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Abstract – In the fifty years since the introduction of the Pacific oyster Crassostrea gigas and the first
reports of the parasites Marteilia refringens and Bonamia ostreae in European waters, numerous research
projects dedicated to the native European flat oyster Ostrea edulis have been conducted, notably in France.
Most of these projects have been dedicated to developing controlled reproduction and hatchery technology
for seed production, examining pathological aspects to understand and control diseases, and using genetics
to develop resistant lines. While the long-term objective of most studies has been to revive the aquaculture
production of O. edulis, a smaller number have addressed the ecology of local remnant beds and reefs in
France. This article provides an overview of the major outcomes of all these projects, focusing on results
obtained in France and prospects for future work there, taking into account the rising interest in increasing
aquaculture production and ecological motivation to restore declining populations as part of the framework
of the Native Oyster Restoration Alliance (NORA) and in line with UN Decade for Ecosystem Restoration.
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1 Introduction

The flat oyster Ostrea edulis is the only native oyster
species in Europe apart from some dwarf oysters present in
Spain and Portugal (see Prado et al., 2022). The so-called
‘Portuguese oyster’, Crassostrea angulata, has instead been
shown to be native to southern Asia (Boudry et al., 1998) and
the Pacific oyster, Crassostrea gigas, was originally intro-
duced from Japan (Grizel and Héral, 1991).

Among edible marine bivalves, O. edulis has long been
known as a delicacy, leading to a decline in its stocks along
European shores from overharvesting since the middle ages
(Dupont and Rouzeau, 2015). Beds and reefs used to occupy
large areas on the shore and in the subtidal zone onmany coasts
of France, especially in Brittany (Joubin, 1908), but they have
almost disappeared after several centuries of over-exploitation
and are now critically endangered (Duchene et al., 2015). This
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particular habitat was called Huîtrières in old French.
Surprisingly, with the loss of this habitat, this term has also
disappeared from the French language. The forgetting of this
term over the generations is a symptom of a kind of collective
amnesia, which was similarly reported by Alleway and
Connell (2015) in their work on the history of the flat oyster
O. angasi in Australia.

After the depletion of natural beds in France, oyster
farming was developed from the end of the 19th century and
yearly production quickly reached more than 20,000 tons in the
first half of the 20th century. However, high mortality occurred
from the 1970 s onwards with the emergence of two parasites,
Marteilia refringens and Bonamia ostreae (see Sect. 3.1). As a
result, French aquaculture production of O. edulis declined
from up to 30,000 tons per year at the end of the 1960 s down to
less than 2000 tons today. France is and has always been by far
the main producer of flat oysters in Europe and the French
government recently set the ambitious target of restoring
French aquaculture production of O. edulis to 8,000 tons in
2030 (Anonyme, 2021).
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Table 1. Non-exhaustive inventory of research and development work (published articles and reports) carried out in France since the emergence
of the epizootics linked to the parasites Marteilia refringens and Bonamia ostreae. Most cited references are available via https://archimer.
ifremer.fr/ or on request from the French technical centres CAPENA, SMIDAP or SMEL.

Decades Zootechnics Pathology Genetics Physiology & Ecology

1980–1990 Farming
Robert et al., 1990

Pathogen description
Pichot et al., 1980
Comps et al., 1980
Grizel 1985
Epidemiology
Tigé et al., 1981; 1984
Grizel 1985
Comps et al., 1980; 1982

Population genetics
Blanc et al., 1986
Jaziri 1990

Larval ecology
Robert et al., 1988

1990–2000 Farming
Pascual et al., 1991
Martin 1991,1993,1994
Naciri et al., 1999
Brault et al., 1994
Baud et al., 1997
Haure 1999
Hawkins et al., 1994

Bonamia infection
Cochennec et al., 1992; 2000
Hervio et al., 1995
Marteilia infection
Audemard 2001; et al., 2001
Berthe et al., 2000
Le Roux et al., 2001

Selective breeding
Martin et al., 1992
Baud et al., 1997
Naciri-Graven et al., 1998

Ecophysiology
Haure et al., 1998

2000–2010 Farming
Cochet et al., 2004-2010
High mortalities events
on the Pacific Oyster

Bonamia infection
Arzul et al., 2009; 2011
Lallias et al., 2008
Lopez-Flores et al., 2007
Morga 2010; et al., 2009
Robert et al., 2009
Marteilia infection
Audemard et al., 2002
Carrasco et al., 2007; 2008
Thébault et al., 2005

Population genetics
Launey et al., 2002
Diaz-Almela et al., 2004
Taris et al., 2009
Lallias et al., 2007: 2009a
Selective breeding
Bédier et al., 2001
Launey et al., 2001
Lallias et al., 2008: 2009b
Cytogenetics
Leitao et al., 2004

No References available

2010–2022 Farming
Hussenot et al., 2014
Glize & Meneur 2018
Carpentier et al., 2019
Cochet et al., 2011-2020
Seed production
Gonzalez-Araya et al., 2011,
2012a, 2012b
Davenel et al., 2010
Suquet et al., 2010
Robert et al., 2017
Da Costa et al., 2023

Bonamia infection
Fernandez-Boo et al., 2020; 2021
Gervais 2016
Harrang 2012
Morga et al., 2009
Morga et al., 2017
Prado-Alvarez et al., 2013
Marteilia infection
Arzul et al., 2014
Boyer 2012; et al 2013
Kerr et al., 2018
Mérou et al., 2022

Genomics
Lapègue et al., 2014
Danic-Tchaleu et al., 2011
Lapègue et al., 2022
Boutet et al., 2022
Selective breeding
Lallias et al., 2010a: 2010b
Harrang et al., 2013, 2015

Larval & Population ecology
Bernard et al., 2014
Laguerre et al., 2014
Stanisiere et al., 2016
Cochet et al., 2015
Parasites ecology
Merou, 2021
Restoration ecology
Duchene et al., 2015
Pouvreau et al., 1991–2021a
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Since these outbreaks, a large number of studies in France
have been dedicated to better characterizing O. edulis diseases
and to attempting to breed more resilient flat oyster strains (see
Tab. 1). In a recent bibliographic analysis on O. edulis
(Bertolini and Pastres, 2022) it is striking that Bonamia ostreae
is the top listed keyword, with at least 13% of the studies
gathered being about Bonamia infection. Surprisingly, there
have been very few studies in France on the ecology and
physiology of this species and its habitat since the 1970 s, as
shown in Table 1. However, there has been a recent revival of
interest in these topics driven by the wish to conduct ecological
restoration of the species (zu Ermgassen et al., 2020). In
addition, Colsoul et al. (2021) recently reviewed the current
state of knowledge about the biological basis and technologies
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of O. edulis seed production. Most of this knowledge was
gleaned from projects dedicated to aquaculture and now
contributes to an increasing supply of seed for use in
restoration projects.

In this context, the present article aims to review the major
outcomes of research projects on O. edulis genetics and
pathology conducted since the 1970 s. We especially examined
research articles and reports available in Archimer, Ifremer’s
publicly available institutional repository (https://archimer.
ifremer.fr/). Our review also provides a summary of the current
state of the wild populations of flat oysters still present in
France and the main causes of their decline in order to identify
the most suitable restoration methods for French coastal
environments under the European framework of the Native
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Oyster Restoration Alliance (NORA). zu Ermgassen et al.
(2020) identified 40 top questions on oyster restoration in
Europe, which they grouped into ten themes, including those
we cover here: diversity and population differentiation, disease
management, baselines and causes of decline, and restoration
methods. In practical terms, the present article aims to provide
information and guidelines to restore declining wild pop-
ulations in France and to revive French aquaculture of this
emblematic species.

2 Genetics

As early as the 1980 s, French research started to focus on
genetic characterization of wild populations of flat oysters,
thanks to the development of the first molecular markers
(Tab. 1). In the 1990 s, the first attempts to perform selective
breeding to overcome mortalities caused by Bonamiosis were
successful. Then, in the 2000 s, DNA markers became
available, allowing more in-depth investigations both in
population genetics and selective breeding. The objectives
were to obtain better descriptions of the resources available in
the wild to be potentially used in restoration or breeding and to
develop tools to assist these activities.

2.1 Wild populations

From a population genetics point of view, marine bivalve
molluscs are characterized by very high fecundity in the
gametic phase, strong potential for long-distance passive
dispersal in the planktonic larval phase, and large population
sizes in the benthic adult phase. As a result, a high genetic
diversity is expected in populations, guaranteeing an adaptive
potential in the face of constraints encountered in the wild.
Significant exchanges between populations are also expected
and, therefore, a weak differentiation between populations.
However, many studies have revealed a more complex
situation, as notably shown in O. edulis.

The structuration of O. edulis genetic diversity at the
European level was first analysed using allozymes (Blanc
et al., 1986; Johannesson et al., 1989; Jaziri, 1990; Saavedra
et al., 1993, 1995), mitochondrial DNA (mtDNA)
(Diaz-Almela et al., 2004) and microsatellites (Launey
et al., 2002; Sobolewska and Beaumont 2005; Beaumont
et al., 2006; Lallias et al., 2009a; Vera et al., 2016). All the
studies generally agreed there was a weak but significant
genetic differentiation between Atlantic and Mediterranean
populations, following an isolation by distance model
(Saavedra et al., 1995; Launey et al., 2002; Diaz-Almela
et al., 2004). Hence, despite a supposedly high gene flow due to
pelagic larval dispersal, O. edulis populations do not constitute
a single panmictic unit (Launey et al., 2002), and studies using
larger numbers of microsatellite markers (Vera et al., 2016) or
SNP markers (Lapègue et al., 2014, Lapègue et al., 2023)
identified several clusters in Europe. Two of these clusters are
present in France, one along the English Channel and Atlantic
coast, and the other along the Mediterranean coast. Gutierrez
et al. (2017), using more than 2000 SNP markers, confirmed a
high homogeneity of populations along the English Channel
and Atlantic coast. The observed diversity is often higher in
the Mediterranean Sea than along the Atlantic coasts
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(Saavedra et al., 1995, Launey et al., 2002; Diaz-Almela
et al., 2004), which may result from a lower impact of human
activities or biological stressors. However, the structure of
Mediterranean Sea populations requires more thorough
investigation.

Moreover, genomic islands of differentiation were
detected, mainly in the form of two groups of linked markers,
which could indicate the presence of chromosomal rearrange-
ments in theO. edulis genome. These two genomic islands and
the most differentiated loci also tended to show a parallel
pattern of differentiation, that is to say comparable allelic
frequencies between the North Sea populations and the Eastern
Mediterranean and Black Sea populations, which was defined
as a genetic parallelism (Lapègue et al., 2023). This genetic
parallelism could be the sign of a shared evolutionary history
of the two groups of populations despite them being at opposite
edges of the present distribution of the species (Bierne et al.,
2013).

At the level of the whole species range, understanding
potential genetic parallelisms and more generally the genetic
structure of wild and cultured populations is of prime interest
to better understand their evolutionary history and to better
manage stocks (Bernatchez et al., 2019). Hence, the identified
mosaic of clusters is genuine and these clusters can be
considered asEvolutionarySignificantUnits (ESUs) that need to
be managed with dedicated conservation strategies. In addition,
genetic information must be considered early on when selecting
the geographic origin of oysters to be transferred or reproduced
in hatcheries for subsequent restocking. Genetic monitoring
protocols then need to be conducted in order to follow
the evolution of the genetic diversity because this is generally
considered to contribute to a species’ ability to adapt to
environmental changes (DeWoody et al., 2021).
2.2 Captive populations and selective breeding

The high fecundity of marine bivalves combined with the
unpredictable and highly variable success of reproduction and
recruitment (sweepstakes reproduction) they experience in the
wild lead to a greater decoupling between Ne (effective
population size) and N (census size) than in other organisms,
which could explain why a higher segregating load can be
maintained for a given silent mutation effective size (Harrang
et al., 2013). Hence, the effective number of breeders can be
low, especially in hatchery stocks (Lallias et al., 2010a) but
also in wild conditions (Lallias et al., 2010b), supporting the
hypothesis of sweepstake reproductive success in this species
(Hedgecock et al., 2007; Taris et al., 2009; Hedgecock and
Pudovkin, 2011). This low number of effective breeders was
observed as soon as the first trials were made to develop
breeding programs for resistance to bonamiosis (Launey et al.,
2001). This trait has been the main one focused on by selective
breeding programs because of the drastic decrease in
production caused by the parasite Bonamia ostreae. Such
programs were first developed in France and Ireland in the
mid-1980 s (Baud et al., 1997; Culloty et al., 2001; Martin
et al., 1992, Naciri-Graven et al., 1998, 1999), based on mass
selection and parasite inoculation (Mialhe et al., 1988). In
order to restore a sufficient level of genetic diversity, selective
breeding in France was later reoriented to follow a within-
f 18
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family selection scheme (Bédier et al., 2001). Studies showed
significant genetic gains for survival to bonamiosis but did not
manage to provide heritability estimates. New tools make it
possible to better characterize the genome of this species
within the genus and the Ostreidae more generally (Leitao
et al., 2004, Danic-Tchaleu et al., 2011), with efforts focused
on the development of genetic markers and low-to-medium
density genetic maps (Lallias et al., 2007; Lapègue et al., 2014)
in the attempt to link markers to traits of interest. Hence, QTLs
(Quantitative Trait Loci) associated with resistance to
bonamiosis were identified and some were confirmed in
different genetic backgrounds (Lallias et al., 2008, 2009b;
Harrang et al., 2015), explaining up to 17% of the phenotypic
variance of this trait. More recently, thanks to the development
of a medium density Affimetrix Axiom array (Gutierrez et al.,
2017) and the availability of transcriptome databases (Pardo
et al., 2016; Ronza et al., 2018), notably revealing genes
differentially expressed between naïve oysters and oysters of
strains exposed to the parasite since the early 1980 s (including
one exposed population in Brittany), 22 SNPs markers were
identified as associated to the divergent selection between the
two groups of wild populations (Vera et al., 2019). As these
markers were located within a single genomic region, this
suggests a major QTL associated with bonamiosis resistance
under selection in wild populations exposed to bonamia
(Sambade et al., 2022). Quantifying phenotypic and genetic
variance associated with QTLs remains challenging, notably
because it has been shown that the expression of some
immune-related genes is variable over time (Morga et al.,
2011) and, consequently, different QTLs might be identified at
different developmental stages.
2.3 Perspectives for future genetics research

First, a better characterization needs to be made of the
boundaries between the different genetic units in the European
flat oyster. This is particularly true in the English Channel and
on the Atlantic coasts of Spain and Portugal from which more
samples are required. This is clearly even more challenging in
the Mediterranean and Black Seas where many more coasts
still need to be covered. Even once this information on genetic
boundaries is known, the origin of oysters for restocking if an
ESU became critically endangered would still need to be
discussed for each case. A choice would then need to be made
between introducing animals from (i) the genetically (and
often geographically) closest populations as indicated by most
of the genome, (ii) populations sharing alleles from specific
loci indicating potential common adaptation and/or a shared
ancient history, or (iii) an admix of both.

Second, efforts should be made to identify genes involved
in the immune response of the flat oyster to the parasite (Morga
et al., 2012: 2017), combined with the new genomic tools
available such as whole genome sequence and chromosome
level assembly (Bean et al., 2022; Boutet et al., 2022;
Gundappa et al., 2022; Li et al., 2023). This should rapidly
make it possible to precisely characterize the genetic basis of
the resistance to bonamiosis and to consider the applications of
this knowledge in breeding programs. Furthermore, as
implemented in the Pacific oyster, research on epigenetic
modifications and their potential transgenerational effects on
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traits of interest, such as resistance to disease, is also needed
(Fallet et al., 2020).

While experimental selection clearly showed that improv-
ing survival of Bonamiosis is feasible and allows substantial
gains, no national breeding programme has yet been launched
for O. edulis in France, although some regional initiatives are
being taken. However, thanks to the availability of genomic
tools, and despite the difficulty of raising flat oysters, genomic
selection is now a realistic perspective. However, it still
remains to be implemented in the flat oyster industry so as to be
of benefit to restoration programs.

3 Pathology

Diseases have long been recognized as being among the
most important threats to marine molluscs, including the flat
oyster O. edulis. Described as the agent of the ‘shell disease’,
the fungus Ostracoblabe implexa was initially reported in
Arcachon in 1878 but then quickly spread to Brittany between
1947 and 1960 (Marteil, 1976). This fungus grows through the
shell to eventually reach the inner surface, inducing
macroscopic abnormalities such as white spots, conchiolin
warts, or abnormal shell growth. Although still observed in
France, this disease no longer seems to have a significant
impact. In contrast, pathogens such asMarteilia refringens and
Bonamia ostreae (Fig. 1) are recognized as major pathogens of
the flat oyster and are notifiable to the EU and World
Organisation for Animal Health (WOAH). While the first
research studies aimed to characterize these parasites and
describe their epidemiology (Tab. 1), the acquisition of
molecular data later helped to address the phylogenetic
relationships between these species and closely related ones
and design specific diagnosis tools. Finally, a better
understanding of host–parasite interactions and parasite life
cycles has enabled disease control and management recom-
mendations to be made for farming activities and restoration or
conservation programmes.

3.1 First descriptions of flat oyster parasites in
France

In 1968, mortality of flat oysters was reported in Aber
Wrach, Brittany, France. The parasiteMarteilia refringenswas
identified as the cause of the disease, known in French as the
‘maladie des abers’ or as marteiliosis. The parasite was first
observed in the epithelium of the digestive tract of oysters
sampled in Brittany and subsequently in most French flat
oyster producing areas (Comps, 1970; Herrbach, 1971).
Occasionally, the parasite was also observed in the gills
(Grizel et al., 1974). The development of this parasite within
the flat oyster is atypical and has been well described: it
develops by endogenous divisions along the digestive tract
(Grizel et al., 1974; Marteil, 1976). Young plasmodia are
mainly found in the epithelium of the oesophagus and stomach
(Grizel et al., 1974). Sporulation takes place in the digestive
gland tubules and ducts. Propagules are released into the lumen
of the digestive tract and shed into the environment in faeces
(Audemard et al., 2002; Berthe et al., 2004). Transmission
electron microscopy allowed more precise descriptions of the
different parasite stages and organelles, including lipidic
f 18



Fig. 1. Bonamia ostreae (arrows) in hemocytes ofOstrea edulis (A: histology; B: gill imprint).Marteilia refringens (arrows) in the epithelium of
the digestive diverticula in Ostrea edulis (C: histology; D: digestive gland imprint). Pictures by Bruno Chollet / Ifremer.
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bodies, refringent bodies in mature stages and haplospor-
osomes (Longshaw et al., 2001).

Identified as the cause of the maladie hémocytaire de
l’huître plate, parasitose hémocytaire or bonamiosis, the
parasite Bonamia ostreae was first detected in Ile Tudy,
Brittany, France, in summer 1979 (Pichot et al., 1980). It is
believed that this parasite was introduced into France and
Spain with spat of O. edulis, produced in a hatchery in
California, USA (Elston et al., 1986). In histology, 2–3mm
unicellular cells were observed in the cytoplasm of hemocytes
and occasionally extracellularly (Pichot et al., 1980). In
addition to common cellular organelles such as mitochondria,
Golgi apparatus and lipid droplets, ultrastructural examination
revealed the presence of dense particles, subsequently named
haplosporosomes (Pichot et al., 1980). The movements of
farmed stocks contributed to spreading Bonamia ostreae
around Brittany (Tigé et al., 1982) and more widely in France
and Europe (Pogoda et al., 2019). This parasite has more
recently been detected in Ostrea chilensis in New Zealand
(Lane et al., 2016).
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3.2 Molecular data, taxonomy and phylogeny

Because of the lack of reference genomes for any closely
related species and the difficulty of obtaining high numbers of
isolated parasites, which are non-culturable, the genomes of
Marteilia refringens and Bonamia ostreae are still poorly
known. Primers designed in conserved rDNA regions allowed
the first partial 18S sequences to be obtained for these parasites
(Berthe et al., 2000; Cochennec et al., 2000), confirming that
M. refringens belongs to the order Paramyxida and B. ostreae
to the order Haplosporida. Subsequently, ITS1-5.8S-ITS2 was
partially or entirely characterized, as was IGS forM. refringens
(Le Roux et al., 2001; Hill et al., 2010; Kerr et al., 2018; López-
Flores et al., 2004). In addition, a few amino acid sequences
were characterized for B. ostreae, including two actin genes
(López-Flores et al., 2007) and Heat Shock Protein 90 involved
in the internalization of the parasite into hemocytes (Prado-
Alvarez et al., 2013). More recently, RNA sequencing was
carried out from B. ostreae isolated from infected flat oysters
(Chevignon et al., 2022). These transcriptomic data were
f 18
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included in a phylogenomic analysis of a set of 229 genes from
representative species of all major rhizarian clades, which
confirmed the position of B. ostreae within the class
Ascetospora (Sierra et al., 2016).

The definition of Marteilia refringens is still under
debate. It was initially considered distinct from Marteilia
maurini found in the mussels Mytilus galloprovincialis and
M edulis (Comps et al., 1982; Auffret and Poder, 1983), but
these two Marteilia species were later synonymized under
M. refringens based on high identities between their 18S,
ITS-1 and IGS sequences. The identification of a polymor-
phic restriction site within the ITS-1 sequence allowed the
description of two genotypes: O-type and M-type, which are
predominantly detected in flat oysters and mussels,
respectively (Berthe et al., 2000; Le Roux et al., 2001;
López-Flores et al., 2004). However, a recent study suggests
that O-type and M-type are two distinct species, which were
renamed M. refringens and M. pararefringens (Kerr et al.,
2018).

3.3 Diagnosis, microscopy and molecular tools

In infected oysters, the macroscopic signs that might be
observed include gill perforations or ulcers in cases of
B. ostreae and digestive gland discoloration in cases of
M. refringens (Comps et al., 1980; Grizel, 1985; Grizel et al.,
1974). However, these macroscopic signs are not pathogno-
monic and most infected oysters appear normal. The
examination of histological slides or imprints was used for
about twenty years to detect these parasites. In addition, an
immunofluorescent technique based on monoclonal antibodies
was developed, which offered a level of sensitivity similar to
tissue imprints. However, this antibody technique gave unclear
results when tested extensively on oysters from Maine, USA
(Carnegie and Cochennec-Laureau, 2004). Although a direct
monoclonal antibody sandwich immunoassay for the detection
of B. ostreae in haemolymph samples of O. edulis was also
developed (Cochennec et al., 1992), this tool is no longer
available.

Later, sequence data allowed the design of a range of
molecular tools including conventional PCR, PCR-RFLP,
real-time PCR assays and in situ hybridization (ISH). These
tools were shown to be more sensitive than histology or
cytology (e.g. Balseiro et al., 2007; Marty et al., 2006;
Thébault et al., 2005; López-Florez et al., 2004). Although
the first PCR and ISH assays developed were not particularly
species specific and could not distinguish closely related
parasites, most recent tools show a good specificity
(e.g. Robert et al., 2009, Carrasco et al., 2017; Ramilo
et al., 2013; EURL, 2022). A duplex Taqman assay was also
developed and validated for one-step detection and
quantification of the presence of Bonamia spp and/or
M. refringens (Canier et al., 2020). This Taqman assay was
optimized in order to detect parasite DNA (and RNA for
B. ostreae) in environmental samples. These eDNA-based
approaches are very promising as they avoid killing oysters,
which is important in the context of zone status evaluation,
surveillance and restoration programs (Mérou et al., 2020;
Mérou, 2021; Mérou et al., 2022).
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3.4 Host–parasite interactions and life cycles
of parasites

Bonamia ostreae infects all oyster life stages from larvae to
adults, although older oysters seem more susceptible to this
parasite (Lallias et al., 2008; Arzul et al., 2011; Arzul and
Carnegie, 2015). Its transmission is direct from infected to
non-infected oysters. The parasite can survive at least two days
in seawater depending on the temperature and salinity (Arzul
et al., 2009; Mérou et al., 2020). Transmission can occur
throughout the year but prevalence and infection levels show a
seasonal pattern and peak in late winter–spring (Grizel, 1985;
Culloty andMulcahy, 1996; Arzul et al., 2006; Engelsma et al.,
2010) Although methods for in vitro culture of the parasite are
lacking, a protocol for parasite purification from infected
oysters (Mialhe et al., 1988) has enabled in vitro and in vivo
experimental infections (Mialhe et al., 1988; Hervio et al.,
1995; Lallias et al., 2008). These infection studies, as well as
the availability of flat oysters resistant to bonamiosis, allowed
host–parasite interactions to be investigated at cellular and
molecular scales (Morga, 2010; Harrang, 2012; Gervais,
2016). This work notably revealed that the parasite activates its
own internalization and is able to modulate defence mecha-
nisms, such as the production of reactive oxygen species
(ROS) or apoptosis. More recently, a decrease of parasite
internalization into hemocytes after an exposure to flat oyster
mucus demonstrated the role of the palleal mucus in these
host–parasite interactions in vitro (Fernández-Boo et al.,
2020).

In contrast to B. ostreae, M. refringens cannot be directly
transmitted from infected to non-infected oysters. The
involvement of an intermediate host was suspected from
early on and the copepod Paracartia grani was identified as a
likely candidate (Audemard et al., 2001, 2002; Boyer et al.,
2013). Although it is possible to infect copepods with
M. refringens from oysters or mussels, trials carried out to
infect oysters or mussels from infected copepods have not yet
been successful, leaving the parasite cycle unresolved
(Audemard, 2001; Carrasco et al., 2008). A congeneric
copepod species, Paracartia latisetosa was found infected
with M. refringens using PCR and in situ hybridization,
suggesting that the parasite may use different intermediate
hosts depending on the diversity of zooplankton species
present in the ecosystem (Arzul et al., 2014). The transmission
ofM. refringens generally occurs when the temperature is over
17 °C and prevalence and infection levels show a peak in
summer (Audemard, 2001; Carrasco et al., 2007; Boyer, 2012;
Arzul et al., 2014). Juveniles and older life stages are known to
be susceptible (Grizel, 1985). Recently, an eDNA-based
approach allowed parasite DNA to be detected in seawater 20
days after release from the flat oysters (Mérou et al., 2022).

3.5 Disease control and management

Treatments or eradication programs cannot be used to
control bivalve diseases in their natural or production
environment. Therefore, prevention measures and, particular-
ly, movement restrictions from infected zones are necessary to
avoid the spread of bonamiosis and marteiliosis. Stock
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Fig. 2. Occurrence of wild beds of flat oysters in Brittany, the colours indicate the stages of their conservation status. For more information, see
Pouvreau et al. (2021b).
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management measures or relevant husbandry practices
allowing producers to decrease the development of these
diseases can be adopted to mitigate their impact on flat oyster
populations once present in a zone. For example, using
suspension culture, decreasing stocking densities and
co-cultivation of C. gigas and O. edulis have all been shown
to decrease the development of these parasites (Tigé et al.,
1984; Grizel, 1985; Le Bec et al., 1991; Lama and Montes,
1993). Farming flat oysters in deeper waters has also been
shown to decrease the transmission ofM. refringens (Hussenot
et al., 2014).

Regarding disinfection, little information is available for
these parasites. Contamination of oysters with B. ostreaemight
be reduced using a peracetic acid bath (0.001% and 0.005%)
(Grizel, 1985) or UV above 563.4mJ/cm2 (Fernández-Boo
et al., 2021).

Finally, selective breeding programs have shown that
resistance to infection by B. ostreae is heritable (Martin et al.,
1992, Culloty et al., 2004). Furthermore, a 54% reduction of
parasite prevalence was reported after three generations of
selection (Naciri-Graven et al., 1998). The selected oysters
then showed a reduced parasite burden and different immune
performance compared with non-selected oysters (Morga
et al., 2017). These promising results suggest that selecting
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oysters resistant or tolerant to B. ostreae could contribute to
mitigating the impact of the parasite in endemic zones
(Holbrook et al., 2021).
3.6 Perspectives for future pathology research

Although many studies have been carried out to improve
understanding of marteiliosis and bonamiosis, some key
questions remain unresolved. Indeed, the genome of these
parasites is still not available. Parasite enrichment protocols
have been developed, but the lack of culture method for these
parasites prevents us from obtaining their DNA in sufficient
quantity and quality. Nevertheless, the recent development of
eDNA-based approaches for the detection of B. ostreae and
M. refringens (Mérou et al., 2020; Jørgensen et al., 2020;
Mérou et al., 2022) will certainly allow their distribution in the
ecosystem to be clarified and the health status of flat oyster
populations to be monitored without killing oysters. Finally,
other pathogens than M. refringens and B. ostreae have also
been described in Ostrea edulis (see Colsoul et al., 2021 for a
review) and would deserve to be monitored so as to better
evaluate their impact on flat oyster populations. The use of
wide sequencing approaches including metabarcoding and
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Fig. 3. Ecological and conservation stages of beds and reefs ofO. edulis observed in Brittany, France. For more information, see Pouvreau et al.
(2021b).
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metagenomics opens new perspectives bymaking it possible to
characterize the pathobiome associated with any shift in health
status (Bass et al., 2019).

4 Ecology

Ecological studies on O. edulis in France over the last
50 years are extremely patchy, as shown in Table 1. Only the
last 10 years (since 2010) have seen the gradual emergence of
studies on its ecology for the purpose of species restoration and
these are often only presented in the final reports of regional
contracts. The following paragraphs revisit such studies on an
international level and attempt to define the most likely chain
of causes and processes explaining the decline of flat oysters in
France and the difficulties of their self-recovery without
human intervention. These aspects will help us identify
relevant restoration levers applicable at the regional level.

4.1 Status of the last remnant populations in France

While reefs of the Pacific oyster C. gigas are now very
abundant on French coasts, 50 years after the introduction of
this species, beds and reefs of the European flat oysterO. edulis
are critically endangered in France (Duchene et al., 2015). At
the national level, O. edulis is reported in Normandy, New
Aquitaine and someMediterranean lagoons, but is known to be
most abundant in Brittany (Hussenot et al., 2014; Duchene
et al., 2015). In order to draw up a precise assessment of the
conservation status of the last populations present along the
Brittany coasts, a georeferenced field monitoring survey was
conducted from 2019 to 2021 (Pouvreau et al., 2021b). This
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study revealed the existence of a small number of significant
populations nested in different bays and estuaries, in the heart
of areas well-known as the locations of ancient beds and reefs
(Fig. 2). A five-level scale was specifically developed for this
survey to ecologically classify the conservation status of these
populations (Fig. 3). This scale has recently been proposed as a
reference for sampling and restoration operations within
NORA (zu Ermgassen et al., 2021).

At present, with a few rare exceptions, isolated oysters are
mainly observed rolling (stage 0) or fixed but at very low
densities (stage 1), sometimes in small very isolated colonies
(stage 2), and exceptionally in aggregations of significant
density (stage 3). Generally, these observations are made in
sheltered, remote and unexploited environments, on bottoms
of 0–10m depth, made up of sandy-muddy sediments, gravel,
shell debris or with the oysters directly on boulders. While
stage 3 is only exceptionally observed, no populations are
classified as stage 4, corresponding to the presumed original
reef habitat. Yet, historical evidence and recent restoration
operations show that, under optimal conditions, this species is
capable of creating biogenic reefs. Given the critical status of
observed remaining populations of O. edulis, saving and
restoring them has become a high priority in terms of
biological conservation (zu Ermgassen et al., 2020). Since
2010, several regional projects have been conducted in France
to identify different ways to promote the return of the species
and its biogenic habitat (Hussenot et al., 2014; Laguerre,
2014; Cochet et al., 2015; Duchene et al., 2015; Pouvreau
et al., 2021a). However, in order to find the best way to guide
species restoration efforts, a rigorous analysis of all the
causes of its decline is necessary. This analysis is presented
below.
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Table 2. Citations related to the flat oyster fishery explicitly mentioning the physical degradation of the habitat.

Geographical area & Year Original citation in French and translation in English References

Cancale
Ille et Vilaine
1721

“Mes maitres de barques .../... sont dans l’appréhension de manquer leur pêche par
la quantité que les Anglais se sont avisés depuis 3 ans d’en venir enlever sur les lieux
qui est si grande que les fonds (d’huitres) surmontés par le sable se trouveront
entièrement détruits et ne pourront plus se multiplier”
My boat masters .../... are afraid of missing their fishing because of the quantity that
the English have decided to take away from the area over the last three years, which
is so great that the bottoms (of oysters) covered by sand will be completely destroyed
and will no longer be able to breed

Guillet & Guillet, 2008

Landévennec
Finistère
1728

“Il se faisoit autrefois dans le fond de la Baye par le travers de l’Abbaïe [de
Landévennnec] une pesche considérable d’huîtres, les huîtrières ont été tellement
défoncées qu’il ne s’en trouve plus à présent”
In the past, there was a considerable amount of oyster fishing at the bottom of the
Baye through the Abbey [of Landévennnec], but the oyster beds have been so badly
damaged that there are none left now

Levasseur, 2006

Rance
Ille et Vilaine
1730

“Les bancs de la Rance ont été défoncés et totalement détruits. Les huitres ne sont
point pû rétablir, ainsy on n’y pesche plus que des huîtres roulées et détachées”
The banks of the Rance have been broken up and totally destroyed. The oysters could
not be re-established, so only rolled and detached oysters are fished there

Levasseur, 2006

Binic
Côtes d’Armor
1750

“...dans beaucoup d’endroits où il étoit composé par plusieurs couches, on ne retire
plus actuellement que de la vase...”
...in many places where it was composed of several layers, there is now only silt...

Guillet & Guillet, 2008

Saint Brieuc
Côtes d’Armor
1755

“Aujourd’huy, les huîtres sont encore plus rares qu’elles n’étoient alors : leur rareté
fait que les dragueurs pêchent toute l’année, et ils prennent tout ce qu’ils peuvent
prendre...”
Today, oysters are even rarer than they were then: their scarcity means that dredgers
fish all year round, and they take all they can catch...

Levasseur, 2006

Arcachon
Gironde
1780

“...L’indiscrétion sans borne avec laquelle les riverains pratiquent la pêche des
huîtres a occasionné la destruction presque totale de ce coquillage dans le bassin...”
...The unbridled indiscretion with which local residents fish for oysters has led to the
almost total destruction of this shellfish in the basin...

Guillet & Guillet, 2008

Sarzeau
Morbihan
1843

“... vigoureuse protestation contre les pêcheurs de Sené qui ont détruit tous les bancs
de Pénerf, Pencadénic, Banastère et dans le Golfe ceux de Bernon, d’Illuric et e
Penblay...”
... vigorous protest against the fishermen of Sené who have destroyed all the banks of
Pénerf, Pencadénic, Banastère and in the Gulf those of Bernon, Illuric and Penblay...

Guillet & Guillet, 2008

Rivière d’Auray
Morbihan
1881

“...les huitres sont désormais éparses, parfois en bouquet, mais sans aucune
superposition...”
...the oysters are now scattered, sometimes in clusters, but without any overlap...

Guillet & Guillet, 2008

Poulmic
Finistère
1924

“...Le banc naturel qui s’y trouvait fut dragué à blanc ainsi que celui de Saint Jean
dans l’Elorn..”
...The natural bank which was there was dredged white as well as that of Saint Jean
in the Elorn...

Levasseur, 2006
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4.2 Revisiting the causes and processes leading to
the destruction of flat oyster reefs in France
Cause 1: physical destruction of the habitat and
progressive loss of shellfish substrates

The consumption of flat oysters along the French coast is
known from the Mesolithic period (Mougne and Dupont,
2013). It was already very important during antiquity and
continued during the Middle Ages (Dupont and Rouzeau,
2015), as demonstrated by the large accumulations of shells,
known as shell middens found from that period. In addition to
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their archaeological interest, these mounds bear witness, from
an ecological point of view, to the importance of coastal flat
oyster populations at this time, which were simply accessible
from the foreshore. However, more destructive exploitation of
the oyster beds increased steadily from the 16th century
onwards with the development of mechanisation (rake fishing,
hand dredging, then sailing and motorised fishing) until the
habitat was completely eradicated, and the species status very
poor. As a testimony of this overexploitation, Table 2 presents
some historical quotations reflecting the huge physical
degradation of the habitat caused by exploitation in these
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times. As a result, at the end of the 19th century, a great part of
the shells, essential for recruitment of the species, had been
completely eradicated from the sea bottom or buried and the
physical layer allowing the oysters to settle and grow above the
sediment had completely disappeared. This destruction
probably indicates a real tipping point in the benthic habitats
of the French coast over the last few centuries.

Cause 2: land runoff, sedimentation, resuspension and
burying

The regular passage of dredging tools on the seabed over
centuries was also detrimental on two other levels: it buried
remnant live adult oysters and shell material, but also
resuspended fine particles which, by being redeposited on
the few remaining substrates, then hindered the recruitment of
larvae. Suspended matter, carried into the sea by the leaching
of land of the catchment areas, which have been increasingly
cultivated since the middle of the 20th century in France
(Foucher et al., 2021), also contributed to the decline.
Although flat oysters are able to inhabit several kinds of
environment, as long as there are substrates to attach
themselves to, they are less tolerant of muddy sediments than
the Pacific oyster. All observations made during monitoring
surveys have shown that, unlike the Pacific oyster, O. edulis is
systematically absent from over-silted environments or
remains only if there are enough clean and elevated substrates
to attach to (Pouvreau et al. 2021a). In addition to being used
for fixation, these substrates also allow for elevation to within a
few centimetres of the sea bottom. Such vertical elevation
seems vital to the species, especially in muddy environments,
as has been shown in other reef-forming bivalve species
(Lenihan, 1999; Lipcius et al., 2015; Colden et al., 2017),
particularly because of boundary layer effects (Prandtl, 1926).

Cause 3: role of hydrodynamic dispersion and
connectivity

In addition to the quantity and quality of the substrates
available on the bottom, the physical circulation of water
masses constitutes another determining factor in oyster
settlement by imposing strict dispersion patterns on the larvae
according to their larval life span and pelagic behaviour. Thus,
larval distribution can be very heterogeneous in relation to the
hydrodynamics in any given bay, with zones of dilution or
zones of concentration. Depending on the location of adult
oysters, some areas will therefore be more likely to emit larvae,
other areas more likely to receive them, and some may play an
intermediate role (Bernard et al., 2014). This non-homoge-
neous physical forcing plays an essential role in whether a
population recovers, depending on its location: a degraded
emitting oyster bed has little chance of recovering without
external intervention. Identifying dispersal patterns within a
marine ecosystem is not an easy task, but there are various
tools to address the connectivity issues (Pineda et al., 2009).
An indicator of localized dispersion has been specifically
developed for restoration purposes in the bay of Brest using a
hydrodynamic model called MARS 3D (Petton et al., 2020)
and was also validated on Quiberon bay (Stanisière et al.,
2016; Pouvreau et al., 2021a). Thanks to this model, certain
areas with lower dispersion can be identified. For instance, in
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the bay of Brest, the model identified low dispersive areas to
the south (bay of Daoulas, coves of Poulmic, Roscanvel, Fret
and Auberlac’h) and to the north (Keraliou bank) and it is
striking to note that all these areas are the same ones known to
host the last infralittoral flat oyster populations of the bay (and
also the highest supralittoral densities of Pacific oysters). This
is therefore very useful for selecting relevant sites for
restoration.

Cause 4: reproductive deficit and recruitment variation

The reproductive ecology of the European flat oyster has
been the subject of many studies, the first of which date from
the beginning of the 20th century when the species supported a
flourishing oyster industry (Korringa, 1941: 1946: 1947;
Marteil, 1955: 1959: 1960). These studies provide a
progressively improving documentation of the effect of
environmental parameters (temperature, salinity, current, lunar
phase, etc.) on the reproduction of the species while raising
numerous questions, most of which remain unanswered.
Indeed, since the 1970 s, there has been almost no work in
France on O. edulis reproductive ecology, except for two
isolated studies (Martin, 1994; Robert et al., 1988).
Nevertheless, some studies were carried out on control of
reproduction and seed production in hatcheries (see Tab. 1:
Robert et al., 1990: 1991: 2017; Gonzalez-Araya, 2011, 2012a,
2012b, 2018; Suquet et al., 2010; Davenel et al., 2010) and
natural reproduction of O. edulis (larval abundance and
recruitment index) has been monitored each year in the two
main bays that still shelter flat oyster beds and where seed
collection is performed to supply the local flat oyster industry:
the bays of Brest and Quiberon (Cochet, 2004–2020). As an
illustration, Figure 4 presents a part of these time series over
the last 10 years. These key data show that there are still
enough adult oysters in both bays to produce significant larval
concentrations that should be enough to allow seed collection
for aquaculture as well as relatively simple restoration projects
based on natural recruitment. Of course, these larval
abundances vary from year to year and within the summer
season, depending on environmental conditions, particularly in
relation to the temperature of the seawater. This database
shows, for instance, that (1) small larvae are observed as soon
as the seawater reaches 17 °C, but (2) disappear during the
summer if the temperature falls below this threshold, and (3)
water temperature must remain above 18 °C for several days to
allow full development of larvae and efficient recruitment.
Recent warm summers with temperatures close to 20 °C (e.g.
2018, 2019) have been very favourable for the release and
development of larvae and their recruitment.

Cause 5: effects of biotic interactions on the dynamics
of flat oyster populations

The flat oyster is a biogenic species that creates reefs whose
three-dimensional complexity influences the biotic interac-
tions of its populations. Among these interactions, predator-
prey relationships deserve particular attention, as the more
complex the reef structure is, the more it is able to provide
spaces providing protection and refuge for young flat oyster
recruits (Grabowski, 2004; Barrios-O’Neill et al., 2015).
Moreover, the fragmentation of populations on the bottom also
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Fig. 4. Temporal variations in abundance ofO. edulis larvae in the bays of Brest (Roz station) and Quiberon (Men Er Roué station). The relation
with water temperature is indicated by the red strip. Adapted from Pouvreau et al. (2021a).
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increases the attack fronts geometrically and statistically, thus
making the oysters more accessible, particularly to crawling
predators. Consequently, the progressive degradation of the
oyster reef habitat, resulting in the passage from a dense,
cohesive reef with a complex three-dimensional structure to
sparse individuals with no vertical structure, has probably had
the collateral effect of increasing predator pressure (Marteil,
1959) and favouring a vicious circle that leads to an
acceleration of the decline of the population to a tipping
point beyond which natural recovery is almost impossible.
This is why the current level of predation pressure and the way
it impedes recovery of the rare wild populations should be
examined, even where there is no exploitation. To address this
question, a specific experiment was conducted by Pouvreau
et al. (2021a) to assess the current level of predation on flat
oyster spat in residual populations of flat oysters in the bays of
Brest and Quiberon. This study showed that the predation
factor is still a major constraint on wild remnant populations:
in both sites, the total mortality from predation by oyster drills
and sea bream combined reached more than 90% in less than
3 months. Other key biotic interactions affecting the
population dynamics of European flat oyster include those
related to the parasitesM. refringens and B. ostreae, presented
in section 3. In the near future, it would also be interesting to
study the potential positive effects of epibiosis in the protection
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of oyster reefs. This has never, to our knowledge, been
investigated.

5 Recommendations and perspectives for
flat oyster restoration in France

By identifying threats and pressures that prevent recovery
of populations as presented in Section 4, but also by using
knowledge on genetics and pathology (Sects. 2 and 3), several
recommendations for flat oyster restoration in France can
clearly be proposed, paying special attention to local and
regional constraints. To date, three main active restoration
methods have been initiated at a pilot scale in France. These are
presented below.

5.1 Active restoration by spat seeding: reintroduction

Seeding with wild spat has been tested in Quiberon bay by
the Union of Oyster Farmers of the Bay of Quiberon
(‘SOBAIE’) since 2015 (Cochet et al., 2015). Each year,
oyster farmers provide 1% of their annual collected spat to be
seeded in a former oyster bed located in the centre of Quiberon
bay. Before seeding operations, this area is cleaned of crawling
predators, especially oyster drills and starfish. Moreover,
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during all the seeding operations, acoustic repulsive and
protective nets are also set up to reduce the predation by sea
bream. Regular inspection by scientific dredging and direct
diving observation provide information on the growth and
density of the seeded juveniles. After 5 years of implementa-
tion, this method seems to have been successful, but there
remains a strong need for oyster farmers to protect the restored
bed from predation.

5.2 Active restoration by shell enrichment: cultch
planting

A second approach to restoring ancient flat oyster beds,
called ‘oyster cultch restoration’, consists of depositing
large quantities of mollusc shells, generally from the same
(Ostreidae, i.e. Pacific or flat oysters) or related families
(Pectinidae, Mytilidae), on the seabed (Beck et al., 2011).
This technique is relatively inexpensive and merits to be
adapted and applied in France. It is better suited to zones that
are calm in terms of hydrodynamics, to avoid the shells
being washed away. Additionally, areas that are muddy
should be avoided to prevent the added shells from
becoming covered in silt and getting buried, which would
inhibit recruitment. A first trial of this technique was carried
out in the bay of Brest (Pouvreau et al., 2016): 20 bags of
100 litres of Pacific oyster shells were deposited in May
2015 over 50 m2 in the heart of an old flat oyster bed area and
these were successfully colonized by successive flat oyster
recruitments. In 2017, more than 10 young flat oysters
(>1 cm) were observed on each Pacific oyster shell.
A similar operation was repeated in July 2021 in the same
site and will be evaluated in the coming years. Depositing a
bed of limestone before adding shells may improve their
efficiency in hydrodynamically turbulent sites.
5.3 Active restoration by laying alternative substrates
specifically adapted to the species

To overcome the problem of substrates being buried or
washed away, a third approach being tested is to develop
eco-designed 3D supports specifically adapted to attract flat
oyster larvae and promote settlement. For instance, a
limestone concrete reef based on shell fragments has been
developed by using Pacific oyster shells (crushed and
powdered) mixed with cement according to a specific
formulation and set with a specific surface rugosity (Potet
et al., 2021). These first artificial reefs dedicated to flat
oysters were deployed in the bays of Brest and Quiberon in
2019 and inspected frequently by regular scuba diving to
evaluate the natural recruitment, development of young spat,
impact of predation, colonization of the reef by other species
and long-term resilience of the reef and its population. The
long-term evaluation is still in progress, but the first
observed densities of flat oysters, level of aggregation and
biodiversity were highly encouraging (Pouvreau et al.,
2021a). These first results demonstrate the feasibility of
active restoration of the species in France using eco-
designed 3D supports. New developments are currently in
progress concerning this promising method of restoration.
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5.4 Genetics and disease management
considerations

Whatever the restoration method used, specific attention
should be paid to the spat that will be grown on restoration
areas. When the origin of the spat is local, it is supposedly
adapted to the area and there is no risk of genetic pollution. In
this sense, restoration using local spatfall is to be encouraged
when still possible. However, when non-local spat is used for
restoration, two main questions should be asked before the
operations: (1) Is the spat genetically different from the local
one? and (2) Is the resource used sufficiently diverse for a
sustainable activity?

We know that different genetic clusters coexist in Europe,
but also that genetic differences exist at a very local scale. Such
genetic differences could be associated with adaptive traits, so
moving oysters in a different area may generate maladaptation
in the restored site. Moreover, we know that genetic diversity
might decline rapidly in farms as well as in the wild, partly due
to the specific reproductive biology of the species. For this
reason, the level of genetic diversity of a stock to be used for
seeding (even a local one) needs to be estimated and optimized
before doing the seeding, and should then be followed
throughout the restoration program. Genetic markers are
available and their use should be included in the restoration
programs from their very beginning.

In a similar way, the health status of the restored population
should be evaluated by monitoring mortality whenever
possible (during diving inspections or scientific sampling)
and prevalence of pathogens annually or every two years. Any
abnormal mortality should be followed up by oyster sampling
and testing using diagnostic tools allowing the detection of
known or emerging pathogens. Prevalence of endemic
pathogens should be considered as a population health
indicator. Measures that contribute to decreasing pathogen
transmission and development (e.g. avoiding seeding on the
bottom, decreasing density, mixing flat oysters with other
species, using spat resistant/tolerant to a pathogen, etc.) could
be adopted to mitigate the impact of the pathogen on the oyster
population.

In addition, in the context of an active restoration by spat
seeding and reintroduction, the spat should also be tested for
the presence of pathogens prior to seeding. Lastly, in the culch
planting scenario, the mollusc shells should be carefully
cleaned in order to avoid the introduction of associated species
including pathogenic agents present on the surface of the shells
or in the remaining tissues.

6 Concluding remarks

A large number of research projects and articles have been
devoted to the native European flat oysterOstrea edulis. This is
notably the case in France, which remains the main producing
country in Europe. Most of these projects have targeted
aquaculture applications while and ecology of the species in its
natural habitat has been neglected until recent years.
Fortunately, despite their massive overall decline, wild beds
can still be found in France, notably in Brittany. This provides
a unique opportunity to implement more integrated research
projects uniting the different disciplines covered in this review
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article, so that restoration programs can benefit coastal
ecosystems, marine biodiversity and sustainable aquaculture.
Recent results of restoration programs in Brittany are very
encouraging, so we hope that this review article will contribute
to informing and inspiring French stakeholders so that local flat
oyster beds will recover in the coming decades, under the
framework of the Native Oyster Restoration Alliance (NORA)
and as part of the UN Decade for Ecosystem Restoration.
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