam ) and Reeve, 1850) has thrived in favourable conditions across numerous sites along the Bay of Biscay, English
Life-history traits Channel and Mediterranean coasts forming neo-naturalized populations. It is harvested by both recreational and

Fishery management professional fishers, with an estimated production ratio of 2.4 for both activities combined. Total French com-

Sustainabili
F:nil:a Hity mercial fishing production is roughly estimated at around 2000 to 3000 tons per year. This activity is managed
Europe by three types of regulation at different scales: European (Minimum Conservation Reference Size - MCRS), na-

tional (licenses), and regional. Regional instruments govern fishing practices by setting spatial and temporal
access rules to fishing grounds (also referred to as deposits), prohibiting certain gear types at the local scale,
determining the minimum size of clam fishing (above MCRS) and setting fishing quotas. Not all of them are
implemented everywhere; most often, they are based on stock assessment results and specific research programs,
which are not available in every location. This article first provides a review of available information on current
Manila clam production in France, and its regulation. Second, it offers an overview of recent knowledge
mobilized for management purposes. This overview covers biological and ecological processes (i.e. population
dynamics, reproduction and spawning, habitats considerations, biotic interactions and infectious diseases), and
enables us to identify future research prospects of interest.

This article is part of a special issue entitled: The Manila Clam published in Estuarine, Coastal and Shelf Science.
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1. Introduction

The Manila clam [Ruditapes philippinarum (Adams and Reeve, 1850)]
— also called the Asari clam - was initially introduced to France for
aquaculture purposes in the early 1970s. This species has demonstrated
better growth performance than the native species (Ruditapes decussatus,
Linnaeus 1758) and shellfish farmers have developed and implemented
various techniques to optimize its yields. But rapidly the Manila clam
culture underwent difficulties (due to concession availability and use,
zootechnical errors, predation, infectious diseases, economical compe-
tition, regulatory disparities ...) which led to its decline at the end of the
1980s. Following this period, Manila clam has thrived in favourable
conditions across numerous sites along the Bay of Biscay, English
Channel and Mediterranean coasts forming various neo-naturalized
populations (de Montaudouin et al., 2016a).

Since the 1990s, this species is fished both by professional and rec-
reational fishers along the coast and in lagoons (de Montaudouin et al.,
2015). For coastal areas, it is an important socio-economic activity.
Clam landings in France account for 13% of total clam landings in the
European Union (EU) (EUMOFA, 2019). Among the shellfish harvested
by recreational fishers, clams (Ruditapes spp.) rank 2™ after the cockle
[Cerastoderma edule (Linnaeus, 1758)] (FranceAgriMer, 2018).
Regarding consumption in France, clams are among the most commonly
consumed shellfish after mussels, king scallop, oysters, whelks and
winkles (Lunghi et al., 2023).

For French waters, and more generally for North-East Atlantic wa-
ters, various political commitments guide fisheries’ management de-
cisions: the 1995 United Nations Fish Stocks Agreement, the European
Plan for Maximum Sustainable Yield [COM (2006) 360 final], the
Common Fisheries Policy (EEC no. 170/83, EEC no. 3760/92, EC no.
2371/2002 supplemented by EC no. 2369,/2002 and EC no. 2370/2002,
EU no. 1380/2013), the Johannesburg World Summit on Sustainable
Development in 2002, the Marine Strategy Framework Directive (EC no.
56/2008 amended by EU no. 845/2007) and, more recently, the United
Nations Sustainable Development Goals (SDGs), including SDG 14 of the
2030 Agenda (A/RES/70/1 of the United Nations in 2015). For clams,
but this is also true for other local stocks of bivalves (scallops, mussels,
etc.), stock management is primarily carried out at a sub-European level.
It requires knowledge of species biology and the development of in-
dicators, for which the collection and processing of information deals
with a variety of sources, often on specific spatial and temporal scales.
These elements are supplemented, as much as possible, by knowledge of
how these halieutic populations evolve in their environment, focusing
on causal relationships between processes.

This paper reviews the current knowledge of Manila clam in France
more than 50 years after its intentional introduction in Europe (initially
for breeding purposes). It specifies key fishing activities, as well as the
main biological and ecological features of its populations along three
metropolitan French coasts: the Mediterranean Sea, the Bay of Biscay
and the western part of the English Channel. Additionally, current
governance arrangements are discussed, with a view to identifying
future research prospects of interest.

2. Current French fisheries (2016-2023)

French production of Manila clam takes place on the Atlantic coast,
stretching from the western coast of Cotentin in the western part of the
English Channel to Arcachon Bay in the southern part of the Bay of
Biscay, and along the Mediterranean coast in the Berre lagoon and the
Carteau lagoon (Fig. 1). Harvesting is carried out on tidal flats or in
shallow areas (less than 5 m deep), depending on whether the areas in
question are subject to tides.

2.1. Techniques and numbers of active Fishers

Three types of fishing practices are currently used to harvest Manila
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clam in France: handpicking/raking during low tides, snorkelling/free-
diving fishing, and clam dredging. While the first two are the most
common, the third is practiced by only a handful of vessels (Fig. 1).
Hand fishing is conducted at low tide or "a la gratte", with part of the
body immersed in water. The fisher reaches the fishing area on foot from
the shore or by boat. If the seabed consists of soft mud, he/she can move
over it using boots, waders or mud pattens. On the sandy-gravel shores
of Cotentin, professional and many recreative fishers rake the sediment
to collect clams (Beck et al., 2015; Basuyaux et al., 2018). In other parts
of the seashore, clams are mainly collected with bare hands, although
small hand-operated devices (e.g. for Mediterranean regional, hand
dredger called “arseillere”) are authorised at certain sites. A fishing trip
typically lasts 6 h (including 3-4 h of fishing). Freediving fishing is
carried out from a boat or directly from the shore in shallow water. In
this case, the fisher is equipped with a mask and snorkel. Divers can be
weighted down if the depth of the dive requires it, but the use of fins is
prohibited. Clams are picked off the sediment by hand; on some sites, a
small tool such as a knife or fork may be used to scrape the sediment. In
certain locations, fishers can detect siphon pits at the surface of the
sediment to collect clams. A fishing trip lasts maximum 5 h. Finally,
dredge fishing consists in towing a steel-mesh cage behind a small-scale
vessel (length and power smaller than 12 m and 120 kW respectively).
The gear used for Manila clam is an adaptation of the cockle dredge; it is
operated by a power hydraulic winch. Previously practised in the Gulf of
Morbihan and Champeaux (western Cotentin) sector, this type of ac-
tivity is now only found in one French site, the Bay of Vilaine. A fishing
trip lasts 2 h maximum with 2-3-min dredge hauls.

The spatial distribution of these three types of practices is shown in
Fig. 1. The technical characteristics currently authorised are presented
in the section of this article on regulations (2.3.). Illustrative photos are
shown in Fig. 2.

On the western coast of the Cotentin, clams are the primary species
targeted by recreational fishers. The average catch has been increasing
for the past ten years, reaching between 80 and 100 clams per day and
per fisher in 2023 (personal communication, Maxime Spagnol, AVRIL
association) according to the fishing sector compared to an average of 44
in 2016 (Basuyaux et al., 2018). Fishing sessions typically last about 2 h,
with an average yield of 49 clams per hour per fisher. Overall, amateur
shellfish fishing activity accounted for approximately 120000 fishing
sessions per year as in 2023 i.e. around 96 % of the total fishing sessions.

2.2. Production

The latest compilation of production data from French professional
fisheries dates from the mid-2010s, with total production estimated at
1200 t (de Montaudouin et al., 2015). At that time, two production sites
predominated: the Gulf of Morbihan and the Arcachon Bay, with around
500 t each. The situation has changed since then, with other sites ac-
counting for a significant proportion of the production. These include
the Berre lagoon, where production began in 2018 and reached an
estimated 800 t in 2023. On the western coast of the Cotentin, fishers’
observations on the intertidal zone and contents of individual baskets
make it possible to estimate clam catches by recreative fishers at about
250 t (Personal communication Maxime Spagnol, AVRIL association;
Basuyaux et al., 2018). Professionals, based on their declarations, report
a strong increase of 86 t in 2023 [11 t to 18 t between 2013 and 2015
(Basuyaux et al., 2018)] (CRPMEM Normandy data). However, these
declarative data are subject to discussion. Thus, the total catches in this
sector could be estimated between 330 and 400 t per year since the
beginning of the 2020°. Currently, the total estimated production is circa
2900 t with around 70% originating from the Atlantic coast and 30%
from the Mediterranean coast.

Each professional fisher is required to submit a monthly declaration
of his/her catches so productions are theoretically known. Nevertheless,
it should be noted that difficulties are encountered when collecting these
statistics. These are essentially linked to three aspects that may
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Fig. 1. Map showing Manila clam fishing areas and practices. Production data
relate to professional fishing activity. Their sources are CRPMEM Normandy,
CDPMEM Morbihan — Télécapéche, (Damour et al., 2022), PNMGP, CRPMEM
Nouvelle-Aquitaine, Gipreb.
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Fig. 2. Illustrative pictures of the 3 types of Manila clam fishing (©Jean Piel —
CDPMEM 56).

introduce some bias. First of all, the data refer to Manila clam catch, but
often also those of European clams [R. decussatus (Linnaeus, 1758)]. The
European clam is currently in scarce supply with a proportion of
R. decussatus of 1-10% of the abundance of veneridae when the two
species cohabit in the same deposit (Beck et al., 2015; Sanchez et al.,
2021). In these conditions, it is not worthwhile distinguishing between
them when marketing them in the hope of getting a better price. This is
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Table 1
Array of measures applied for management of Manila clam deposits in France.
Type of rules Objective Measures Scale
Access regulation to the resource (first ~ National fishing permit for National®
and foremost) each fisher Designation of
site and very regular
sanitary quality control
Conservation of the  Fishing effort Licenses/stamps contingent Regional/

resource reduction ("cockles and Manila clams", local”
"burrowing bivalves" ...)
Renewal may be subject to a
minimum activity level in
the previous fishing year, to
rules "-2+1" (granting of a
new license implies non-
renewal of two licenses).
Opening and closing dates Regional/
and hours local”
Technical Authorized gears and Regional/
measures dimensions local”
Minimum Conservation European
Reference Sizes (MCRS),
differing between the
Atlantic and the
Mediterranean
Closed fishing areas Regional/
local”
Catch Quotas (kg/fisher/day ...), Regional/
limitations size local”
Conservation of the ~ Reduce Ban on fishing in certain Regional/
local impacts on foreshore habitats local”
environnement habitats

# National: State Administration.
" Regional/local: stakeholders (fishing sector, State Administration locally
with scientists’ supports).

called selection bias. Secondly, data is not systematically available on an
appropriate spatial scale for such coastal resources. Regulatory obliga-
tions require on-foot fishers to make declarations for the sanitary clas-
sification zones and on-board fishers for ICES statistical rectangles. ICES
rectangles extend about 0.5 and 1° in longitude and latitude, respec-
tively, with an area of approximately 30 nautical square miles. They do
not provide very accurate spatial information for local deposits, espe-
cially when they are spatially close to one another. This is called
“problem of spatial aggregation”. Finally, clams are often sold directly
(to wholesalers, restaurants, etc.) and few are auctioned. As a result, the
quality of the statistics may be affected because there is less opportunity
to cross-check the data with other sources such as sales data. This can be
viewed as a measurement bias. The fact that some areas benefit from
regular surveys and/or are covered by dynamic local fishing authorities
improves the quality of statistics.

Although this article deals with professional fishing, it is also worth
looking at recreational fishing. There is no obligation to declare catches
for this activity, but certain studies provide some idea on catches made.
The LIFE-PAP programme provided an estimation of the total clam
harvest at French national level at circa 960 t for professional and 2300 t
for recreational fishers in 2015 (http://www.aires.marines.fr/Partage
r/projets-europeeans/LIFE-Peche-a-pied-deloisir; Basuyaux et al.,
2018). The global ratio between recreational and professional pro-
ductions is 2.4. It reached 7 along the Cotentin coast; in this case it is
evident that the large number of recreational fishers and the intense
harvesting associated with this activity along the coast are used by
economic actors as an attraction for tourists. Nevertheless, it is not easy
to characterize recreational fishing at sea on a national scale; it is
essentially based on surveys. To improve data collection on this activity,
Bellanger and Levrel (2017) reiterated the benefits of a complete register
of recreational fishers. Such a register already exists for freshwater
recreational fishing due to the permit system in force.
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2.3. Management and health measures

In France, the management measures of Manila clam exploitation are
governed by three types of rules (access regulation to the resource,
conservation of the resource and of the local environment) and relate to
three scales of regulation (European, national and regional even local)
(Table 1).

First and foremost, a national fishing permit is mandatory for each
fisher to access the resource. This permit is issued at the state-widescale,
with French legislation requiring the registration of fishing licenses since
2010 (Decree no 2010-1653 December 28, 2010). In 2024, 1300 fishing
permits were attributed.

Additionally, each fisher must hold a local license to access a specific
deposit. This measure, which falls under resource conservation mea-
sures, is administrated by regional or local actors. It allows for the
control of fishing efforts and may be completed by the designation of
areas where fishing is prohibited. Technical measures and catch limi-
tations supplement this array of rules regarding resource conservation.
These include the regulation of authorized fishing gears and their di-
mensions, the opening and closure time of the fishing period (mainly
defined by dates, rarely by hours), and the Minimum Conservation
Reference Size (MCRS). While the first two are established at regional or
local scales, the MCRS in force in France is set by European legislation.
Currently, the MCRS is set to 35 mm shell length for the North Atlantic,
the English Channel and the North Sea, with the exception of Skagerrak/
Kattergat (North Sea) and 25 mm for the Mediterranean Sea. Further-
more, resource conservation can also be permitted by the establishment
of quotas, which set catch limits per fisher and per time units per area
(day, fishing season). Local minimum size (above MCRS) can also be
established at regional/local levels (e.g. 40 mm for the English Channel
and 30 mm for Berre lagoon with prefectoral orders that overrules the
European text).

Regarding the conservation of local habitats, fishing bans on certain
foreshore habitats are enforced to reduce the impact of fisheries on these
environments. For example, there is an interdiction on fishing in the
vicinity of the intertidal honeycomb Sabellaria alveolata (Linnaeus,
1767) reefs, established through the creation of a Special Conservation
Zone with a Natural Habitat Protection order the Champeaux and Saint-
Anne sectors in the Norman-Breton Gulf, implemented by local au-
thorities (DREAL, DDTM). This type of measure is more recent than the
others, dating from the 2010s.

Manila clams are subject to specific health regulations like most
other shellfish to protect consumers from potential health risks associ-
ated with shellfish consumption. This results in a sanitary classification
of production zones. For instance, if the area is classified as B, the
collected clams must pass through purification tanks before being
marketed. When sanitary shellfish analysis reveals an unfavourable
sanitary situation, and the shellfish are deemed unfit for human con-
sumption, marketing restrictions or bans are imposed by a Prefectural
decision (prefectural orders). Episodes of shellfish contamination (bac-
teria, phycotoxins or viruses) or mortality (parasitic infection) most
often occur in spring. In addition, as aquatic animals, clams are covered
by the Animal Health Law [Regulation (EU) 2016/429 of the European
Parliament and of the Council of March 9, 2016 on transmissible animal
diseases and amending and repealing certain acts in the area of animal
health]. In this frame, any suspicion of emerging diseases, notably
abnormal mortality, must be reported and investigated. Although R.
philippinarum is currently not listed as susceptible to any pathogen
regulated by EU rules, it is in the list of host species of the parasite
Perkinsus olseni (R.J.G. Lester & G.H.G. Davis), notifiable to the Word
Organisation for Animal Health (WOAH). In France, mortality of marine
molluscs including clams shall be notified through the REPAMO (Réseau
de Pathologies des Mollusques), a network dedicated to the surveillance
of mollusc diseases (www.repamo.fr). Movements of animals must be
suspended during the occurrence of the mortality event and until the
presence of an emerging and or regulated pathogen is discarded.
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2.4. Regional/local measures and mobilized knowledge

Regulations at the regional and local scales (i.e. regarding fishing
effort, technical measures except for MCRS, catch limitation and fishing
impact on habitats) are decided by professional organizations (Regional
Committees Marine Fisheries and Aquaculture in connection with their
local offices) and are implemented by prefectural orders - i.e. by a ‘state-
in-the-region’ representative (Caill-Milly. et al., 2021). Appendix 1
provides the latest measures according to various deposits. They are
adjustable over time based on scientific advice. For certain deposits,
these regulations rely on regular or occasional resource assessment
surveys (Damour et al., 2022; Sanchez et al., 2021; Bouché and
D’Hardiville, 2023; Mahé, 2022; Patrissi et al., 2023). These surveys
provide standardized indicators such as abundance, density,
size-distribution and spatial distribution. The most critical factor is the
evolution of these indicators other time, rather than the absolute values.
Surveys are conducted by scientific organizations or co-conducted by
local fishing authorities and scientific bodies. To complement these
snap-shot representations of populations, research programs may be
implemented to provide additional knowledge. These programs help
understand the dynamics of the exploited population in its environment
between two “snapshots”. At some sites, only commission deposit visits
are organised by either a professional organisation or administration. In
some sectors, no fishing zones are implemented to preserve specific
areas (for example in the Ille-et-Vilaine Department, in Arcachon Bay).
In other cases, scientific reserves were created, such as on the western
coast of Cotentin at the Agon cape, Manche Department, where the
fishing of burrowing bivalves, including clams, has been banned for 5
years in an overexploited sector (Basuyaux et al., 2023). However, the
results of this experiment are mixed. While fishers’ acceptance of this
ban has been generally positive, the recovery of clams has been incon-
sistent, with some high-density areas being overfished as soon as they
are reopened, and other areas where clams have not re-established
(Basuyaux et al., 2023).

To define and adapt these measures, various issues regarding the
functioning of these populations are raised. They include population
abundance and distribution, life-history traits, connectivity and
dispersal between functional habitats, the impact of fishing, and more.
These issues are related to biological and ecological processes (Mullin,
2013; Gard, 2012; Beeuf, 2010) which need to be understood and
addressed. In these cases, the focus is on: population dynamics; habitat
considerations; reproduction and spawning; biotic interactions and in-
fectious diseases. The reminder of this article reviews knowledge ac-
quired about French Manila clam deposits.

3. Key issues regarding biological and ecological processes for
the French deposits

3.1. Regarding population dynamics

Population dynamics is a fundamental area of ecology that examines
variations in the size and density of populations over time and space,
whether for one or more species (Begon et al., 1990; Hastings, 2001).
Practically, it encompasses two main components: first, the quantitative
description of changes in population abundance and the patterns of
population growth or decline; second, the understanding of the biolog-
ical and physical processes driving these changes (Beck et al., 2015;
Basuyaux et al., 2018; Dauvin et al., 2024). To achieve this, physical
properties of a population are observed through key characteristics such
as size, density, dispersion, sex, and age distribution. Critical factors in
population dynamics include reproduction rates, mortality and migra-
tion. Appropriate data collection, statistical analysis, and modelling are
employed to quantify trends, understand interactions, but also forecast
future changes.
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Fig. 3. Methodology used to assess the performance of protocols applied to the Manila clam population in the Arcachon Bay.

3.1.1. Construction of abundance indices

As with many local deposits, obtaining abundance indices for clam
populations typically relies on a spatial sampling protocol, specifically
stratified random sampling (StRS) (Sanchez et al., 2021; Bouché and
D’Hardivillé, 2023; Gillespie and Kronlund, 1999; Gray et al., 2014;
Norgard et al., 2010; Pitel et al., 2004). StRS offers advantages such as a
greater precision of means compared to simple random sampling, ease of
implementation and flexibility (Smith et al., 2017). However, the
random selection and positioning of stations within a stratum can result
in clusters of sampling points or, conversely, areas without any sampling
points, potentially leading to missed spatial patterns (Stevens and Olsen,
2004; Christianson and Kaufman, 2016) even when such patterns are
present (Yu et al., 2012). In cases where spatial patterns are important,
other protocols - spatially balanced protocols - are of interest, as they
account for spatial heterogeneity and auto-correlation in the construc-
tion of estimators (Stevens and Olsen, 2004; Theobald et al., 2007;
Grafstrom, 2012; Grafstrom et al., 2012; Grafstrom et al., 2013; Rob-
ertson et al., 2013; Wang et al., 2012; Haining, 2003). These protocols
have been developed since the 2000s and include methods such as
Generalized Random Tessellation Stratified (GRTS) (Stevens and Olsen,
2004), Balance Acceptance Sampling (BAS) (Robertson et al., 2013;
Brown et al., 2015), Local Pivot Method (LPM) (Grafstrom et al., 2012),
Spatially Correlated Poisson Sampling (SCPS) (Grafstrom et al., 2012).

e Design of optimal scientific data collection protocols

In Arcachon Bay (South-West of France), clam population using a
StRS has been in place since 2003. Approximately 500 points are sur-
veyed every other years, requiring a team of 5-6 people working for 15
days (Sanchez et al., 2021). However, securing the necessary funding
has been challenging, and in some years (2016, 2017, 2023), it was
difficult, if not impossible, to carry out the survey. In this context, the
potential contribution of spatially balanced protocols to improve exist-
ing monitoring efforts was explored. Initially, a review of the imple-
mentation of spatially balanced sampling protocols in environmental
monitoring was conducted (Kermorvant, 2019; Kermorvant et al.,
2019a). Following this, a sequential procedure was developed to eval-
uate and select the most effective protocol based on the number of sta-
tistical units required to achieve the desired precision in estimation
results (Fig. 3).

Kermorvant et al., 2017, 2019b conducted mathematical simulations
to reconstruct past intra-basin clam populations (from 2003 to 2016),
testing three algorithms for selecting monitoring points (StRS, GRTS,
BAS). Among the best performing protocols identified, GRTS was first
field-tested in 2018 and 2021 using the same sampling effort. The

analysis of these results allowed for adjustment in the 2024 monitoring
effort. Specifically, the number of monitoring points in strata where the
results exceeded the target accuracy (coefficient of variation of the
abundance estimator 0.20) was reduced. Conversely, the resources
saved in this first year of protocol change were utilized, following
validation by the clam Working Group (involving scientists, pro-
fessionals and the administration), to survey areas not included in the
initial reference strata. The work also integrated economic consider-
ations and generalized the method by accounting for different properties
of the statistical population (Kermorvant et al., 2020). Based on a
simulation study similar to that described by Zurell et al. (2010), various
strategies (sampling plan/number of samples/desired accuracy) can be
tested, with an acceptable calculation time of around 20 days maximum
per protocol in our case study.

e Test of different sampling units to estimate clam density

Another challenge in sampling a population is identifying the most
appropriate sampling techniques to a specific site. Along the western
coast of Cotentin Peninsula, Manila clam has successfully colonized a
large variety of sediment habitats with densities of less than 20 ind.m 2.
Because the intertidal zone is extensive and the species is dispersed, it
was worth exploring the possible improvement of the method to esti-
mate the densities. A study carried out on 4 target sites tested several
sample unit areas, i.e. 1/32, 0.09, 1 and 10 m?, to evaluate the clam
density (Basuyaux et al., 2018). Considering precision and cost, it
concluded that it is better to continue using a quadrat area of 1 m? for a
large number of random sampling points (>400) to estimate with the
greatest possible spatial precision the local and regional abundance of
such low-density populations.

At the scale of the 30 km of the Cotentin coast (from Geffosses to the
North and Saint-Martin-de-Bréhal to the South), a comprehensive sam-
pling effort was conducted (Basuyaux et al., 2018). The coastline was
first divided into 1 km sectors of latitude. On each sector, the
geographical coordinates of 10 points were randomly selected. In a
subsequent phase, additional points were randomly added in four sec-
tors where clam abundances were the highest. At each point,a1m x 1
m square PVC quadrat was used for sampling, with sediment raked to a
depth of 0.15 m and then sieved through a 5 mm mesh to collect all
clams. In total, 596 points were covered from February to May 2015.
Clams were observed in 177 of the 596 one-square quadrats. The
maximum number of clams per m? was 52, while for marketable clams
(>40 mm), the maximum was 23. When considering only the quadrats
that contained clams, the mean abundance was 5.1 7.0 clams.m 2 and
2.5 + 2.9 clams.m 2 having a size > 40 mm. If all 596 quadrats are
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Fig. 4. Spatial vizualisation of the allometry patterns of Manila clam related to
density and disease (Caill-Milly et al., 2012).

included, the mean abundance was 1.5 & 4.5 clams.m ™2, with 0.5 + 1.6
clams.m~? exceeding 40 mm in size.

e Short-term changes of clam density

To identify short-term changes (14-69 days) in the adult abundance
of the Manila clam, observations and displacement (movement of clams
on the intertidal zone) assessments were observed during the
2014-2018 period to estimate the natural displacement in a high-energy
hydrodynamic tidal regime in the western coast of the Cotentin (Dauvin
et al., 2024). The mean abundance displacement derived from all the
observations carried out in 2014, 2016 and 2018 is estimated at 1.8 ind.
m 2.mo?, a value that should be compared with the mean density of
between 2.0 and 12.5 ind.m ™2 along the western coast of Cotentin.
During the experiments, most of the clams show a moderate displace-
ment being less than 2 m in 2017 (Dauvin et al., 2024).

3.1.2. Growth parameters and their dynamics

Understanding population dynamics requires knowledge of individ-
ual growth patterns. In bivalves, the most frequently used criterion for
measuring growth is the greatest dimension, the length, which corre-
sponds to the anteroposterior measurement of the valves (Gosling,
2003). However, this measurement alone may be insufficient, as it
provides information on only one axis of growth, whereas growth can
occur along multiple dimensions. Additionally, most bivalves undergo
changes in shape during their development (Fan et al., 2007). These
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progressive allometric changes are primarily controlled by the genotype
of the individuals and occur throughout ontogeny (Gosling, 2003;
Hoffman, 1978). For many species, the influence of environmental
conditions on growth has also been demonstrated (Ohba, 1959; Seed,
1968; Rosenberg, 1972; Brown et al., 1976; Gérard, 1978; Lucas, 1981;
Eagar et al., 1984; Stirling and Okumus, 1994; Kwon et al., 1999; Costa
et al., 2008), leading to the expression of various phenotypes. Identi-
fying these groups of individuals on both inter- and intra-site scales
provides valuable additional insights into understanding stock
dynamics.

In Berre lagoon, in order to understand the population dynamics,
long-term field monitoring (in situ cages coupled with sclerochronology)
was performed to estimate the growth rate and the mortality. Von
Bertalanffy growth function parameters show a high growth rate (K =
1.42 yr’l) with a small L, (35.70 mm). This means that clams need 1.5
yr to reach 30 mm in length: the minimum catch size for the fishery in
this site.

A growth model in length was developed for the Manila clam pop-
ulation in Arcachon Bay using the Von Bertalanffy method (Dang, 2009).
Compared to other studies, the growth performance of this population is
relatively poor within the lagoon. This site’s unique characteristics were
later confirmed (Caill-Milly, 2012; Binias, 2013; de Montaudouin et al.,
2016b). The growth patterns of individuals in this sedentary and iso-
lated stock differ greatly from those in other areas, with growth slowing
down at around 30 mm (Dang, 2009; Dang et al., 2010a). Beyond this
size, it appears that growth occurs more in width than in length,
resulting in a globular shape. At the scale of Arcachon Bay, three main
morphological groups were identified among adult clams and for the
first time, relationships between shell shape, density and disease were
demonstrated (Caill-Milly et al., 2012). This analysis identified areas
where growth conditions are more favourable than others (Fig. 4). When
comparing four Manila clam populations along the French Atlantic coast
(Banc du Guer, Arcachon Bay, Gulf of Morbihan and Bellevue), three
ratios were found to discriminate between these four deposits: H/L
(elongation index), SM/Av (a valve density index) and SM/L (an index
representing the weight of the valve relative to its anteroposterior
length).

The dependence of each discriminant ratio on environmental vari-
ables from monitoring networks (REPHY and ARCHYD) (Belin et al.,
2013) was analysed using the process described by Bliese (2012). Sig-
nificant relationships were found between these ratios and chlorophyll a
concentration, as well as one ratio and seawater temperature ranging
from 12 to 20 °C. Potential causes for these relationships were hypoth-
esized (Caill-Milly et al., 2014). The analysis not only highlighted
species-level differences in shell morphology but also revealed
morphometric specificities on an intraspecific scale, with trends linked
to latitude and the influence of other factors.

Fig. 5. Illustration of hatchery spat tagged at TO (June 17, 2015) and after 9 months.
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Fig. 6. Modelling of clam growth in the Gouville-sur-Mer (Manche Depart-
ment). In orange the data from natural populations, and in black the data from
the hatchery spat reimplanted (unpublished data). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

On the western coast of the Cotentin, growth parameters were
determined through monthly monitoring of natural populations over a
13-month period in 2015-2016 (across 6 stations, with 3 replicates of
0.25 m? per station). Cohort analysis was performed on the entire
dataset, using Bhattacharya’s method (Bhattacharya, 1967) and the
FISATII software. By tracking the individual growth of each cohort, it
was possible to model growth using a seasonalized Von Bertalanffy
model. Additionally, hatchery-reared clams, identified with marking
tags on their shells (Fig. 5) were monitored every 3 months. This data
helped validate the growth model. The findings indicate that clam
growth in this region is seasonal, with growth ceasing during winter. It
takes 3 years and 4 months for a clam to reach the local legal catch size
of 40 mm (Fig. 6).

3.1.3. Species identification, genetic diversity and population structure

Due to their morphological similarities, distinguishing
R. philippinarum from R. decussatus based on shell characteristics alone is
challenging: on the contrary, genetic identification based on nuclear
and/or mitochondrial markers alone casts no doubt about the species
identification (Hurtado et al., 2011; Habtemariam et al., 2015). For
instance, Painblanc (2023) analysed 317 clams sampled along nine
French sites using morphological characteristics (shell length, height,
width and weight) and two genetic markers (ITS2 and mtCOI). Taxo-
nomic identification was first based on genetic markers and then
compared to morphological identification: while the elongation index
[the height/length ratio (Caill-Milly et al., 2014),] was the most
discriminatory metric between the two species at a given site, a high
variance was observed within (a) species across different sites. This
suggests that i) shell shape is largely “site-dependent™ and ii) shell-based
criteria should be used with caution when differentiating species across
varying locations (Fig. 7A).

In addition to species identification, genetic analysis is crucial for
examining the genetic diversity and population structure of the Manila
clam. According to Flassch and Leborgne (1992), the European popu-
lation originated from a small pool of individuals —500000 spat and
1000 adults from the Pacific coast of North America, representing
approximately 70 kg of total biomass-resulting in a limited founder
population that has likely caused a strong genetic bottleneck in Europe
(Chiesa et al., 2011, 2014, 2017; Cordero et al., 2017), including in
France. Indeed, in the native range, three lineages have been identified
(Cordero et al., 2017; Mao et al., 2011), whereas only two lineages have
been observed in France, but with higher haplotype diversity based on
the mtCOI marker. This suggests a genetic bottleneck, yet also indicates
a relatively limited loss of genetic diversity (Riquet et al., In prep). Ge-
netic analysis thus allows for a deeper understanding of the Manila clam
demographic processes following its introduction, as well as intraspe-
cific diversity and connectivity by identifying multiple haplotypes
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within each species (Fig. 7B).

Despite its well-established status as a non-indigenous species, a
demographical decline is currently occurring in certain areas along the
French coastline, for example in the Fier d’Ars area on the isle of Ré, a
strong decrease in Manila clam density and quantities harvested has
been observed since 2018. In the Mediterranean lagoons the situation is
different with R. decussatus fishing having long been a traditional ac-
tivity, notably in the Thau and Berre lagoons. After a peak of harvests in
1979 and 1985, with approximately 475 t collected (Mazouni et al.,
1999), recent observations indicate that almost no clams have been
harvested in the Thau lagoon over the past decade (Patrissi et al., 2023).
Following an observation along these lines in the Berre lagoon, the
Manila clam was introduced and has been harvested since 2018. A
crucial first step in such cases is to estimate the marketable clam stock
and identify the species present. Although adult specimens of
R. decussatus and R. philippinarum can be distinguished morphologically
within a site, this process often presents difficulties. Identifying juvenile
or smaller specimens is even more challenging, requiring dissection to
observe soft tissue and/or undertake genetic analyses for accurate
identification, which is both time-consuming and invasive for the
sampled individuals.

A recent study showed that among 12 French Mediterranean lagoons
sampled, R. philippinarum was present in only two, while the indigenous
species was observed in the other 10 (Mahé et al., 2022). Consequently,
alongside the 2023 stock estimate (Patrissi et al., 2023), a genetic
analysis based on eDNA was conducted to easily detect the presence of
both species in the Thau and Berre lagoons (Fortunato, 2024). A meta-
barcoding approach was employed using a mitochondrial primer
initially developed for freshwater Venerida (Prié et al., 2021). After
initial tests in aquaria, which confirmed the effectiveness of this marker
in detecting and quantifying both species, it was applied at several sites
within the Berre and Thau lagoons. In the Berre lagoon, R. philippinarum
was confirmed as the dominant species, while in the Thau lagoon,
Polititapes aureus (Gmelin, 1791), the Golden carpet shell, was primarily
detected, with a few R. decussatus present, and no R. philippinarum. These
findings were corroborated by genetic analyses of clam tissues. This tool
shows promise for characterizing clam biodiversity in Europe and
monitoring its evolution, particularly in regions where both
R. philippinarum and R. decussatus coexist (Fig. 7C).

3.1.4. Modelling the dynamics of a harvested population in relation to its
environment

Clam resource management in Arcachon Bay employs a co-
management approach that involves both scientists and managers in
conjunction with maritime officials. To define, evaluate and test the
effectiveness of various management strategies, a specific analytical
model has been developed (deterministic compartimental model con-
structed according to the paradigm of dynamic systems) (Forrester,
1973) and implemented for Arcachon Bay (Bald et al., 2009; Caill-Milly
et al., 2022). This simulation tool reproduces the dynamic interactions
between biological and physical processes and helps determine the ac-
tion needed based on the current state of the system (Goffinet, 2003). In
addition to serving as a decision-making tool, the model has enhanced
our understanding of population dynamics because it can describe
processes based on a hierarchical integration of biological, physical, and
social knowledge. Recent updates to the model have incorporated new
data on life-history traits, local environmental parameters, and more
detailed information on fishing activities and their control parameters.
The model also includes new process formulations, followed by a per-
formance analysis and initial sensitivity testing based on Banos-Gonza-
lez et al. (2018). The outcome (Caill-Milly et al., 2022) is a model
calibrated with parameters that closely reflect the specific characteris-
tics of the stock in question (Fig. 8).

In Berre lagoon, a dynamic energy budget (DEB) model was devel-
oped. It dynamically describes the aspects of metabolism at the indi-
vidual level and, combined with life-history traits (e.g. growth and
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Fig. 7. Three distinct applications of genetics in the Manila clam R. philippinarum: A. Species discrimination using amplified PCR products from the 16S mito-
chondrial marker, showing characteristic bands for R. decussatus (in blue, 522 bp expected size on a 2% agarose gel) and R. philippinarum (in orange, 522 bp expected
size on a 2% agarose gel) across two French populations (Pen Bé and Carantec; left panel). The right panel illustrates species differentiation based on morphometric
variables following the methodology of Caill-Milly et al. (2014) for the same two populations (mean + SD). B. Haplotype network of mitochondrial COI sequences for
R. decussatus [N = 32, in blue, NCBI accession numbers: JX051518 - JX051549 (Cordero et al., 2014)]; and R. philippinarum [N = 47, in orange, NCBI accession
numbers: LT600424 — LT600470 (Cordero et al., 2017)]. Circle sizes indicate the frequency of each haplotype, and shaded circles highlight lineages within each
species. C. eDNA sampling methodology in Mediterranean lagoons: (i) sample collection, (ii) filtration using Waterra capsules and the Argaly filtering system, (iii)
molecular analysis in the laboratory, and (iv) bioinformatic processing to characterize clam sequences. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

mortality rates), it helps the local authority to manage the regulation by
simulating the long-term clam population in interaction with different
regulations (Mahe, 2022). For example, it shows that the clam’s re-
covery time for Manila clam in this lagoon can be relatively fast only if
the environment becomes favourable and the anoxic conditions are
absent.

An individual-based model was also produced to investigate bio-
logical and environmental interactions that influence the prevalence
and intensity of a disease caused by the bacterial pathogen, Vibrio tapetis
(Borrego et al., 1996), in the Manila clam (Flye-Sainte-Marie et al.,
2007; Paillard et al., 2014). It was implemented using environmental
observations from sites in Brittany, France, where Manila clams
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Fig. 8. Diagram of the model developed for the Manila clam, illustrating the four blocks and the interactions between them. Improvements made since the first

version of the model are in bold italics (Caill-Milly et al., 2022).

routinely undergo the pathology. Simulations with temperature in-
creases favor disease development and potential spread. It also showed
that the modeled hemocyte activity is a major intrinsic determinant of
clam recovery.

In some areas, such models can not be used to asses management
strategies as some biological data are unavailable (such as growth pa-
rameters). In these cases, management strategies are developed based on
the combination of simple indicators such as Manila clam abundance
estimate, proportion exploited, CPUEs, proportion of stations sampled
having high densities (as these represent areas of interest for fishers).
Contextual information on environmental factors are also collected to
better understand Manila clam population’s variations. This type of
management is done in Charente Maritime or in the Gulf of Morbihan.

3.2. Regarding reproduction and spawning

To date, there have been few studies on reproduction of R. philip-
pinarum in French populations, with most of them conducted in Arca-
chon Bay and Berre Lagoon. For Arcachon, these studies aimed to
address the specific features of the lagoon and to respond to a formal
request from the European Commission on the modification of the
MCRS. The reproductive cycle of R. philippinarum in Arcachon Bay is
similar to that reported from other French sites (Laruelle et al., 1994;
Maitre-Allain, 1983; Mahé et al., 2024). Dang (2009) provided a
detailed description of the reproductive cycle in Arcachon Bay, based on
observations from 2006 to 2007: gametogenesis begins in March, gonad
maturation starts in April-May, and spawning occurs between May and
October. Gonad maturation and spawning periods can vary by site and

Table 2
Methodological elements used to estimate the SLs, of R. philippinarum according to the deposits considered (F = Females; M = Males; T = Total).
Location Sample size Size of the Maturity stages Population  Estimated SLso Reference
individuals (mm) (mm)
Portugal — Tage 88 23.9-38.6 3 and 4 T 29.4 Moura et al. (2018)
estuary
Portugal — Rio de 305 13.6-55.1 3,4and 5 Fand M 20 Maia et al. (2025)
Aveiro F: 19.9
M: 20
France — Berre Lagoon 122 11.9-34.9 3 and 4 T 23.6 Mahé et al. (2024)
France - Arcachon Bay 1238 17-41 3,4and 5 Fand M 26.7 Caill-Milly et al.
F: 24.5 (2023)
M: 21.6
South Korea - Komso 216 (102 males and 114 females)  8.4-54.6 « Late active » to « Spent/ Fand M F: 15.1-20.0 Chung et al. (2001)
Bay Inactive stage M: 15.1-20.0
South Korea - Simpo 135 males 8.4-54.6 « Late active » to « Spent/ M M: 17.16 Chung et al. (2013)
Jollabuk-do Inactive stage)
South Korea - Simpo 210 females 8.4-54.6 « Late active » to « Spent/ F F:17.83 Choi et al. (2005)
Inactive stage
Japan - Mutsu Bay 169 (58 females, 67 males et 44 7.97-40.58 Individuals with stage 3, 4or5 Fand M F: 21.1 Sugiura and Kikuya
indeterminate) germinal acini M: 18.5 (2022)
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year. In 2006 and 2007, most individuals were mature for three months,
from May to July and June to August, depending on the site. Spawning
periods also varied within the bay, with a minimum of one-month delay
among the sites depending on their locations (Dang, 2009).

Based on these observations, we assessed the size at first sexual
maturity (SLsp), by conducting sampling in June, July and August 2021
at the four intra-basin sites previously described, which represent
different environmental conditions (Dang, 2009; Caill-Milly et al.,
2023). With regard to the selection of individuals (linked to sex, size),
maturity stages and calculation methods used to estimate SLs5(, we noted
a lack of harmonisation in practices related to clams (Table 2) but also
more broadly for bivalves. While ICES has promoted harmonisation ef-
forts for several years for demersal and pelagic fish, certain cephalopods
and crustaceans (local stocks with strong local and regional manage-
ment components) often face different challenges. After reviewing
various methods, we chose the six stages of gamete development out-
lined by Drummond et al. (2006) and Moura et al. (2018). These stages
also align with those used for Chamelea gallina (Linnaeus, 1758) in the
Adriatic Sea (Bargione et al., 2021). They allow for comparison with
other European deposits of Manila clams (Moura et al., 2018; Maia et al.,
2025).

For R. philippinarum in Arcachon Bay, SLso was estimated at 26.7 mm
(26.2-27.2 mm), with moderate spatial variability [detailed in
(Caill-Milly et al., 2023)]. Despite some methodological differences,
these results are consistent with SLsg estimates reported in the literature.
However, this indicator sometimes can vary among populations of the
same species (Galimany et al., 2015).

On the western coast of the Cotentin, the period of gamete emission
was estimated using the condition index of Walne and Barnes, (1975),
based on monthly samples from clams larger than 40 mm, with
increased sampling frequency every 15 days during the summers. This
study, conducted over a 7-year period, found that gametes were pro-
duced in the first half of July. However, in some years, a second period of
gamete production appeared to occur in August. The clam size at first
maturity was not investigated in this study (O. Basuyaux, unpublished
data).

3.3. Regarding habitats

3.3.1. Effect of clam rake harvesting on habitats

Beck et al. (2015) investigated the impact of using a clam rake on
clam populations, i.e. examining effects on abundance, size classes, and
the macrofauna biodiversity associated with the Ruditapes habitat.
Sampling was conducted at three sites, each with three stations (sand,
gravelly, and deep gravelly in a mixed gravelly and rocky habitat).
Professional fishers used the clam rake at these sites to harvest clams.
Infaunal species were sampled before and 1 month after raking, during
February-March 2014, using a 0.20 m diameter stainless steel
hand-cover with 1/32 m? area, with a random strategy. Sampling depth
was approximately 0.15 m. Eight replicates were taken at each station,
totalling a sampled area of 0.25 m2. Core samples were passed through a
1-mm mesh sieve, preserved in 5% formaldehyde, and stained with Pink
Bengal dye to aid sorting. Species were then identified and stored in 70%
alcohol. A total of 83 taxa were identified across the three habitats
sampled, with polychaetes (46 taxa) and molluscs (18 taxa) being the
most dominant. Polychaetes were numerically predominant, comprising
between 51% and 96% of total abundance. No significant differences
were observed in the total number of individuals or taxa between the
two sampling dates at the raking stations. The relatively weak effects of
rake fishing in this intertidal zone may be attributed to high sediment
transit and the drifting of organisms between sampling dates in this
high-energy environment (Beck et al., 2015).

3.3.2. Test of larval source for a population using hydrodynamical models
Since its introduction to the Chausey Islands (western English
Channel) in the late 1980s, the Manila clam R. philippinarum has
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significantly increased in population along the western coast of Cotentin
(Beck et al., 2015; Basuyaux et al., 2018). Basuyaux et al., (2025) tested
several hypotheses regarding the larval source for the Cotentin popu-
lation in the Normano-Breton Gulf. They simulated larval dispersal using
the MARS 3D Lagrangian transport model, which tracks particles mov-
ing passively with ocean currents. This model was coupled with a
regional current circulation model that incorporates bathymetry, tide,
wind, marine turbulence, and temperature effects for the summer of
2019. The Ichthyop particulate transport model was employed to
simulate the dispersion of clam larvae, considered as passive particles,
after one month of planktonic life. The simulations varied wind condi-
tions and points of larval release during the June-July 2019. The results
indicated that while some larvae were transported offshore, the majority
were recruited in the western coast of Cotentin. Notably, larvae from the
Chausey Islands clam farms contributed to the clam populations
throughout the Normano-Breton Gulf. This finding explains the persis-
tence of clam stocks despite heavy annual harvest and supports a
viability of a sustainable fishery, even with a low abundance of breeding
individuals.

3.4. Regarding infectious diseases

Several pathogens have been reported in clam populations in France
including trematodes, protozoan parasites, bacteria and viruses.

e Trematodes

Trematodes that use clams as second intermediate hosts were iden-
tified. In a study carried out in Arcachon Bay, R. philippinarum exhibited
very low abundance of trematodes (<1.1 metacercariae per clam),
involving two echinostomatid species. Experimental infestation
confirmed that the Manila clam is resistant to cercarial infection (Dang
et al., 2009a). Consequently, it was concluded that these parasites likely
have no direct impact on clam population dynamics in Arcachon Bay,
although they may exacerbate contamination by trace metals such as
cadmium (Paul-Pont, 2010; Paul-Pont et al., 2010).

e Protozoan parasites

A range of protozoan parasites have been detected in R. philippinarum
worldwide including parasites of the genera Minchinia, Mikrocytos,
Marteilia or Perkinsus. Among these parasites, Perkinsus olseni has been
regularly detected along the Atlantic and Mediterranean coasts and has
been associated with local mortality events, resulting in severe eco-
nomic loss, especially in Portugal, Spain, and Italy (Ruano et al., 2015).

In France, the presence of Perkinsus parasites was initially evaluated
using RFTM (Ray’s fluid thioglycolate medium) or histology, diagnostic
approaches which do not allow identifying parasites at the species scale.
Perkinsus parasites were detected in main clam producing zones (Garcia
etal., 2006; Lassalle et al., 2007; Dang et al., 2010b). In a survey carried
out in Arcachon Bay (France), very high prevalence (70-100% of clams)
and intensities (130 x 10° cells.g wet gill) of Perkinsus spp were
observed in clams using RFTM (Dang et al., 2010b). The infection was
found to have a negative impact on individual clam growth (Dang et al.,
2013).

Subsequently, PCR and sequencing analyses revealed that on the
Atlantic and Mediterranean coasts, clams were not only infected with
P. olseni but also with P. chesapeaki (McLaughlin et al., 2000) in some
locations (Arzul et al., 2012; Itoiz et al., 2022). While P. olseni might
have been unintentionally introduced into European waters along with
its host, the Manila clam (R. philippinarum), brought over from Asia in
the 1970s for aquaculture purpose (de Montaudouin et al., 2016a),
P. chesapeaki introduction might have occurred through introduction of
susceptible species including Mya arenaria (Linnaeus, 1758) or Merce-
naria mercenaria (Linnaeus, 1758) from North America (Arzul et al.,
2012).
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The use of a specific duplex quantitative PCR enabled the monitoring
of the dynamics of both congeneric species in R. philippinarum in Arca-
chon bay and revealed that P. olseni was the most prevalent parasite with
high infection intensities (Itoiz, 2021; Itoiz et al., 2021; Itoiz et al.,
2024). In contrast, P. chesapeaki appeared more cryptic. These results
highlight the interest of combining targeted and less targeted diagnostic
approaches to get the most accurate epidemiological picture.

e Bacteria

Brown ring disease (BRD), first described in 1987 in Landeda (Fin-
istere, France) (Paillard and Maes, 1990; Paillard, 2016), is caused by a
vibrio, Vibrio tapetis, which colonizes extrapallial fluids, inhibiting the
shell calcification process, and inducing an abnormal brown organic
deposit in the internal valves (Paillard et al., 2025). BRD has spread
rapidly in Brittany and along European coasts, causing heavy mortalities
in clam beds between 1990 and 2010 (with maximum prevalence
reaching 60% in winter). In natural populations, BRD prevalence was
lower, on the order of 5-20% (1993-2003) in the Gulf of Morbihan
(Paillard et al., 2014). But recently (2019-2022), in certain areas of the
English Channel, the prevalence of BRD could reach, in winter, 50% in
the clam beds of Chausey and 40% in the natural populations of
Blainville-sur-Mer (O. Basuyaux, personal observation). Moreover,
typical BRD symptoms are still visible in clams, with some changes in
compartment location, with some extent in the central compartment,
particularly in moribund clams. At seven stations in the Gulf of Morbi-
han, we have shown that sediment granulometry has an impact on BRD
development, with an abundance of large particles in the sediment
increasing the probability of infection and pathogenicity in the extrap-
allial compartment (Flye-Sainte-Marie et al., 2008). BRD and the
V. tapetis pathogen were identified in calcified archives of clams har-
vested before the epizootic (Paillard et al., 2019; Der Sarkissian et al.,
2017). In this way, shellfish archives can be used as epidemiological
tracers of the disease, and also to identify pathogen strains and their
evolution.

e Viruses: OsHV-1 and BMD virus-like particles

The ostreid herpesvirus type 1 (OsHV-1) is one of the few viruses
reported in marine molluscs which have been fully characterized

Changing environment and biological
effects on reproduction, energy reserves ...
=> Impact of heat waves

Recruitment deficit on mudflat preventing
fishing compensation

=> Causes of "non-functioning" (algae,
parasites, substrate, water quality, ...)?

Coexistence of clam species with signify-
cant production (fishing, clam farming)
=> Diversity, structure population and
pathogenicity?
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=> Sustainable to reduce MCRS specifically
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(Davison et al., 2005). Although this virus is primarily infecting the
Pacific cupped oyster Magallana gigas (Thunberg, 1793), it has been
associated with mortality in larvae of R. philippinarum and R. decussatus
produced in hatchery (Renault and Arzul, 2001; Arzul et al., 2001). This
member of Malacoherpesviridae family can thus present a threat for the
production and fishery of Manila clam.

In 2005, a new disease named Brown Muscle Disease (BMD) was
discovered in Arcachon Bay (Dang et al., 2008) and associated with the
presence of Virus-Like Particles (Dang et al., 2009b). BMD quickly
became associated with high mortality rates in adult Manila clams in the
area. The disease affected 62% of the Manila clam habitat surface (Dang
and de Montaudouin, 2009), with prevalence reaching up to 30% in
some areas among adult specimens. At the individual level, the condi-
tion index of Manila clams affected by BMD was reduced by 37%. The
disease primarily targets the posterior adductor muscle, which becomes
infused with conchiolin and gradually calcifies. However, a recent study
suggests that muscle atrophy is a latter sign of the pathology and it is the
nervous system which could instead be a primary target of the BMD
agent (Pierron et al.,, 2019). Clams found at the surface showed an
infection rate three times higher than that of buried (i.e. normal posi-
tion) sympatric clams. Laboratory trials further revealed that surfaced
clams had significantly higher mortality rates after 15 days compared to
buried individuals (82% versus 12%). In a subsequent study, significant
stress responses were observed in BMD-infected clams across various
biological scales. These responses included a noticeable reduction in the
condition index, alterations in immune parameters, and changes in the
expression of stress-related genes (Binias et al., 2014). While this
comprehensive stress response highlights the severe impact of BMD on
the overall health and physiological functioning of the affected clams,
the apparent restricted distribution of this disease raises several ques-
tions including the potential role of environmental factors or of genetic
factors specific to Arcachon clam populations in BMD development.

4. General discussion and conclusion

When data is available and/or of sufficient quality, time series
relating to stock monitoring indicators (such as abundance indices, de-
mographic structure, etc.) are typically calculated to track their evolu-
tion over time (variations in abundance) and to adapt exploitation
practices as needed. In all cases, the methods used must be reliable, not

Rapid development of the population leading to an
increase of catches and professional fishermen

=> Role of Chausey farms? coupled to strong
demand for stock monitoring (high tension
between professional and recreational fishermen)

Intent to restore European clam population
after its collapse

=> How can the distinction between species
(endemic vs. Manila clam) be facilitated to
evaluate the current status of the
populations?
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manage the stock of an invasive species based
on economic profitability?

Fig. 9. Current or recent main issues that have been identified on the French Manila clam populations.
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overly data-intensive and relatively straightforward to implement. This
ensures that indicators can be generated effectively to inform appro-
priate management measures for the stocks.

4.1. Use of this knowledge for management purposes

4.1.1. To contribute to area selection criteria (growth patterns)

Highlighted morphometric specificities at both intra and interspe-
cific scales offer valuable knowledge that can influence the selection of
appropriate management measures for the studied population. This in-
formation supports spatially explicit management approaches, which
are particularly effective for species that are either not very mobile or
are sedentary yet highly dispersive (Caddy and Defeo, 2003). In Arca-
chon Bay and Gulf of Morbihan, such insights are incorporated into the
criteria for selecting protected areas.

4.1.2. To consider the suitability of MCRS for certain zones

To revise any MCRS, it is necessary to consider biological features,
primarily focusing on sexual maturity, individual growth and natural
mortality. In the case of Arcachon Bay, it is professional fishers who have
collectively requested that a specific MCRS of 32 mm be set for Arcachon
deposit. A synthesis of available knowledge was compiled (Caill-Milly
et al., 2023) and provided to the European Commission. It concluded
that, based on available information, reducing the MCRS to the
requested size for this site would not be an issue for the population
viability. However, it was pointed out that this measure could not be
considered on its own; it should be considered in conjunction with other
management measures already in place, such as the establishment of
protected areas and the limitation of fishing effort (e.g. number of
licenses, authorized catch periods, quotas, etc.).

4.1.3. To test management scenarios (model implementation)

The management model specifically developed for the Manila clam
in Arcachon Bay aims to enhance stock management through a robust,
science-based decision-making process. Recent improvements to the
model enable the testing of various management strategies (number of
fishing licences, quota per licence, length of fishing season and area of
fishing reserve) as well as environmental changes on the total biomass.
The findings suggest that adopting a combination of management
measures is more effective than making significant changes to a single
measure. These combined measures form part of a range of measures
that have been in place since 2008-2009 (Caill-Milly et al., 2022). They
have also been used for this species in other European coastal systems
(Coelho et al., 2021). The co-management approach for this local
exploited stock is therefore attentive to the legitimacy of such measures.
This is why it has been important to continue to work with local fish-
eries’ committees when elaborating the contents of measures to be
adopted.

4.2. Identification of knowledge shortfalls

Although not exhaustive, Fig. 9 illustrates current main issues that
have been identified on the French populations by the co-authors of this
paper. Issues range from the individual to the population level, with
questioning very often linked to environmental effects. For example, a
“one health” approach is being proposed in the Bay of Brest to assess the
physiology modification of Manila clam, the associated microorganisms’
dynamics and the evolution of BRD linked to environmental changes. In
the Gulf of Morbihan, the Pertuis Charentais and the Cotentin, the effect
of factors (other than fishing) influencing recruitment is being
investigated.

Other questions also remain, for example on interactions with other
bivalves: Is the European clam replaced by the Manila clam when the
two species cohabit? What are the consequences of interactions with
Asian mussels such Arcuatula senhousia (W. H. Benson, 1842)? It is
essential to maintain vigilance about the risks of the pathogens or
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predators (such as blue crabs) emerging, these risks being amplified in a
context of climate change. In any case, the importance of monitoring
and raising awareness among professionals is crucial. It allows for a full
reporting of abnormal mortality events, as this is currently one of the
only warning signs of an outbreak.

As has been presented, the sustainability of the Manila clam fishery
has not only depended upon a continued investment by scientists to
produce up-to-date biological knowledge about stock status and health,
but also on how this ‘science’ has been mobilized to influence the ‘pol-
itics’ governing the fishery. A deeper understanding of how this came
about - and at different scales of governance (local, regional, European) -
would contribute much needed new knowledge on decisional processes
transforming small-scale fisheries more generally (Carter and
Caill-Milly, 2024). This matters especially at a time when challenges to
the sustainability of small-scale fisheries have been highlighted in in-
ternational and European Union policy strategies (SFF Guidelines,
2015). In Europe, and despite the regionalization of the CFP, it is by no
means straightforward to change common rules to adapt them to the
specificities of complex, and evolving, interactions between shellfish
and ecosystems. This is particularly true for small-scale fisheries, whose
representatives have weak bargaining power (Said et al., 2020) and in
the French context, where shellfish gatherers tend to be underrepre-
sented in decisional fisheries’ committees (Frangoudes et al., 2020). A
targeted analytical focus on political processes would also produce new
understandings on how policies ‘outside’ the CFP can support any future
transformations of this fishery, including fishers’ income diversification
strategies (Carter and Caill-Milly, 2024).
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refer to the articles cited in the bibliography.

Latest measures taken at regional/local levels according to various Manila clam deposits.

Sites Fishing effort reduction Technical measures Catch limitations Reduce impacts on habitats
Licenses/stamps Opening and closing Authorized Closed fishing areas Quotas (kg/fisher/day Ban on fishing in certain
contingent dates and hours gears and )] foreshore habitats

dimensions

Manche 100 licenses 60 kg/fisher/day
(Cotentin from
Bréhal to
Pirou)

Gulf of 112 licenses in Between mid-June By hand, on Fishing area rotation 60 kg/fisher/fishing trip. = Mud pattens on mudflats
Morbihan 2024 and mid-September foot or snorkel Truscat zone: quota of Snorkelling means less support on
(Morbihan) 100 tonnes for the entire the ground

fishing season

Other Morbihan 112 licenses in All the year By hand, on Fishing area rotation 60 kg/fisher/fishing trip Mud pattens on mudflats
(Morbihan) 2024 foot or snorkel

Charente- 34 licenses Different in each True Closed fishing areas for 70 kg (until 80 kg)/ Marine eelgrasses must be
Maritime deposit of the Zostera noltei fisher/day avoided during summer, some

departement conservation areas of eelgrass are closed to
fishing between April and
September.
Arcachon Bay 39 vessel owners Almost opened True 2 areas banned by pref. Free of quotas Marine eelgrasses should be

with a maximum of
2 employees each

everywhere, and
opened during the
day

5 days per week from
March to December

Berre Lagoon 78 licenses

orders and 1 by the
National Nature Reserve
(NNR)

preserved with using authorized
gears

50 kg (until 80 kg)/
fisher/day

Data availability
If available, data will be sent on request
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