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. . mercial aquaculture (mariculture), the production of O. edulis is still largely
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December 2020; accepted 17 December 2020, based on natural seed collection. Considering the specific requirements, related to

ecological restoration, such as the absence of pathogens and the preservation of
high genetic diversity, the current supply is insufficient. Despite the development
of breeding and controlled reproduction techniques for this species since the late
1930s, seed production today is mainly based on empirical concepts. Several of
the issues that producers still face are already subjects of research; many others
are still unanswered or even unaddressed. This review provides a summary of all
available knowledge and technologies of O. edulis seed production. Furthermore,
it provides a detailed reflection on implications for restoration, future challenges,
open questions and it identifies relevant research topics for sustainable seed sup-
ply. The study covers the following aspects on (i) biology of the species, (ii) stres-
sors — including pathogens and pollutants, (iii) genetics, (iv) history of
production technologies, (v) seed production in polls, (vi) seed production in
ponds and (vii) seed production in hatcheries. Future research needs on sex deter-
minism, gametogenesis, cryopreservation, nutrition, selective breeding, pathogens

and disease, and the development of reliable protocols for production are high-
lighted.
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its culinary, medicinal and ecological virtues, this oyster
species is today at the core of many scientific projects or
In Europe, the conservation of the European flat oyster actions by governmental and non-governmental organiza-

Introduction

Ostrea edulis (Linnaeus 1758) populations is in the focus of  tions for its aquaculture, restocking, restoration or reintro-

ecological restoration efforts to profit from the ecosystem duction in its former range all over European coasts
services of this biogenic reef-engineer species. Praised for (Pogoda et al. 2019). Ostrea edulis and its beds (referred to
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here as ‘reefs’) provide many ecosystem services and func-
tions such as substrate formation and biodiversity enhance-
ment (Haelters & Kerckhof 2009; Todorova et al. 2009). It
therefore contributes to objectives defined by: the OSPAR
Convention for the Protection of the Marine Environment
of the North-East Atlantic, the EU Habitats Directive
(Directive 92/43/EEC) and the EU Marine Strategy Frame-
work Directive (Directive 2008/56/EC) (Pogoda 2019).

Over the 20th century, European stocks of O. edulis have
been severely depleted by overfishing, leading to numerous
reseeding and restocking projects, mostly based on translo-
cations (Bromley et al. 2016a; Pogoda 2019). Those
included 19th and 20th century translocations from adult,
seed and juveniles of O. edulis within Europe and from
non-European areas to Europe (Bromley et al. 2016a).
These shellfish movements, as a consequence, are most
likely responsible for the introduction and further dispersal
of parasites and pests such as the introduction of bonamio-
sis into Europe from the USA in 1979, the introduction of
gill disease into Wales from the Netherlands in the 1960s
and the introduction of Asian rapa whelk into the Black
Sea from the Far East in 1949 (Zolotarev & Terentyev 2012;
Brenner et al. 2014; Bromley et al. 2016a). Some of these
diseases and pests have drastically reduced or depleted the
stocks and beds of O. edulis throughout European waters
(Zolotarev & Terentyev 2012; Pogoda 2019). As the aqua-
culture of European flat oyster has also been affected exten-
sively by some diseases, a large part of the oyster industry
has turned away from cultivating this species (see Sec-
tion Bonamiosis). This has had obvious consequences for
the development of production technologies when com-
pared to other shellfish species of commercial interest, such
as the Pacific oyster (Crassostrea gigas).

Today, as Lallias ef al. (2010) have listed, oyster popula-
tion restoration can be conducted in three distinct ways: (i)
The strategy of releasing larvae into the wild; (ii) The strat-
egy of producing older seeds (spat) and releasing them into
the wild; (iii) The strategy of translocating adult oysters.
Considering the risks of transferring pathogens and inva-
sives by adults translocations and the potential negative
impact on remaining wild beds, the third strategy should
not be applied (Bromley et al. 2016a; Pogoda et al. 2019).
Given the fertility rate of O. edulis, the low survival rate of
larvae in the wild, the availability or the lack of suitable
substrates for settlement (Smyth et al. 2018; Colsoul et al.
2020), as well as the lack of control within a restoration
area, the first strategy is certainly not viable unless applying
it under specific, risk limiting conditions. Consequently,
the second strategy, seeding with juveniles (i.e. seed or
‘spat’), seems to be the best option for O. edulis restoration
projects.

Currently, both aquaculture and ecological restoration
are limited by access to seed as the current production

techniques does not allow for a regular, substantial and sus-
tainable seed production meeting the specific expectations
and objectives of the two sectors (i.e. aquaculture and
restoration; Pogoda ef al. 2019). In addition to the previ-
ously mentioned shortage of seeds, there are also different
objectives in regard to the need in seed quality. The needs
of O. edulis aquaculture are generally focused on: survival,
growth, weight gain, gastronomic aspect (visual and con-
tent), tolerance to exoneration or resistance to diseases,
whereas for ecological restoration, the needs are mainly
high genetic variability and survival and/or disease toler-
ance (Sas et al. 2020).

The higher the genetic diversity within a population, the
less vulnerable it is for any disturbance as for example being
infected and depleted by a pathogen (Hughes et al. 2008).
According to this, it seems obvious that any ecological
restoration project will aim for the highest possible genetic
diversity in order to increase population resillience (e.g. fit-
ness, response to diseases), avoid inbreeding and ensure its
long-term adaptability (e.g. changing environment).

Today, a plethora of ways of producing or collecting
O. edulis seed exists, ranging from traditional methods
based on sea-based collection of seed to very modern pro-
duction in controlled environments, that is land-based
hatcheries. Protocols for the production and collection of
O. edulis seed depend on site conditions, technology and
the physiological condition of the spawning broodstock.
The knowledge about ecophysiological and environmental
drivers is still limited for this species and this limits the
development of successful breeding methods. It is essential
to define and compare technical achievements, research
gaps, advantages and disadvantages of different seed-supply
technologies to identify optimal seed quality for the specific
goals and settings of ecological restoration.

For this reason, this review focuses on the description of
production systems (Chapter 7) and biological knowledge
of O. edulis (Chapter 3—4).

In addition, in Chapter 6, the history of seed production
is reviewed to understand present production systems and
future development. Depending on the historical period,
technological progress and geographical location, the sup-
ply of seed had different goals. The technological progress
was always directly related to the goals, which were mainly
shaped by the demands of their historical period. From the
beginnings of aquaculture to today’s ecological restoration,
a short synthesis of the historical development of the supply
of seed from O. edulis is presented here.

In order to overcome current barriers and limitations of
oyster restoration, the Native Oyster Restoration Alliance
(NORA), a network of scientists/institutions, nature con-
servation bodies/organizations and aquaculture producers
was founded and seed production was identified as a key
limiting factor for restoration and defined as a critical
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knowledge gap (Pogoda et al. 2019). Against this back-
ground, the aim of this review was to collect and integrate
all available knowledge to identify useful approaches for
successful O. edulis seed production, to meet current and
future demands of ecological restoration efforts with the
European flat oyster.

Methods

The search for bibliographic data was conducted in four
steps. The first was the collection of peer-reviewed liter-
ature in the three major bibliographic search engines:
Google Scholar, ISI Web of Science and Scopus Docu-
ment Search (Appendix S1). Keywords used for the lit-
erature search were O. edulis, European flat oyster and
European oyster. These main keywords were then com-
bined in pairs with relevant keywords concerning the
prevailing subjects in this review (for a detailed descrip-
tion of the search process see Supporting Information).
In addition to the fundamental search of existing litera-
ture, an alert for new publications (all keywords) was
set up on Google Scholar during the writing phase of
the review in order to add the most recent data possi-
ble. As the Latin name of O. edulis Linnaeus 1758,
changed over time, new searches (name alone and
paired with second keyword) were carried out with the
list of 20 Latin names (Table 1). The resulting literature
(Table 1) was then consulted individually to determine
its potential value to this review.

Since many peer-reviewed publications were published
in other languages, the second step of the bibliographic
research included the collection of data in languages
other than English. The keywords already used in the
first step were translated to Norwegian, German, Dutch,
French and Spanish and again searched for in Google
Scholar.

In the third step, the data were supplemented by search-
ing for relevant information in the grey literature, as the
documentation of European oysters production began very
early (4th century BCE) and techniques were often devel-
oped without publication in peer-reviewed articles.

The fourth and last step was performed after analysing
the relevance of the documents collected in the previous
steps. Once the literature was sorted, the references of each
of the documents were screened for additional scientific
titles and journals. Those were added to the final bibliogra-
phy on which this review is based on (Appendix S2).

Four limitations to this bibliographic search were identi-
fied: (i) Some of the articles, books, chapters, reports and
other documents of interest are old, not digitized, printed
in a small number of copies or even stored in foreign
libraries and therefore difficult or not possible to access;
(ii) Patents were excluded and numerous reports, PhD
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Table 1 Synonym Latin names of Ostrea edulis (according to Gofas
(2004)): List of the number of results by names in the database Google
Scholar, ISI Web of Science and Scopus Document Search

Species Descriptor Google ISIWeb of  Scopus
Scholar  Science Document
Search

Monoeciostrea Orton, 1928 1 0 0

europa

Ostrea adriatica Lamarck, 1819 4 1 0

Ostrea corbuloides  Danilo and 1 0 0
Sandri, 1855

Ostrea cristata Born, 1778, 84 1 5
(Poli, 1795)

Ostrea cumana Gregorio, 1 0 0
1883

Ostrea cyrnusii Payraudeau, 2 0 0
1826

Ostrea depressa Philippi, 1836 9 1 0

Ostrea exalbida Gmelin, 1791 1 0 0

Ostrea hippopus Lamarck, 1819 39 1 2

Ostrea lamellosa Brocchi, 1814 363 4 4

Ostrea leonica Fréminville in 1 0 0
Taslé, 1870

Ostrea parasita Turton, 1819 0 0 0

Ostrea parasitica Turton, 1819 40 3 0

Ostrea rostrata Gmelin, 1791 9 5 0

Ostrea saxatilis Turton, 1807 2 0 0

Ostrea scaeva Monterosato, 2 0 0
1915

Ostrea striatum da Costa, 1778 1 2 0

Ostrea Milachewitch, 76 0 0

sublamellosa 1916

Ostrea taurica Krynicki, 1837 58 1 0

Ostrea vulgare da Costa, 1778 1 1 0

theses and academic studies were not considered until the
fourth step cited above; (iii) Language was a major limita-
tion in the database search and the understanding of the
documents: English, French, German, Norwegian and
Spanish were translated; (iv) The totality of bibliographic
research was limited to the Latin alphabet.

After analysing the data collected, it was decided that this
review will not cover, or will only cover very partially, the
following phases and/or elements of production: site selec-
tion, water treatment, substrate/collector production, nurs-
ery, food production (i.e. microalgae), technical materials
and education.

Biological background

Relevant biological aspects of O. edulis are presented here
to understand seed production procedures, and to discuss
difficulties in production and needs of technological
advances. This chapter does not intend to provide a
detailed overview of the biology of O. edulis but provides a
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review of important elements that affect reproduction,
spatfall and other operational phases within the oyster pro-
duction cycle.

Genus Ostrea

Taxonomy

According to the World Register of Marine Species (Gofas
2004), 408 species are currently listed within the genus Ostrea
which was first described by Linnaeus in 1758. After remov-
ing uncertain taxonomy, synonyms, misidentifications and
extinct species, the genus Ostrea today considers 16 living
species (Table 2). All these species breed their embryos
between the demibranchs in the pallial cavity until swarming,
for example the release of larvae (Chaparro et al. 2018).

From 1758 onwards, O. edulis is described as a species in
the genus Ostrea. However, the species was described over
time and places also by authors other than Linnaeus, using
different Latin names; all of them now summarized and
reclassified as O. edulis (Table 1). A large number of ver-
nacular names in different alphabets and other forms of
writing exist, all of which are describing the species
O. edulis (Anonymous 2008).

Species identification within the genus Ostrea

The morphology of the species within the Ostrea genus is
in some cases relatively similar, for example Ostrea stentina,
a sympatric species of O. edulis found in the waters of
Tunisia, Spain and Portugal (Gonzilez-Wangliemert et al.
2004). Although it is very difficult to morphologically dis-
tinguish the two species in the juvenile stages, O. stentina
remains smaller as adults.

The Australian flat oyster (Ostrea angasi) is also very
similar to O. edulis (Crawford 2016). On the morphologi-
cal level, the species appears very close already when
observing the larval sizes and other reproductive character-
istics (Table. 2). In addition, Hurwood et al. (2005) even
suggests that O. angasi is a recent colonizer of Australia or
that these two taxa are, in fact, the same species. Morton
et al. (2003), on the other hand, distinguishes these two
species using mitochondrial DNA markers.

Although other species of the genus Ostrea were intro-
duced into Europe (e.g. O. chilensis, O. angasi,
O. puelchana reported by Grizel et al. (1983), Bougrier
et al. (1986) and Pascual et al. (1991) none of these species
seems to have proliferated and thus cause identification dif-
ficulties within the current European range of O. edulis.

Geographical range

European range
Ostrea edulis is distributed from 65° North in Norway to
30° North at Cape Ghir in Morocco. The species naturally

occurs in the Norwegian Sea, North Sea, English Channel,
Celtic Sea, Bay of Biscay and Mediterranean including
Adriatic Sea, Black Sea and Azov Sea (Ivanov 1964; Brom-
ley et al. 2016a).

The characteristic habitat type of all species within the
genus Ostrea are waters of relatively high salinity, clear or
with low turbidity (Marteil 1976). Found in coastal areas,
estuarine and marine habitats, the species thrives in subti-
dal and sublittoral areas with no or short emergence time
(Martin et al. 1997).

In 2018, the European countries producing O. edulis in
aquaculture in the order of volume (>1 ton in live weight
per year) produced were: France, Spain, Ireland, Croatia,
UK, Norway, Montenegro, Portugal and the Channel
Islands (Fig. 1). Together, these countries produced to a
total of ca. 1407 tons of oysters (FAO 2020). Despite this,
production exists in Sweden, Denmark and the Nether-
lands.

The total production per catch of the fishery in 2018 (in
Europe) was ca. 684 tons. The producing countries in
order of volume (>1 ton in live weight per year) were Den-
mark, Croatia, Spain, Tunisia, France, Portugal, UK,
Sweden and Greece.

The considerable decrease in production (aquaculture
and fishery catches) observed over the last 5 years high-
lights the difficulties in obtaining seeds for both the aqua-
culture and the restoration sector.

Extended range

Ostrea edulis was translocated outside Europe mainly for cul-
tivation purposes (Bromley et al. 2016a). It was imported
particularly to Australia in the mid-1800s and 1940s, to South
Africa in 1894, to the USA in 1947, to Japan in 1952, to
Canada in 1957 and in the 2000s, to Mauritius in 1972, to
Tonga in 1975, to Israel in 1976, to Fiji in 1977, to Mexico in
1984, to New Zealand in 1985 and to Namibia in 1990 (Funes
& Jiménez 1989; Bromley et al. 2016a).

The success of these transfers has not been studied here.
However, to our knowledge, with the exception of Canada,
the USA and Namibia (see below), no recent data have
been found in the literature.

Aquaculture records exceeding 1000 tons exist in the
USA (from 1984 to 2013), in South Africa (only in 1992)
and in Namibia (from 2003 to 2015; FAO 2020). In addi-
tion, a natural population of O. edulis (as non-native spe-
cies) has been established in Canada, in the province of
Nova Scotia (Vercaemer et al. 2006) and in the province of
New Brunswick (Burke et al. 2008a; Burke et al. 2008b).

Sex change and sex ratio

Ostrea edulis is an asynchronous hermaphrodite with a
rhythmic consecutive sexuality: several sexual inversions
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Figure 1 Histogram of Ostrea edulis aquaculture production in Europe from 1950 to 2018 (FAO 2020) with some key French events (Héral 1990;
Grizel & Héral 1991). The data include only the values corresponding to the European flat oysters; the volumes are in live weight and cumulated by
country, independently of the main FAO production areas. (M) Other European countries: Bosnia-Herzegovina, Channel Islands, Croatia, Greece,
Montenegro, Morocco, Norway, Portugal, SFR of Yougoslavia, Sweden, The Netherlands, Tunisia, UK; () Ireland; (=) Italy (1981-1989; 2010-2011);

() Spain and (m) France.

can occur during the same breeding season (Marteil 1976).
The tendency to protandria (i.e. the initial adult phase is
male) is common and the formation of male gametes
occurs in the post-settlement autumn (Davaine 1853; Cole
1942). This phase is not functional, and gametes are often
lysed (Martin et al. 1997). The oyster then enters the female
phase for the beginning of the following season. The occur-
rence of embryos has been observed already in one-year-
old oysters (see Section Fertility). Information on the via-
bility and survival of these embryos is scarce; however,
Merk et al. (2020) reports a development of veliger larvae
in these young oysters.

The sex change is much faster in the female-male direc-
tion, performed within days under optimal conditions
(Yonge 1960). This rapid change, and gonads not emptying
completely when male gametes are released, may result in
the presence of both types of gametes within one oyster
(Martin et al. 1997). Male and female gametes are present
in the oyster follicles at the same time but with different
stages of maturation (Maneiro ef al. 2017b).

The occurrence of sexual inversion depends on several
factors such as latitude, temperature and nutrition (Marteil
1976; Martin et al. 1997; Eagling et al. 2018): optimal

nutrition may increase the number of female spawners
(Orton 1927).

The number of sex changes can vary between locations:
once per season in Scandinavia (Yonge 1960), two to three
times in the UK (Walne 1974) and more than three times
in France (Martin et al. 1997). The determinism of sex
change may also be influenced by internal factors such as
the action of nerve nodes (Martin et al. 1997), but so far,
no studies on neuroendocrine reproductive control are
available for O. edulis.

A balanced sex ratio of the spawning population is rele-
vant for successful reproduction in the field (Kamphausen
et al. 2011; Zapata-Restrepo et al. 2019). Monitoring, and,
if possible, management of the sex ratio is essential for the
optimization of larval production in the hatchery. Ostrea
edulis anaesthesia and in vivo magnetic resonance imaging,
monitoring the sex ratio and gametogenesis, developed by
Culloty and Mulcahy (1992), Davenel et al. (2010) and
Suquet et al. (2010) provide non-invasive alternatives.

Gametogenesis
It is hypothesized that O. edulis enters a winter sexual rest

period which length can vary with latitudes (e.g. Norway,
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the Netherlands, France, Croatia). Temperature and food
availability play a predominant role for the initiation and
progress of gametogenesis (Martin et al. 1997). Cole (1942)
in Wales and Marteil (1976) in France define the onset of
gametogenesis at around 10°C, while Wilson and Simons
(1985) in Ireland observed the beginning of gamete redevel-
opment at a mean temperature above 7°C, but none of the
identified studies report a geographical comparison.

Other parameters such as food, oyster age, size, salinity
and the length of the photoperiod also seem to affect game-
togenesis (Mann 1979; Cano et al. 1997; Joyce et al. 2013).

Nutrition and food availability is equally important dur-
ing the winter phase as it is during the entire gametogenesis
process. In winter, energy reserves might be stored and
mobilized in springtime for gamete production (Gérard
et al. 1997). On the other hand, Ruiz et al. 1992 report that
O. edulis is in San Cibran (Spain) an opportunistic organ-
ism that concentrates its breeding efforts on a short period
of favourable conditions which depends directly on the
availability of nutrients in the environment.

As previously mentioned in 3.3, the physiological state of
the oysters (age and size) can vary according to different
factors such as latitude and therefore influence the gameto-
genesis, which has an impact on the fertility rate.

The influence of salinity, however, is still under debate.
Problems in resuming gametogenesis for salinities close to 20
have been observed in an estuarine area (Gérard et al. 1997)
and beyond 20 and up to 36 (under the species’ usual living
conditions), no influence is assumed (Martin et al. 1997).

As daylight has also been shown to have a profound
influence on other mollusc species, the positive effect of a
prolonged photoperiod on the gonadal development (also
called sexual glands, gonadal glands or gonads) of O. edulis
during autumn and winter conditioning (light intensity
reflecting the spring conditions in the environment) was
shown in experimental hatchery conditions (Maneiro et al.
2016; Maneiro et al. 2017b).

An assessment of the maturity of gonadal development
can be carried out following macroscopic criteria. A practi-
cal scale for the evaluation of the stages within the sexual
cycle of O. edulis was established by Marteil (1959), see
Table 3. As mentioned above in chapter 3.3, other methods
(anaesthesia, in vivo magnetic resonance imaging, histol-
ogy) and protocols exist for determining maturation. As an
example, Maneiro ef al. 2016 describe a method for the
determination of gonadal development using histology and
stereology techniques.

Spawning and fertility

Spawning
The minimum gamete emission (i.e. release of eggs into the
pallial cavity of females and release of spermatozeugmata
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from the male oyster) temperature has been extensively
studied and varies according to regions and geographical
conditions (Table 4). Depending on latitude, the minimum
critical temperature is between 14 and 16°C (Marteil 1976).
However, spawning events of the northern population are
observed at 25°C in breed polls, while populations in Spain
and the Adriatic Sea start spawning (or can spawn) at 12—
13°C (Bromley et al. 2016a).

Different stimuli induce spawning in mature oysters:
presence of gametes (Gendreau 1988; Chapter 7.4.4), sud-
den changes in temperature and salinity (Marteil 1976) or a
change in temperature combined with wave and current
actions (Lubet 1991). Lunar cycles have been argued/
demonstrated to affect gamete release by Orton (1927),
Korringa (1940), Walne (1974) and Martin et al. (1997),
but may also be an effect of other factors correlated to such
cycles, for example tidal ranges/coefficients (Lubet 1991).

The reproductive strategy of O. edulis females is internal
brooding (Figure 2). By keeping the offspring inside the
female’s mantle cavity, embryos are protected from external
conditions (Mardones-Toledo et al. 2015). In the male
phase, O. edulis performs sperm casting, where functional
males release spermatozeugmata, clusters composed of a
central nucleus: spermatozoa are fixed by the head and the
flagella radiates freely (Hassan et al. 2017; Suquet et al.

Table 3 Practical scale for evaluating the stages of the sexual cycle in
Ostrea edulis modified and translated into English (modified after
Marteil (1959) and Martin et al. (1997))

Stage Description Term

5-0 Empty gonad — corresponds to sexual
rest or the end of the expulsion of
gametes or larvae

Very thin or thin
oysters

1 Beginning of gametogenesis: Low greasy oysters
multiplication of germ cells

2 Gonads well developed but gamete Greasy oysters
dissociation remains difficult

3 Maximum response: gone Very greasy oysters

hypertrophied, a thick white-cream
layer envelops the visceral mass,
abundant gametes are obtained by
very light pressure

4 Gamete emission — incubation in Spawning/brooding
females

4a The eggs have just been emitted and ~ Milky (white-sick
form a milky white mass in the oysters)
pallial cavity

4b End of incubation: the larval shells Slate colour (grey/

give the mass of the embryos a
greyish-slate colour

black-sick) oysters
(colour evolution:
from gray to faint
blue, and then black)

5 Completely empty gonad: clearly Confused with stage
visible digestive mass, greyish colour ~ 0/spent gonad
of the flesh

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 7
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Table 4 Onset spawning temperature of Ostrea edulis (modified after
Bromley et al. (2016a))

Temperature  Country Location Reference

Q)

25 Norway Bergen Bromley et al. (2016a)

20.5 England NA Bayne (2017)

18-22 Israel Eilat Shpigel (1989)

20 Denmark Limfjord Bromley et al. (2016a)

18 Canada Lockhart Lake Bromley et al. (2016a)

16 Wales Conwy, Conwy  Walne (1974)

15 The QOosterschelde  Bromley et al. (2016a)
Netherlands

15 England Crouch, Essex Bromley et al. (2016a)

15 England Fal, Cornwall Bromley et al. (2016a)

15 France Morbihan Bromley et al. (2016a)

15 France Arcachon Bromley et al. (2016a)

15 Italy Lago Fusaro Carlucci et al. (2010)

15 Italy Mare Grande Carlucci et al. (2010)

Tarante

14 Croatia Mali Ston Bay Bratos et al. (2002)

14 Spain Mar Menor Cano et al. (1997)

13 South Africa  NA Bayne (2017)

13 Ireland Lough Foyle Bromley et al. (2016a)

13 Italy Adriatic Carlucci et al. (2010)

12 Spain Vigo Bromley et al. (2016a)

2018). Spermatozeugmata have a mean diameter of

64 £+ 3 um, and spermatozoa are released in 21 + 3 min.
The mean curvilinear velocity of spermatozoa movement is
68.5 + 8.7 um s~ ' (Suquet ef al. 2018).

Male oysters are generally more sensitive to stimulation
and emit their gametes first (usually in one event, but pos-
sibly incomplete, successive or extended in time). These
first spawnings then lead to the spawning of adjacent males
and, subsequently, to the spawning of females (His et al.
1999). Nelson and Allison (1940) extracted a substance
called ‘diantline’ from oyster sperm which causes, among
other things, the relaxation of smooth muscles in female
oysters, thus promoting the release of eggs (Martin et al.
1997) through the gills into the pallial cavity (Yonge 1960),
where they are fertilized by spermatozoa from sperma-
tozeugmata inhaled by the female (His et al. 1999).

The number of spawning events per year, the intensity of
spawning and the spawning period vary with geographical
regions and climatic conditions (Korringa 1940): In Scan-
dinavia, the breeding period is short with only one spawn-
ing per year (Yonge 1960). If conditions interfere with the
development of gametogenesis and spawning, reproduction
will be impaired or natural recruitment will be negligible
(Martin et al. 1997).

Fertility
The term fecundity and fertility are often confused in the
literature for O. edulis. According to the definition of Allee

et al. (1949) which Walne (1964) follows, the term fecun-
dity refers to the production of male and female gametes,
while the term fertility refers to the production of embryos
and larvae.

The fertility rate of O. edulis varies between oyster age,
studies and authors (Table 5). The different numbers may be
explained by different abiotic factors, such as temperature
during gametogenesis (Martin et al. 1997). As O. edulis can
live up to 14 years (Richardson et al. 1993), data on both
fecundity and fertility rate of the 7- to 14-year-old specimens
would be of great importance for predicting population
dynamics, but so far do not exist in the reviewed literature.

Incubation and swarming

Incubation phase

Literature on embryo development and early larval stages is
scarce. The bibliographic search revealed only Davaine
(1853), Horst, (1884), Fernando and MacBride (1931) and
Gendreau (1988). The different stages are schematised in
Figure 2. Dantan and Perrier (1913) report that during the
developmental phase between embryo and larva, there
appears to be little or no mortality. For the purpose of arti-
ficial breeding trials, Gendreau (1988) describes the ex vivo
development of embryos and larvae, summarized in Box 1
and Figure 2. This information may serve as a basis for the
development of artificial reproduction techniques for
O. edulis.

Box 1. Kinetics of ex vivo development of
embryos and early larval stages at 20°C (Gen-
dreau 1988)

15-20 min after fertilization the oocytes increase in vol-
ume. The first polar globules appear around 30 min and
the second around 85 min after fertilization. The subse-
quent development asynchronism is reported to be
observable at each stage. The polar lobes appear around
210 min after fertilization and remain observable for 2 h
and 30 min. The two-cell stage is observed for 2 h and
40 min, starting from 270 min after fertilization. After
6 h, the four-cell stage is observable for 4 h. Beyond that,
the superposition of the increasing number of cells makes
it difficult to distinguish the different developmental
kinetics. The embryos pass through the stages of morula,
blastula and gastrula to become young trochophore lar-
vae within the first 24 h. The trochophore larvae carry a
prototroch that allows them to be mobile, however with-
out being able to swim freely. During the next 24 h, the
ciliature extends into a crown. On days three and four,
the larvae carrying a velum begin to swim.
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(a) Pre-shelled stage Prodissoconch | Prodissoconch Il Dissoconch
ca. <1day ca. 7-17 days ca. 10-15 days remainder of life
Egg —
S Blastula | =——
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UEJ Gastrula —
Trochophore ——
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©
E D-Shaped Staged - ’
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Figure 2 (a) Development of the prodissoconch in relation to other common terms describing larval shell, body and development stages of Ostrea
edulis. Dashed lines indicate uncertainty or transition. The duration of stages may be highly variable. Modified after Waller (1981). (b) Embryonic
development of O. edulis: (b1) Fertilized oocytes (fo), Unfertilized oocytes (uo); (b2) Polar body I (pb1), Polar body Il (pb2); (b3) Polar lobe (pl) appear-
ance; (b4) Polar lobe (pl) resorption; (b5) Two-cells stage; (b6) Four-cells stage. Photographs and descriptions modified after Gendreau (1988). (c) Early
development schemes of O. edulis: (c1) Morula/Blastula stage; (c2) Gastrula stage; (c3) Early trochophore; (c4) Middle trochophore; (c5) Late tro-
chophore; (c6) Fully developed larva. (pmo) Presumptive mouth opening; (m) Mouth; (s) shell; (p) Prototroch; (a) Anus; (v) Velum; (u) Umbo; (e) Eye
spot; (f) Foot. (c1-c5) Modified after Horst (1884) and Waller (1981), (c6) Modified after Erdmann (1935) and Yonge (1960). As an additional informa-
tion, the development stages (b1-c4) correspond to the white-sick stage; the grey-sick stage is only represented here in (c5); the black-sick stage is

not represented here.

It is suggested that dead larvae are detected by brooding
oysters (O. chilensis) and ejected from the pallial cavity
with pseudofaeces (Chaparro et al. 2018). Females may
reject some of their own viable veliger along with dead lar-
vae. This was observed in O. edulis (Gray et al. 2019)
although according to Walne (1974), there is very little or
no loss of larvae during the incubation period. The brood-
ing period lasts 7-10 days (Orton 1936). At 15-16°C, the
white-sick stage is therefore reached after about 3.25 days
of incubation, the grey-sick stage is reached 1.75 days later
and the black-sick stage within four more days. Sparck

(1925) states a different timeline for the larval

Reviews in Aquaculture, 1-46

development: the black-sick stage is reached after 3.5 days
and, depending on the temperature, it takes 5.5 additional
days at 15°C or 2.0 days at 19°C until swarming. At 13.5,
17.5 and 23°C, the length of the incubation period varies
among 18, 14 and 7 days, respectively, Erdmann (1935). At
low temperatures, Erdmann (1935) observed a delay in
swarming and larger dimensions of swarming larvae as well
as advanced larval developmental stages.

Swarming
After the development of the larvae during internal brood-
ing, swarming (i.e. release of the larvae from the female

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 9
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Table 5 The fertility of Ostrea edulis related to the age and the size of
the brooding oyster: summary of the data found in the literature

Fertility per oyster Mean diameter ~ Approximative  Reference
(embryos- of oysters (mm) age of
larvae x 106) oysters (years)
0.0916 38 1 Cole (1941)
0.1000 34 1 Dantan and
Perrier (1913)
0.1000 40 1 Walne (1974)
0.1000 NA 1 Gaarder and
Bjerkan (1934)
0.2180 NA 2 Cole (1941)
0.2400 NA 1 Orton (1937)
0.2470 NA 2 Dantan and
Perrier (1913)
0.2500 NA 2 Gaarder and
Bjerkan (1934)
0.4626 60 3 Cole (1941)
0.5250 NA 3-4 Orton (1937)
0.5400 57 2 Walne (1974)
0.7304 NA 3 Dantan and
Perrier (1913)
0.8000 NA 3 Gaarder and
Bjerkan (1934)
0.2765-0.8296 NA NA Philpots (1890)
0.8400 70 3 Walne (1974)
0.9029 70 4 Cole (1941)
1.0000 NA >3 Gaarder and
Bjerkan (1934)
1.0129 Very NA Mobius (1883)
large oysters
0.8000-1.1000 75 NA Utting et al.
(1991)
1.1000 79 4 Walne (1974)
1.2600 84 5 Walne (1974)
1.3600 87 6 Walne (1974)
1.5000 90 7 Walne (1974)
1.8000 Very NA Eyton (1858)

large oysters

oyster in the wild) is induced by strong contractions of the
adductor muscle and the opening of the shell resulting in
the ejection of the veliger larvae in clouds (Erdmann 1935).
This action is repeated several times with short and long
intervals, the whole swarming can be completed within a
few hours (Korringa 1940).

Regarding the swarming periodicity of O. edulis, Kor-
ringa (1940) summarized that: (i) temperature is not the
only factor in the process of larval release; (ii) slight differ-
ences in salinity seem to be irrelevant; (iii) swarming takes
place on both clear and rainy days, which indicates that
there is no influence of wind; (iv) swarming depends
directly on the frequency of spawning and the duration of
incubation (as mentioned above).

Post-swarming larval stages

Larval development and survival

Larval size during swarming depends on the incubation
conditions and therefore indirectly on the latitude and the
related environmental parameters, ranging from 160 to
200 pum when released into the water (Table 2).

Erdmann (1935), Yonge (1960) and Waller (1981) offer
exhaustive descriptions of larval development of O. edulis.
A short synthesis of larval sizes and developmental stages is
available in Acarli and Lok (2009).

The influence of salinity and temperature on larval sur-
vival was examined in the laboratory (Davis & Ansell
1962), Davis & Calabrese 1969): At a salinity of 10, larvae
die within days, at 12, larvae do not grow and 10 days
post-swarming, mortality rate is > 90%. Larvae reared at
salinities between 15 and 17.5 grow, but die before meta-
morphosis, at 20, growth is moderate without mortality.
Ostrea edulis larvae show high growth and settlement rates
at salinities > 22.5 and are able to settle at salinities as low
as 15. Temperature should range between 17.5 and 30°C
(growth) or between 12.5 and 27.5°C (survival). Below 10
and above 30°C, survival rates are low.

Another relevant parameter is hydrogen sulphide and its
impact on O. edulis larvae. However, this does not seem to
be described in the literature, despite recurrent problems in
the natural environment and in breed polls (Korringa 1940;
Yonge 1960). Data are available from Theede et al. (1969)
on adult O. edulis in the Black Sea and states a survival of
5 days at hydrogen sulphide concentrations between 0 and
5.6 cm® L™! seawater; however, the tolerance to abiotic
conditions between adult and larve cannot be compared.

The larval survival rate in the natural environment is
related to multiple parameters (Fig. 3) such as food abun-
dance, predation and sediment movements and is not
described in full detail here. Diseases, pathogens, contami-
nants and predators will be discussed in chapters 5.1-5.3.

Pelagic larval period

The planktotrophic pelagic larval life of O. edulis in the
natural environment appears to be directly related to tem-
perature. According to Korringa (1940), this phase lasts 6—
7 days at a temperature of 22°C, or 12 days at 18°C. Fur-
ther, for Marteil (1976) and Buroker (1985), it can extend
from 6 to 14 days for temperatures ranging from 18 to
20°C.

Larval behaviour

Information on the behaviour of O. edulis larvae is avail-
able for veliger larvae (Erdmann 1935), for settlement beha-
viour (Cole & Knight-Jones 1949; Rodriguez-Perez et al.
2019), for swimming behaviour and pressure responses
(Cragg & Gruffydd 1975), and for free swimming searching
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behaviour, crawling behaviour and cementing, including an
estimation of the maximum larval swimming speed of
500 mm h™! and other locomotion characteristics (Cran-
field 1973).

The settlement of O. edulis is influenced by many factors
such as larval quality, hydrodynamic conditions or the phy-
sico-chemical quality of the seawater. The parameters light,
temperature, biofilm and collector type or substrate are
briefly described here:

According to Cole and Knight-Jones (1949), Bracke and
Polk (1969) and Walne (1974), the influence of light
changes during the larval cycle. Larvae show negative pho-
totropism at settlement stage (Bracke & Polk 1969) and
preferences for dark collectors (Cole & Knight-Jones 1949).
Walne (1974) highlights the nycthemeral preference of lar-
vae to settle during daytimes: intense illumination at the
end of the larval breeding period could promote both the
speed and the intensity of the settlement. Thus, negative
phototropism seems to characterize larvae at the beginning
of metamorphosis and light could therefore act as a catalyst
for settlement (Carbonnier et al. 1990).

Marteil (1976) summarizes that warmer temperatures
reduce pelagic life span and potentially increase larval sur-
vival rate. In addition, an increase in temperature at the
time of metamorphosis could favour the fixation of larvae
(Carbonnier et al. 1990). Furthermore, Nielsen and Peter-
sen (2019) report that the success of spawning and spat fall
of flat oysters in the Limfjorden in Denmark is directly
related to the summer temperature.

The biological film, which is built up on substrates or
collectors, also plays an important role in the settlement of
O. edulis larvae (Walne 1958). It is indicated that in aqua-
culture, a 2-3 week soaking of the collectors can increase
the settlement rate. The bacterial film produced by She-
wanella colwelliana induced settlement of O. edulis in
hatchery (Tritar et al. 1992). Further studies highlight the
role of biofilm for inducing settlement (Rodriguez-Perez
et al. 2019), but so far, this subject has been rarely studied.

Within the natural tolerance range of the species, salinity
has practically no impact on larval development (Marteil
1976). Variations in salinity nevertheless can induce settle-
ment if they are confined and a gradual return to the initial
salinity is ensured (Carbonnier et al. 1990).

Other parameters and mechanisms influencing settle-
ment are developed in various studies: pH (Cole & Knight
Jones 1949; Carbonnier et al. 1990), substrate type and
composition (Cole & Knight Jones 1949; Korringa 1976;
Guesdon et al. 1989), orientation angles and shape of the
substrate (Cole & Knight Jones 1949; Korringa 1976; Col-
soul et al. 2020), colour and transparency of the substrate
(Herman 1937; Cole & Knight Jones 1949; Walne 1974),
presence of conspecifics or other species (Cole & Knight
Jones 1949; Rodriguez-Perez ef al.2019).
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Opyster nutrition

Opysters show two strategies of food uptake: either directly
absorbing dissolved substances from the seawater or ingest-
ing suspended particles (Héral 1990).

Rice et al. (1980) demonstrated the direct absorption of
dissolved organic matter by the net uptake of amino acids
from seawater by O. edulis larvae. Laboratory experiments
indicate that lipids in solution can be absorbed rapidly by
juveniles and pediveligers of Pacific oysters (C. gigas;
Fankboner & De Burgh 1978). In addition, Bamford and
Gingles (1974) highlighted the absorption of glucose in the
gills of adult oysters (C. gigas). Furthermore, mussel
embryos (Mytilus edulis) and larvae are capable of absorb-
ing dissolved organic substances; however, there is no evi-
dence that larvae are able to grow and develop only by
feeding on dissolved organic matter (Widdows 1991).

The ingestion of suspended particles by adult O. edulis
includes both mineral and organic particles which are fil-
tered and retained on the surface of the gills and sur-
rounded by mucus (Héral 1990). The food is then sorted,
ingested and partly digested. The remaining material passes
through the intestine and is evacuated through the anus as
faeces. If particulate matter is too abundant or too large it
is directly ejected by the gills and labial palps or bound
together by mucus, dropped into the mantle and ejected as
pseudofaeces. Particle size ingested by O. edulis ranges
from micro- and nanoplankton down to picoplankton (ca.
200-0.2 um; Cole 1937; Cano et al. 1997; Marshall et al.
2010). Groups of bacteria, fungi and tripton (non-living
particulate matter) are also consumed (Martin et al. 1997).

According to the bibliographical search, the feeding of
adult O. edulis and larvae on bacteria has never been tested
extensively.

Stressors

Opyster diseases and pathogens

Pathogens, such as bacteria, copepods, fungi, microalgae,
polychaetes, protozoa, sponges and viruses, can induce dis-
eases, mortalities or significant malformations in O. edulis,
(Table 6; Chapter 4.1.1-4.1.4). High mortalities occur in
the past, and their causes were not always discovered.
Orton (1937) reports three examples of high mortality
from unknown causes: in 1877 in France (Arcachon), in
1895 in the Netherlands and in 1098 in Norway.

A massive mortality event of (adult) O. edulis following
establishment of commercial culture in Europe (England,
Wales, the Netherlands, France and Italy) appeared in 1920
(Orton 1937; Grizel 1985; Héral 1990). The exact cause of
these deaths was unclear, but disease, possibly an infection
by a protozoan and unusual temperatures are assumed
(Marteil 1976; Grizel 1985).
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joe]

. Colsoul et al.

Toxic > Broodstock < Broodstock Food Nutrients Competitors
Phytoplankton > Maturation le— (CNPSiFe) Abundance

A

I \ | Vv ¥
Micro-Plastics |— | Breeding Success | —I Light Quality |—> PR&SE&Z?:Z” < Ng’géiﬁ,[;g:c
4 A f 7y 7y
[ 1 | T
| |

| L 4 v | |
Broodstock LARVAE m LARVAE P Spawning
Characteristic ABUNDANCE DISPERSAL - | | Locations

[ A
[N

T 1

| i |
v VvV v L
Pathogens | |
Predators : .
— Abundance Broodstock Density & Parasites <—| Temperature | Heavy Metals Rate '—
Abundance
A T
i Streams, —
Substrate Quality '— I Bathymetry |—> Winds, Tides | Salinity | I Larvae Food
1 A4 l l A 4 l
Sounds > LARVAE < oH R LARVAL <
& Other Cue > SETTLEMENT SURVIVAL <
7'y j TA A A AI
Current Exposure :\;’:Eﬁﬁ; Dissolved Oxygen a?g\laﬁietjt:r(: K;sgg Other Pollutants
T 7}
Colonizers Sediment Suspended Solids ) X
Abundance Movement & Biofilms Larvae Quality | _| Larvae Density
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chemical, physical).

The two major known diseases of adult O. edulis are
Marteliosis and Bonamiosis, and these are described below.

Marteiliosis

Another massive mortality event in Europe was reported
on O. edulis as ‘Abers disease’ in the literature and was
caused by the protozoan Marteilia refringens. From 1968
onwards, this protist spread to the majority of Breton farms
(France) and was responsible of the marteiliosis disease
(Héral 1990). From 1974 onwards, it then further induced
massive mortalities at production centres all over France.
The spread of the disease across Europe is not documented,
but M. refringens can be found (either in O. edulis or in
other bivalves) in Albania, Croatia, France, Greece, Italy,
Morocco, Portugal, Slovenia, Spain, Sweden, Tunisia and

12

the UK among others (Carrasco et al. 2015). Marteilia
refringens was detected in Dutch flat oyster stocks in the
period 1974-1977 (van Banning 1979b), but not recorded
any more in yearly surveys since 1978 (Haenen & Engelsma
2020). Mortality mostly affects two-year-old oysters and
can reach up to 90% mortality among oysters (Carrasco
et al. 2015; Anonymous 2018). For all characteristics of
O. edulis diseases, see Table 6.

Bonamiosis

Immediately after the decline of marteiliosis in France in
1979, bonamiosis appeared. This infection by the hap-
losporidian Bonamia ostreae induced what is commonly
referred to as the third wave of large-scale O. edulis mortal-
ity in Europe. This led to a partial abandonment of the
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cultivation of O. edulis in favour of other species of com-
mercial interest such as C. gigas. The parasite was report-
edly introduced into Europe (France and Spain) following
movements of oysters from the USA (Friedman & Perkins
1994; Bromley et al. 2016a). First detected in France in
1979, bonamiosis rapidly spread all over Europe: the
Netherlands, Spain and Denmark in 1980, England in 1982,
Ireland in 1987 and since then continued to spread to other
European countries including Italy, Wales, Northern Ire-
land, the Netherlands, but also outside Europe to Canada
and Morocco (van Banning 1987; Culloty & Mulcahy
2007). More recently, B. ostreae has been detected in New
Zeeland in O. chilensis (Lane et al. 2016). This parasite par-
ticularly affects the older oysters and causes a mortality of
50-80% of the stock while infection rate is lower in young
oysters (Grizel 1985; Héral 1990).

Ostrea edulis can be infected by B. ostreae from the larval
stage onwards (Arzul et al. 2011). Prevalence and patho-
genic impact on O. edulis is eventually affected by water
depth (Lama & Montes 1993). Oyster larvae are potentially
acquiring the pathogen from the water column during filter
feeding or from the pseudofaeces of a brooding adult (Flan-
nery et al. 2016). Some populations show increased resis-
tance indicating that genetic advantages against the
infection exist and populations can potentially adapt and
evolve resistance (Naciri-Graven et al. 1998; Lynch et al.
2005; Vera et al. 2019).

The fast spread and high virulence of these pathogens
highlight the need of taking precautions when translocating
oysters to cultivation, breeding or ecological restoration
sites (Sas et al. 2020).

Shell drillers

Concerning shell-boring parasites, it is worth mentioning
polychaetes and sponges. Within the group of shell-boring
polychaetes having O. edulis as host, different species of the
genus Polydora and the genus Boccardia exist (Lauckner
1983; Robert et al. 1991). For shell-boring sponges with
O. edulis as host, species of the genus Cliona are prevalent,
with in particular Cliona celata (Hoeksema 1983) and
Cliona viridis (Rosell et al. 1999) in Europe. In the literature
selected in this review, no data were found on the impact of
the above-mentioned parasites on growth, weight gain or
mortality of O. edulis.

Specific larval diseases
As Orton (1937) quotes, and important to underline, by far
the greatest mortality for O. edulis occurs in the larval
stage, whether in the natural environment, or in produc-
tion.

The diseases occurring in hatcheries are mostly caused by
bacteria and not by protozoans (Helm et al. 2004). Bacteria
can originate from the non-treated broodstock, the algal
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and the larval cultures. Bacteria that cause large-scale mor-
talities mostly belong to the genus Vibrio sp. and can trigger
severe epizootics in hatcheries.

Vibrio spp. are ubiquitous in the marine environment
and their genetic as well as their ecological variability
led to the emergence of several diseases in oyster aqua-
culture (Mardones-Toledo et al. 2015; Travers et al.
2015). Accordingly, many strains can have pathogenic
potential (Wendling et al. 2014). Virulence however can
vary between host populations and environments
(Wendling & Wegner 2015; Wendling et al. 2017),
making specific predictions and effects on wild popula-
tions difficult.

A list of bacteria of the genus Vibrio affecting O. edulis
larvae is presented in Table 6.

Pollutants

The term pollutant is applied here in the sense of contami-
nants. The first pollution problems for bivalve populations
appeared in the beginning of the 20th century (His et al.
1999). Prytherch (1924) seems to be the first to state that
pollution is one of the main factors in the decline of oyster
beds. The toxicity of these contaminants can have physio-
logical and morphological impacts on adult oysters but can
also affect eggs, embryos and larvae. Heavy metals can
affect embryogenesis, larval growth, larval survival, settle-
ment, respiration and in some cases chromosomes (His
et al. 1999).

Zinc and Chlorine are two components that could be
found in a hatchery: the first in the water (inlet), the second
in the discharge water (outlet). Zinc concentrations of 100—
500 ug L' cause reduced growth, increased incidence of
abnormal development and increased mortality of O. edulis
larvae (Calabrese et al. 1977). Chlorine concentrations up
to a level of 10 000 ug L' do not affect O. edulis larvae.
At a concentration of 20 000 pg L™, a significant propor-
tion of larvae is still able to survive and grow. However,
for chlorine concentrations between 50 000 and
200 000 ug L', larval survival and growth are low
(Waugh 1964).

Literature data on the impact of several heavy metals and
detergents on growth, mortality and settlement rate of
O. edulis larvae are provided in Table 7. A relatively new
pollutant in the environment is microplastics which
adsorbs different pollutants from the environment allowing
them to enter the mantle cavity of the filter feeding oysters.
However, the effects of microplastics on the respiration
rate, the filtration rate and the growth rate of adult
O. edulis are minimal (Green 2016), whereas no data on
the general health status and potential long-term effects
exist so far. Further research on nanoplastics is to be
expected, as we know for C. gigas, nanoplastics can affect

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 13
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Table 7 List of known pollutants and their effects on the mortality, growth and metamorphosis of larvae of Ostrea edulis (modified after His et al.

(1999))
Pollutants Initial age of Exposure End-point ECso/LCs0 (ug L7 Reference

exposed larvae temperature (°C)
Heavy metals
Copper 48 h NA Mortality 1-3 Alzieu et al. (1980)
Mercury 1-3 days 4.2 Mortality 3.3 (ug metalion L™')  Connor (1972)
Zinc 96 h NA Growth (length) 100-500 Walne (1970)
Detergents
Actusol NA NA NA 20 000-40 000 His et al. (1999)
BP 1002 NA NA Growth (2 days) 2500-7500 His et al. (1999)
Corexit NA NA NA 40 000-80 000 His et al. (1999)
Farrells NA NA NA 6000-8000 His et al. (1999)
FO-300-B NA NA NA 4000-8000 His et al. (1999)
Gamlen 1 week 23 Growth (2 days) ca. 1000 His et al. (1999)
Houghtosol 1 week 23 Growth (2 days) ca. 1000 His et al. (1999)
Kudos 1 week 23 Growth (2 days) ca. 5000 His et al. (1999)
Linear alkylate sulphonate 1 day NA Mortality (6 h) 10007 Renzoni (1973)
Dodecylbenzene LAS 12C NA NA Growth (1 week) 50%

8-10 days NA Settlement (6 h expo.)  1000§
Polyclens 1 week 23 Growth (2 days) 1000-5000 His et al. (1999)
Slickaway NA NA NA 10 000-20 000 His et al. (1999)
Slik 1 week 23 Growth (2 days) ca. 1000 His et al. (1999)
Sorbent-C NA NA NA ca. 100 000 His et al. (1999)
Teepol 1 week 23 Growth (2 days) 5000-10 000 His et al. (1999)
Tetrapropylene benzene 1 day NA Mortality (6 h) 200071 Renzoni (1973)
Sulphonate NA NA Growth (1 week) 50%

8-10 days NANA Settlement (6 h expo.)  1000§
Tri-butyltin TBT 48 h NA Mortality 3.4 Thain and Waldock (1986)

EC50, toxicant concentration causing 50% reduction in the end-point; LC50, toxicant concentration causing 50% mortality; NA, data not available.
Several detergents were assayed as mixtures: in these cases, only the active components are mentioned and their percentages in the assayed mixture
provided. Concentrations are expressed as pg L' of active components.
+Referred to as ‘lethal concentration’.
Mentioned as ‘seriously affecting’ growth.

§Mentioned as ‘significantly reducing’ settling and metamorphosis.

their early life stages, that is from the gametogenesis to lar-
vae (Tallec et al. 2018).

As the list of pollutants in this review is not exhaustive,
the emerging pollutants, notably PAHs, are not mentioned
here.

Opyster predators

Predation on adult and juvenile O. edulis can be multi-
trophic and induce high mortalities. The main predators
are invertebrates such as crustaceans, echinoderms and
gastropods. In the class of gastropods, potential preda-
tors are for example the Atlantic dogwinkle Nucella
lapillus, European sting winkle Ocenebra erinaceus, the
Japanese oyster drill Ocinebrellus inornatus, the Asian
rapa whelk Rapana venosa and the Atlantic oyster drill
Urosalpinx cinerea (Philpots 1890; Hancock 1954; Gar-
cia-Meunier et al. 2002; Zolotarev & Terentyev 2012).
Examples for O. edulis preying echinoderms are the

common starfish Asterias rubens (Whilde 1985). For
crustaceans, the brown crab Cancer pagurus and the
shore crab Carcinus maenas (Mascar6 & Seed 2001a;
Mascaré & Seed 2001b) can be named. On a higher
trophic level, there are also fish and birds preying on
flat oysters. Predation on adult O. edulis by fish is
noted in France and in the Adriatic Sea (Spencer 2008;
Glamuzina et al. 2014). The fish species named there
are the sea-bream Sparus aurata, the common stingray
Dasyatis pastinaca and the common eagle ray Myliobatis
aquila. The main diving avian predators of marine
bivalves in Europe are the common eider Somateria
mollissima and the common scoter Melanitta nigra (Fox
et al. 2003; Spencer 2008); however, no data on the
impact of these on O. edulis were found in the litera-
ture considered in this review.

The larvae of O. edulis are also subject to predation;
known predators on these early stages are provided in
Table 8.
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Table 8 List of known and presumed predators of Ostrea edulis larvae in the literature. NA is data not available

Name

Descriptor

Reference

Aurelia aurita
Chaetognathat (larval stage zoea of the phylum) NA
Cladocerat (Superorder)

Crepidula fornicata

Decapodart (larval stage zoea of the order)
Noctiluca scintillans

Linnaeus, 1758

Latreille, 1829
Linnaeus, 1758
Latreille, 1802
(Macartney) Kofoid and Swezy, 1921

Aase et al. (1986)

Auby and Maurer (2004)
Auby and Maurer (2004)
Korringa (1951a)

Auby and Maurer (2004)
Dodgson (1922)

tAssumption to be confirmed.

Genetics

Population genetics

Lapegue et al. (2007) provides a valuable summary of
research efforts conducted on nuclear genetic diversity
and the geographical structure of O. edulis populations
in Europe. Studies using enzymatic markers (Saavedra
et al. 1995), microsatellites (Launey et al. 2002; Sobo-
lewska & Beaumont 2005) and mitochondrial DNA
(Diaz-Almela et al. 2004) have shown moderate differ-
entiation between Atlantic and Mediterranean O. edulis
populations. A significant correlation between geograph-
ical and genetic distances was found (Launey et al
2002), supporting the distance-by-isolation model;
excluding the case of populations at the limit of geo-
graphical distribution, such as the populations sampled
in Norway and the Black Sea in the study of Diaz-
Almela et al. (2004).

Ostrea edulis stocks have been subject to numerous
transfers — as mentioned earlier in the introduction — for
various reasons, although mainly for commercial interests
(Bromley et al. 2016a). These movements of animals from
different stocks have potentially diluted the structure and
genetic diversity of naturally occurring populations. A
minority of ancestors succeeds in replacing an entire pop-
ulation while the majority fails to procreate. Partial
inbreeding may occur temporarily (Hedgecock et al.
2007) but gene flow resulting from larval dispersal ensures
the connectivity between populations.

Selective breeding

The selection of certain genetic characteristics in oyster aqua-
culture appears to have gained momentum since the late
1960s (Newkirk 1980). Genetic improvement through selec-
tive breeding since then focused on growth, weight gain, sur-
vival rate, disease resistance/tolerance, shell shape, shell
colour or, more recently, intertidal tolerance of flat oysters.
In some cases, growth may induce a better survival rate
because oysters grow to their commercial size before diseases
hit.

Reviews in Aquaculture, 1-46

Selection to improve growth

The earliest reported selection for growth in O. edulis was
carried out in Nova Scotia, Canada (Newkirk & Haley 1982).
Encouraging results on individual (mass) selection of growth
rate and weight gain were obtained between 1977 and 1990.
However, a profound influence of the environmental param-
eters rather than an influence of the selection on the results is
discussed (Newkirk & Haley 1982). Nevertheless, Toro and
Newkirk (1990) show differences between two groups of oys-
ters where the selection has a significant influence on growth
rate, but no influence on survival rates.

Selection to improve resistance to bonamiosis

Genetic selection as a tool against mass mortality, for
example caused by bonamiosis (see 5.1.1), was first dis-
cussed in France in 1985 (Baud et al. 1997), in Ireland
in 1988 (Lynch et al. 2014) and in Spain in 2001 (da
Silva et al. 2005) resulting in experimental breeding
programmes for improving resistance. A significant
increase in survival and a lower prevalence of the para-
site in some oyster stocks was achieved. Mass selection
can increase the resistance to a disease (Naciri-Graven
et al. 1998) but also resulted in significant losses of
genetic diversity and subsequent inbreeding, leading to
the development of family-based selection. Despite these
encouraging results, the low proportion of O. edulis
produced in hatcheries, the biological specificities of the
species and the technical difficulties of breeding have
slowed down or even stopped the progress of breeding
programmes.

So far, no large-scale breeding programme has been
launched for O. edulis (Lapegue et al. 2007). Apart from
the approach at Rossmore Breeding Ponds, where the sev-
enth generation survivors of oysters that are surviving
bonamiosis are breeding. In most years since the bonamio-
sis reached the site of Rossmore in 1987, between 10 000
and 20 000 oysters has been used every year, to breed
another generation (Lynch et al. 2014).

The search for quantitative trait locus (QTL) for
bonamiosis resistance in O. edulis is a promising approach
(Lallias et al. 2009), and the recent development of a SNP
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array (Gutierrez et al. 2017; Vera et al. 2019) opens up new
perspectives such as genomic selection.

Crossbreeding and hybridization

The production of crossbred animals resulting from a
crossing between different oyster stocks/origins in order to
obtain a better performance is a method to improve pro-
duction developed in agriculture and aquaculture. This
increase in performance can be explained by the process of
heterosis (Newkirk 1980).

Interspecific hybridization and crossbreeding have been
tested for O. edulis without notable success. Cross-breeding
experiments by Newkirk (1986) showed little evidence of a
better vigour of hybrids from two different broodstock ori-
gins. An interspecific hybridization of O. edulis and C. gi-
gas did not produce conclusive results: a low rate of oocyte
evolution and replications without cell divisions after fertil-
ization are reported (Gendreau 1988).

Polyploidy

Research on the modification of chromosome numbers in
bivalve aquaculture appeared in the 1980s to prevent the
spawning phase but also as a potential pathway for obtain-
ing resistant animals (Gendreau 1988; Nell 2002). So far,
two types of polyploid oysters, triploids and tetraploids,
were developed. Tetraploids oysters are produced for fur-
ther crossing diploid oysters, resulting in the production of
triploids oysters (Yang et al. 2018).

Triploid oysters may increase (in some cases and spe-
cies) the growth rate (Guo et al. 1996), may allow the
protection of the hatchery product and may decrease the
genetic impact of hatched oysters and natural popula-
tions (Hedgecock 2011). However, differences in survival
rates between diploids and triploids are not clear due to
interactions with diseases or other stressors and the dif-
ference of ploidy level for each situation and oyster spe-
cies (Nell 2002).

The first induction of polyploidy applied to oysters, in
this case triploidy, was described for C. virginica (Stanley
et al. 1981). In 1988, a method for artificial fertilization of
O. edulis and extra-pallial larval breeding (triploids, tetra-
ploids, allotriploids) was described and allowed experi-
ments with different methods of polyploidy induction
(Gendreau 1988; Gendreau & Grizel 1990). Later triploidy
was induced by meiosis I blockage (instead of meiosis II
blockage) and resulted in increased growth rates (Hawkins
et al. 1994).

Gendreau (1988) tested two methods of inducing tri-
ploidy: induction by chemical treatment and induction by
hyperbaric treatment. The first method consists of treating
fertilized eggs during their preliminary phase with the

expulsion of one of the two polar globules of cytochalasin
B. A standard protocol was adapted to O. edulis based on
the standard method of Downing and Allen (1987) with a
treatment temperature of 20°C and an increased duration
of the treatments up to 20 min. The second method, the
hyperbaric treatment, consists of applying a pressure shock
at the time of expulsion of the polar globules and the first
mitotic cleavage. 10 and 120 min after fertilization, a pres-
sure of 48.2633 MPa is applied every 10 min for a period
of 5 min. This hyperbaric treatment is a viable method but
the time of application has a significant influence on the
frequency of induced polyploidy: ranging between 48% and
73% of triploids (Gendreau 1988).

Results obtained with the chemical induction of triploidy
by cytochalasin B (treatment of 1 mg L™') are ca. 69% of
triploid oysters larvae (Gendreau 1988; Gendreau & Grizel
1990). The triploidization method used by Hawkins et al.
(1994) is almost identical.

The production of tetraploids of O. edulis was described
and tested by Gendreau (1988) and Gendreau and Grizel
(1990) applying the same methods: cytochalasin B (chemi-
cal) and hyperbaric treatment. Results for hyperbaric treat-
ment are identical to triploidy induction, but only a 16%
tetraploidy level was obtained (Gendreau 1988). Induction
by chemical treatment induced a rate in the range of 40—
53% tetraploidy (Gendreau & Grizel 1990).

As mentioned above, triploid oyster production is
uniquely dedicated to aquaculture and has no direct appli-
cation in ecological restoration.

Spawning induction and artificial fertilization will be dis-
cussed in chapter 7.4.

Seed exploitation

Growing demands and the development of oyster
aquaculture

Early days: the ancient world

For thousands of years, oysters have been fished and har-
vested as a relevant food source, but also for other usages.
The use of oysters for healing wounds for example was
already mentioned by Hippocrates of Kos in his time
(Voultsiadou et al. 2010). Only little is known about the
cultivation of oysters in the Mediterranean antique (Yonge
1960). However, some Roman production methods and
the first Greek trials are documented. These methods still
persist today, although they were not developed based on
scientific knowledge.

During the 4th century BCE, Aristotle initiated the scien-
tific approach of oyster reproduction in his ‘Treatise on
animal generation’ in Greece and documented the history
of seed breeding and production testing (Barthélemy-Saint
Hilaire 1887). According to his writings, oysters were found
by sailors landing in Rhodes, growing on broken clay pots
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and other shards thrown into the water. These are the first
references of oyster seed collection. Furthermore, Aristotle
describes first attempts of breeding trials: adult oysters were
transplanted from the island of Lesbos into a nearby sea.
There, they grew rapidly but did not seem to reproduce.

This precious documentation was undoubtedly the
inspiration for a Roman named Caius Sergius Orata.
Gaius Plinius Secundus reports that this Sergius Orata
successfully established oyster beds in the area of Baiae
or Puteoli for the first time in the 1st century BCE. The
methods of cultivation he used and how the supply of
juveniles was organized is unknown. It is likely that at
that time young oysters were collected at sea and placed
in the salt waters of Lucrin or Fusaro lakes for refining
and reproduction (Coste 1861; Locard 1900). Since then,
Italy was the European leader in inventing and using
advanced marine mollusc farming methods until the
19th century (Corlay 2001).

New momentum: seed collection and production in the mod-
ern age

In the 17th century, oyster culture in France began in salt
marsh pools of the Atlantic coast, followed by culturing
stocks in constructed ponds (Héral 1990). Seed oysters
were collected or dredged and placed in these ponds until
they grew to a size where they could be sold (Héral 1990;
Buestel et al. 2009). From the 18th century on, natural beds
of O. edulis were overexploited on the French Atlantic coast
due to high demands. Accordingly, decrees were issued
which forbid the harvesting of O. edulis during the breed-
ing season (Héral 1990).

The decline in natural oyster stocks all around Europe
raised the concerns of public authorities at that time.
Research and experimentation programmes were set up in
France as well as in other European countries. All this sci-
entific and administrative expense had one objective: the
regeneration of natural oyster beds, mainly driven by com-
mercial demands (Roché 1898).

Modern oyster culture, defined as the culture of oysters
from captured seed, began in the 1850s (Héral 1990).
Simultaneously, several different techniques for seed cap-
ture were developed around Europe.

In 1852, de Bon and Coste were commissioned by Napo-
leon III to restore the French oyster stocks. They initiated a
repletion and reseeding programme mainly based on using
wooden seed collectors similar to those used in Italy at that
time. This project marked the beginning of French oyster
culture with the control of seed supply (Goulletquer &
Héral 1997).

In 1878, the Norwegian Government also investigated
the possibilities of restoring the depleted Norwegian oyster
beds (Strand & Velstad 1997) and discovered the remains
of natural beds in so-called polls: shallow, well-sheltered
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salt-water pools where the water temperature did rise suffi-
ciently high in summer to allow larval development (Kor-
ringa 1976). These polls (breed polls) were used for oyster
farming, and a system hanging collectors for collecting seed
was developed. These cultures were intended to restore the
depleted oyster beds for a re-establishment of the commer-
cial fishery (Strand & Velstad 1997).

From 1868 on, the oyster species C. angulata was acci-
dentally introduced from Portugal, leading to the coloniza-
tion of the French Atlantic coasts (Buestel et al. 2009). It
was produced in parallel with O. edulis and replaced the flat
oyster at the main culture sites after the mortality events in
the 1920’s (Buestel et al. 2009, see also chapter 5.1). There-
after, the development of production technologies for the
European flat oyster was less relevant and stagnated.

An overview of seed production systems in different
European countries (restricted to Belgium, England, Ger-
many, Italy, the Netherlands, Portugal and Spain) is pre-
sented in Dean (1891). It identified three categories: (i)
Countries with no seed production (Belgium); (ii) Coun-
tries allowing stocks to develop and then exploit the bio-
mass surplus of these oyster beds (Germany, Portugal and
Spain, Denmark and Ireland; Kristensen 1997; Culloty &
Mulcahy 2007); (iii) Countries using seed collectors for the
settlement of oyster larvae at sea or in breeding ponds
(Italy, France, England and the Netherlands).

The European flat oyster was and still is of interest also
in the eastern Mediterranean. In Croatia, oyster farming
was regulated by the law already in 16th century, and the
wild seed has been collecting on tree branches or later on
clay roofing tiles set on the seabed by the 1980-ties, but
bunches of plastic nets and series of plastic discs hanged on
suspended longlines are widely used today (Korringa 1976;
Skaramuca et al. 1997; Benovic 1997; Tomsi¢ & Lovri¢
2004; Brato$ et al. 2004). Turkey and Bulgaria established
seed production or collection only since the end of the 20th
century (Alpbaz & Temelli 1997). For all other countries
along the Black and Mediterranean Seas, no information
on O. edulis production methods was available in the
reviewed literature.

Further progress with controlled breeding: controlled fertiliza-
tion and hatcheries

So far, the extensive culture of O. edulis was not always
economically viable. In the 20th century, processes to stabi-
lize this industry were developed, which were directly
related to the development of production techniques for
hollow oyster seed, the flagship product of the shellfish
industry.

In 1849, controlled fertilization of oysters and reseeding
of depleted oyster grounds with these larvae was suggested
for the first time in France (Roché 1898). However, it was
not until 1879 that the first artificial reproduction tests
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were carried out on American oysters (C. virginica) in the
laboratory (Brooks 1879). In order to meet the rising
demands, artificial reproduction techniques were further
promoted. In the United Kingdom, artificial breeding of
O. edulis was developed mainly by the work of Cole (1937),
who successfully reared a high number of larvae to meta-
morphosis in large outdoor tanks (Alagarswami 1982).
Bruce et al. (1940) were probably the first to develop labo-
ratory methods for rearing larvae of O. edulis. In the fol-
lowing decades, a considerable effort was made to identify
and cultivate phytoplankton species for feeding flat oysters
(Loosanoff & Davis 1963; Walne 1965; Mann 1984).

Since then, the production of oyster seed on land has
developed and evolved considerably: from experimental
laboratory production to large-scale hatcheries. Between
the 1960s and 1980s, significant advances were achieved in
broodstock conditioning, larval culture and survival, larval
energetics, composition of algal feeding and cultchless seed
production (Mann 1984). The first true and complete man-
ual for hatchery bivalve culture was provided by Dupuy
et al. (1977) for C. virginica.

By comparing the first manual from Dupuy et al. (1977)
to the current general manual (not specialized on a given
species) on marine bivalve hatchery of Helm et al. (2004),
many evolvements in hatchery design, breeding operations
and production success have been achieved (Mann 1984;
Helm et al. 2004; Goulden et al. 2013). Nevertheless,
although knowledge of seed production in O. edulis hatch-
eries is substantial, seed exploitation is still mainly based on
the collection of seed from natural stocks.

New demands: oyster reef restoration in the context of
ecological restoration

The restoration of oyster habitats in the context of ecologi-
cal restoration is a new development. It can be clearly dis-
tinguished from reseeding and restocking attempts that
aim at the stabilization of commercial exploitation and at
the satisfaction of market demands via aquaculture or fish-
ery.

The beginning of ecological restoration as a discipline
dates back to the 1860s. It was founded in southern Europe
for forest environments and reforestation (Vallauri et al.
2002) and constantly increased in relevance over a number
of different environments and scales, such as terrestrial,
freshwater and marine ecosystems (Clewell & Aronson
2013). Today, it is defined as the process of assisting the
recovery of an ecosystem that has been degraded, damaged,
or destroyed and is recognized as a critical tool for mitiga-
tion and active conservation (Gann et al. 2019).

Opyster habitat restoration desires the restoration of eco-
logical functions of oyster reefs, which are manifold and
diverse. They include biodiversity enhancement, increase in

water quality (by clearance of the water column), nutrient
removal, sediment fixation, bentho-pelagic coupling and
coastal stabilization (Coen & Luckenbach 2000; Pogoda
2019).

In Europe, the restoration of O. edulis has gained
momentum and presents a new stakeholder in seed oyster
exploitation with specific demands regarding quality and
quantity. The topic is of interest for governmental or non-
governmental conservation organizations, for
researchers and resource managers, focusing on habitat
restoration and biodiversity enhancement, as well as for

nature

commercial producers (Laing et al. 2006; Kerckhof et al.
2018; Pogoda 2019).

Seed production

Different production approaches and techniques exist for
the production of seed oysters. An overview, including
detailed descriptions and application ranges is presented
here.

Seed collection

In Europe, today, the majority of O. edulis seeds for aqua-
culture production come from wild collection, also called
sea-based collection (Anonymous 2006b).

The two main collection techniques that exist today are
as follows: (i) the placement of cultch/collectors such as
bivalves shells on the seabed as in the case of in the Nether-
lands (Lake Grevelingen), in England (Blackwater estuary
and the Fal river), in Scotland (Loch Ryan) and in Ireland
(Lough Foyle, Galway Bay and Tralee Bay), (Fig. 4)
(Engelsma et al. 2010; Bromley et al. 2016b; Eu-Commis-
sion 2018; McGonigle et al. 2020; Anonymous 2020a;
Anonymous 2020b; Anonymous 2020c; Anonymous
2020d); (ii) the suspension of collectors or even the place-
ment of collector on bottom bound structures such as tube
nets (Fig. 5b) filled with bivalve shells (mainly M. edulis
shells) over oyster beds or limed conical discs made of plas-
tic (Fig. 5d) in cages as in Quiberon Bay and Brest Bay in
France (Arzul et al. 2006). The second technique is also
used in Mali Ston Bay and the West Coast of Istria in Croa-
tia (Zrnci¢ et al. 2007), and in Kotor Bay in Montenegro
(Peras et al. 2018) using plastic discs or empty plastic nets
suspended between two metal rods (Bratos Cetini¢ & Bolo-
tin 2016).

In both techniques, collectors are placed in the time win-
dow of the swarming (see Section Swarming) of O. edulis
larvae. Long after the collection period, when the spat size
reaches 5-6 mm, the collectors can be transferred to grow-
out areas or the spat removed (Anonymous 2006D).

Seed collection has several advantages: the low invest-
ment and operating costs (preparation, deployment and
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Figure 4 Map of distribution of seed suppliers of Ostrea edulis in Europe:

poll; (@) breeding pond; (@) hatchery and (®) wild collection.

harvesting), compared with a hatchery for example; the
number of broodstock can potentially (under optimal bio-
logical and hydrological conditions) induce a high genetic
variability (Diaz-Almela et al. 2004; Lallias et al. 2010); the
number of collectors and oysters breeding (under optimal
biological and hydrological conditions) can allow a very
high productivity (see chapter 6.1 and Fig. 1).

Seed collection has however major disadvantages: this
technique is not possible everywhere in Europe, the pro-
duction is seasonal, does not allow genetic selection, is not
recommended for translocation scenarios in ecological
restoration (zu Ermgassen et al. 2020b) and the settlement
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production (see Table 9) and collection sites (see chapter 7). (@) breed

rate is dependent on environmental conditions. Regarding
this last aspect, as mentioned in chapter 3.7.1, the settle-
ment of O. edulis may be affected by numerous factors (see
chapter 3, 4 and Fig. 3), and therefore, the production is
dependent on the environment. Major fluctuations can be
observed from year to year (Tardiveau 2020), which affect
the production and its stability considerably in some years.

The collection of O. edulis larvae in the wild is an appro-
priate and sustainable approach in areas where reproduc-
tive flat oyster populations remain. Accordingly, a renewed
interest from science and production perspectives to
improve and increase and/or stabilize the production to
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meet new demands from restoration measures can be
expected.

Nevertheless, the variety, efficiency and long-term effects
of wild seed collection techniques are not included here as
the literature on the subject is very large and existing results
of the performance are stated non-comparably. Further-
more, this complex aspect involves a wide number of fac-
tors to be considered and would qualify for a full review
itself.

An example of seed collection (non-sea-based) tech-
niques from the past: the Fusaro lake in Italy (Box 2).

Box 2. Lake Fusaro

Seed collection of oyster from the past inevitably includes
the example of the salt lake of Fusaro in Italy. Located
between Lake Lucrin and Cape Misene, it was considered
and described by Coste (1861) and Dean (1891). This
example, which includes a temporary closure of the salt
lake, is at the boundary between collection and produc-
tion techniques. Coste (1861) reported in his report on
oyster farms in Italy that at Lake Fusaro he observed from
distance to distance the most ordinarily circular spaces
occupied by stones that would have been transported
there. These stones are piled up in a pyramidal manner
simulating rocks. These stones are then covered by oysters
that were imported for example from Taranto. These
dummy rocks or artificial beds of oysters with a diameter
of between two and three metres are surrounded by piles
planted at regular intervals close enough to each other to
circumvent (Figure 5a). These circumferential piles pro-
trude slightly above the surface of the water so that they
can be grasped and removed when necessary. Next to
these artificial benches, other piles, linked together by a
rope from which bundles of wood are hung for seed col-
lection, are aligned in a straight line (Figure 5c).

The characteristics of Lake Fusaro are more broadly
described by Dean (1891). At that time, the lake was
crescent-shaped with a circumference of 4.8 km. At
each end, canals would have allowed communication
with the sea. The depth of the lake would have been 1.5
m on average, with deeper areas of up to two meters.
This shallow depth allowed its temperature to grow
quite easily and temperature regulation was possible by
admitting new seawater.

At the end of the 1960s, the Lake Fusaro industry
was destroyed by volcanic causes and poor manage-
ment and maintenance of the breeding sites (Dean

1891). However, oyster farming was re-established in
the 1880s, abandoning the pyramid-shaped collectors
described by Coste (1861). It seems that the manage-
ment of Lake Fusaro as a closed lake was largely a fail-
ure. These failures to have been due to a strong rise in
temperature, forcing the producers to frequently renew
the seawater and consequently let the larvae escape
from the lake, but it is also reported that the settlement
was very irregular from year to year in Fusaro.

We found no trace in the literature of the fate of seed
production methods in Fusaro since then (Dean 1891).

Breed polls

Definitions

The traditional Norwegian breeding system of O. edulis is
the Osterspoll (here suggested as ‘breed poll’), for which
many synonyms exist: Norwegian oyster pond, salt-water
pond, salt lake, poll, landlocked heliothermic marine basin,
Norwegian oyster bassin, Norwegian oyster-poll, small oys-
ter lagoon, landlocked fjord, heliothermic poll or even solar
pond. It should not be confused with what is called ‘spat-
poll’, basseng or Norwegian spatting pond, which are lar-
ger, shallower basins not closed and exposed to tidal
exchanges within the fjords. ‘Spat-polls’ are generally used
for the O. edulis spat grow-out whereas the ‘breed polls’ is
solely reserved for breeding. Other types and names of
basins are described in the literature as ‘Bukt’ and ‘Kil’
(Gaarder & Bjerkan 1934; Bghle 1984) but do not seem to
meet the requirements necessary for reproduction.

The poll is a natural biotope, distinct from a fjord and is
suggested as a specific geographical feature (Matthews &
Heimdal 1980): Polls are enclosed systems, a few kilometres
long and 5-12 (metres) deep (Friele 1899). The sill depth is
less than the depth of the pycnocline (few metre depths, e.g.
4-8 m). For the cultivation of O. edulis, polls can be closed
temporarily.

Kirkland et al. (1980) describes heliothermic processes for
these polls: Solar radiation is absorbed and converted into
heat by the dark, muddy bottom of the poll. Conditions
required for the development of heliothermal energy are den-
sity differences between the upper layer (mixolimnion), inter-
mediate  layer  (chemocline) and  lower layer
(monimolimnion). The upper layer of water can be relatively
fresh (e.g. salinity of 5.5 at Espevick, Norway) and floats on a
brine. Salinity passively affects the density by evaporation,
eventually out balanced by soluted salt. A salinity difference of
one per cent between upper and lower layer will obtain a tem-
perature of up to 25-30°C within the chemocline for a short
period in summer (Gaarder & Bjerkan 1934; Korringa 1940).

The fresh top layer prevents vertical heat exchange
because the warm salt water remains heavier than the
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Figure 5 Seed collection: examples of oyster spat collectors from the past and present. (a) Artificial oyster beds surrounded by wooden piles used in
the salt lake of Fusaro in Italy; (b) wood piles placed in a straight line and joined by a rope that suspends bundles of branches piles used in the Fusaro
lake in Italy and today in Croatia; (c) pile of cultch (Mytilus edulis shells) in deposit before placement on the seabed of the Loch Ryan, UK; (d) Another
example of a collector used nowadays in Brittany, France: the plastic limed disc, here on a cage for future immersion in a lime bath and then in the
sea; (e) tubular nets filled with mussel shells, here attached on floating buoy for longlines. Modified after Coste (1861) (a,b) and photographs from

Tristan Hugh-Jones (c), Hélene Cochet (d), Anonymous (2006b) (e).

cooler top layer. During the day, the upper layer transmits
most of the solar rays, at night it serves as a cover (Gaarder
& Bjerkan 1934; Korringa 1940). Due to these very specific
hydrographic conditions, water temperatures stay con-
stantly high enough for the oysters to reproduce success-
fully — even in these high latitudes.

Breed polls sustain and contribute to O. edulis production
in Norway (Fig. 6). Information on breed polls used for
O. edulis aquaculture is available in Strand and Vglstad
(1997).

Breeding protocol

Breeding operations begin with the supply of brood-
stock within the breed poll (Korringa 1976). Although
adult oysters are present inside the breed polls, a signif-
icant production of larvae will require the addition of
several thousand 3- to 4-year-old oysters. Broodstock is
suspended in the warm water layer that provides a suf-
ficient oxygen level as the muddy soil eventually lacks
oxygen during mid-summer and leads to the formation
of hydrogen sulphide (Korringa 1940; Yonge 1960). A

Figure 6 Breed polls schematics and illustrations of a breed poll: (a) view from above of a breed poll and connectivity to the Fjord, (d) drain that can
be closed, (f) inlet of freshwater; (b) profile view of a breed poll and connectivity to the fjord, (d) drain that can be closed; (c) schematic of the method
for hanging seed collectors, (sc) suspended seed collectors; (d) view of the dam of the Innergy Poll in Norway; (e) aerial view of the Innergy Poll. Modi-
fied after Gaarder and Bjerkan (1934) and photographs from KVB and Anonymous (2017).
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prominent suspension method is longlines with brood-
stock baskets.

The second step of a breeding operation is the prepara-
tion and installation of the collectors. In Friele (1899) and
Korringa (1976), two types of collectors are described: (i)
collectors made of dried branches of birch (Betula spp.) or
common juniper (Juniperus communis) without their
thorns and (ii) collectors consisting of square mesh pieces
made of galvanized wire. The first collector type is sus-
pended from a longline with a ground weight. As for the
second type of collector, two square pieces are superposed
and often intertwined with twigs of juniper, hazelnut
(Corylus spp.) or birch (never with Alder Alnus spp). Even-
tually, these collectors are coated with cement. Details of
current practices were not found in the literature.

Shortly before the larvae are ready for settlement, regular
water sampling determines optimal timing for collector
installation. At a density of about four to five larvae per
litre and a good larval development, the exposure period
can be estimated. Since larval concentration is not equal
throughout the whole depth of the breed poll, empirical
observations, which may take a few years, are necessary.
Accordingly, the installation depth of the collectors can be
estimated (Korringa 1976). As collectors are affected by
biofouling, they are removed from the water, landed for a
drying period and then returned back for collection (Kor-
ringa 1976).

Finally, the last operation is harvesting the seed. After the
settlement of larvae is completed, the breed poll will be reo-
pened for water exchange with the fjord. The seed overwin-
ters on the collectors within the breed poll. During spring,
the producers harvest the juveniles by boat and special
detaching tools.

Food supply

Natural food supply in the breed polls is highly efficient: oys-
ters grow quickly and are marketable with 3 years (Yonge
1960). However, in less sunny summers, phytoplankton is
less abundant, which leads to lower growth rates and signifi-
cant harvest losses (Korringa 1976). Klaveness (1990) has
shown how, among other factors such as temperature and
salinity, fluctuations in O. edulis production can be explained
by a total or partial lack of food and subsequent malnutrition
of larvae. Various experiments and measurements were car-
ried out to understand and optimize algal production and
thus optimize the production of O. edulis in breed polls
(Klaveness & Johansen 1990; Klaveness 1990; Klaveness 1992;
Ulvestad & Strand 1997).

Risks and diseases

The first systematic monitoring of the health status of
O. edulis in Norwegian breed polls was carried out in 1989
(Mortensen 1992). Until 2016, none of the parasites

B. ostreae, B. exitiosa and M. refringens were detected. The
protist B. ostreae was initially detected in Western Norway
in 2009 (Engelsma et al. 2014) where also M. refringens
occured for the first time in 2016 (Mortensen et al. 2018).
However, they did not occur in breed polls so far.

A known risk is the potential mixture of water layers
within a breed poll: (i) mixed bottom and middle waters
may cause hydrogen sulphide mortality in broodstock and
seed (Yonge 1960); (ii) mixed layer of freshwater with the
seawater underneath may result in the inability of the helio-
thermal process (cited above) to warm seawater (Korringa
1976). In addition, Korringa (1976) reports that oysters
reproducing at high temperatures in the breed polls appear
to be sensitive to low winter temperatures that, combined
with low salinities due to high rainfall, result in elevated
mortalities. In general, mortality as well as predation pres-
sure is low in the suspended culture systems (Korringa
1976).

Performance and further development

During the bibliographic search and analysis of this pro-
duction technique, very little data were found on the out-
put numbers of annual seed harvested. According to Strand
and Volstad (1997), between 1903 and 1988 an estimated
average of 3.2 million O. edulis seed were produced per
year in breed polls. Production peaked in 1989 with 12 mil-
lion spat, but fell back to only one million in 1990. No
comparable data regarding collector type, production in
breed poll or seed size were available.

In the 1880s, a number of production companies were
created with high investments in breed polls. However, it
seems that this effort was only temporary. Only two com-
panies were identified a century later (Strand & Velstad
1997): Ostravigpoll and Espevikpoll. There is no recent ref-
erence to the production and the current state of this tech-
nique. But obviously, breed polls are also used as nurseries
for hatchery seed (Anonymous 2011).

The unpredictability and limited capacity of the tradi-
tional production of O. edulis in breed polls have resulted
in newly developed production technologies (Strand & Vol-
stad 1997).

Breed polls maintain a high genetic diversity (Lallias
et al. 2010), which supports ecological restoration of
O. edulisa; although this system is specific to Norway. A
renewed interest from science and production perspectives
to improve and increase breed poll production to meet new
demands from restoration measures could be expected.

Floating breeding bags in breed poll

Inspired by the large-scale production of juvenile flatfish in
underwater plastic bags, these techniques were successfully
adapted for the production of O. edulis larvae (Naas et al.
1986; Naas 1991).
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In the initial experiments, this technique consisted of
semi-transparent plastic bags with conical bottoms that are
filled with seawater filtered at 200 pm at a salinity of 30.
These polyethylene semi-floating bags had a depth of 2.7 m
and a volume of five cubic metres. Between three and six
broodstock oysters were placed inside them. During the
pelagic phase of the larvae, no water renewal was carried
out and for the settlement phase, PVC sheets were inserted
into the bags to settle onto.

This system is estimated to produce 130 000 O. edulis
spat per plastic bag, containing three broodstock oysters
and achieving an average settlement rate of 7.9%. Although
this seems to be a low-cost method that requires very little
expertise on seed production, this method does not seem
to be used or is at least no longer cited in the literature
today.

Breeding ponds

Definitions

The ‘breeding ponds’ (suggested name here) production
technique, also known as ‘spatting ponds’, is carried out in
entirely man-made ponds. Many projects, trial reports,
production protocols, book chapters or even scientific arti-
cles refer to them as ‘oyster ponds’. This vague term can be
confusing. Thus, it is necessary here to clearly distinguish
oyster storage ponds (before marketing or merely in win-
ter), refining and greening ponds typical of the Marennes-
Oleron region (France), reparking or grow-out ponds or
even purification ponds, which do not contribute to seed
production itself.

The development of this technique for the production of
oysters in Europe dates back to the 1860s (Spencer 2008).
Examples regularly cited in the literature are as follows: the
Beaulieu river breeding ponds (Hampshire, UK), the Hay-
ling island breeding ponds (Hampshire, UK), the Breneguy
breeding ponds (Locmariaquer, France), the Conway
breeding ponds (Conwy, UK), the River Yealm breeding
ponds (England, UK), the Port Erin breeding ponds (Isle of
Man, UK), the Tholen breeding ponds (Tholen, the
Netherlands) and the Rossmore breeding ponds (Cork, Ire-
land) (Beaulieu 1890; Dean 1890; Orton 1937; Hughes
1940; Korringa 1951b; Walne 1974; Hugh Jones 1999;
Spencer 2008).

Examples
As reported, the Hayling Island Breeding Ponds were enor-
mously successful in 1868, when 80 million spat were pro-
duced from 32 ha (Spencer 2008). Seed was collected from
bundles of twigs, wooden hedges, shells, slates or even
stones.

Following this resounding success, productions in breed-
ing ponds were also developed elsewhere but only with
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temporary success as in the case of most of the French
attempts. But despite these irregularities, the Breneguy
Breeding Ponds operations in France were fruitful and
promising and followed a general routine (Dean 1890): (i)
During winter, the pond dries out for at least 2 months,
which allows the basin to purify itself deeply by crumbling
and mixing muddy dried areas with gravel and clay, but
also by removing plants and animals (e.g. potential preda-
tors, competitors); (ii) Shortly after early spring, water is
gradually admitted into the breeding ponds; (iii) After a
period of about a week, spawning oysters are introduced
and dispersed (across about 40 m?) to deeper waters; (iv)
The exchange of water by tide occurs at least once a day
until the first observation of larvae when the breeding
ponds subsequently are closed — this is also the signal for
the placement of the collectors; (v) The breeding ponds stay
closed until autumn, resulting in larval retention and opti-
mized settlement. Water renewal is only necessary a case of
massive evaporation; (vi) Collectors with oyster seed can be
collected.

Furthermore, it is important to have a large surface area
of the pond in order to secure good air absorption and
good water circulation through the wind, to have a mini-
mal but continuous supply of new seawater to compensate
for evaporation and to ensure a sufficient water depth to
protect against sudden changes in temperature or salinity.

However, in 1979, new breeding ponds were built in
Cork, Ireland (Fig. 7). The problem of production variabil-
ity over consecutive years was addressed and successfully
solved by building many ponds: 22 in total. These shore
based man-made ponds are 20 x 20 m by 2 m deep and
contain 1000 m’ of seawater during production. A single
pump conveys the water, and no filter or sterilization of
seawater is carried out. Underground drains, allowing the
transfer of water and ensuring better management control,
connect the breeding ponds. The drains are lined with butyl
rubber but can be made of hard rubber as well. The breed-
ing protocol, although similar to that of Breneguy, provides
more specific information: (i) Breeding ponds are filled
with seawater only once a year in summer; (ii) No food is
added. Food is provided by the pond ecosystem including
microalgae blooms (Rogan & Cross 1996); (iii) Tempera-
ture, pH, pond colour, weather conditions and reproduc-
tion stage of oysters (Table 3) are constantly monitored.
The collectors used here are mainly mussel shells
(M. edulis) scattered one by one at the bottom of the tanks
for manual harvesting. In other breeding ponds such as in
Ireland and Denmark (Fig. 4 and Table 9), other collector
types are used such as flat plastic collectors or plastic ‘cou-
pelles’ with or without slaked lime.

Although there are a multitude of possible designs for
the creation and operation of breeding ponds, three practi-
cal handbook/manuals exist today in the literature: the
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Figure 7 Rossmore Breeding Ponds (Cork, Ireland): (a) repair/construction of breeding ponds in 2019: installation of the liner; (b) harvesting of seed
on shell and placement in baskets for transport to the grow-out site; (c) aerial view of the 21 breeding ponds. Photographs from Tristan Hugh-Jones.

manual of Connellan (1995), the report of Syvret et al.
(2017) and the manual of Strand et al. (2018).

Performance

The bibliographical search identified only scarce informa-
tion on the production of oysters in breeding ponds and
even less on their performance. However, at Rossmore
Breeding Ponds, when 75% of the breeding ponds are pro-
ductive, the expected yield is in the range of 2 million five-
millimetre size seed per pond (Spencer 2008). The actual
production from the breeding ponds of Rossmore for the
years 1993-2003, in vyears after the developement of
bonamiosis (since 1987 in Cork) are shown in
Appendix S3.

In general, breeding ponds maintain a high genetic diver-
sity (Lallias et al. 2010), which supports ecological restora-
tion of O. edulis. Accordingly, a renewed interest from
science and production perspectives to improve and
increase breeding pond production to meet new demands
from restoration measures can be expected.

Hatcheries

Hatchery production of O. edulis was investigated by
applied scientific approaches as irregular and insufficient
supply of wild seed had increased the importance of hatch-
eries in the production of oyster seed. The EU-funded
projects SETTLE (FRP/2007-2013 Grant 222043), OYS-
TERECOVER (FP7-SME-2008-2 Grant 243583) and
LARVDEVOPTI (FP7-PEOPLE Grant 273851), focused on
several critical aspects of flat oyster production both in
hatcheries and in the field. However, the state of the art in
hatchery production of O. edulis is still incomplete and
does not provide a reliable protocol for flat oyster condi-
tioning and larval production in hatcheries throughout the
year.

Several critical and challenging steps in hatchery produc-
tion have to be addressed to generate a constant supply of
healthy oyster seed: (i) Broodstock has to be conditioned to
accelerate gonad development to increase the number of
produced larvae. Successful broodstock conditioning will
also allow maturing and spawning outside the natural sea-
son; (ii) High, synchronized and reliable settlement success
and metamorphosis have to be established to secure suc-
cessful post-settlement growth and survival.

The further development and application of specific
techniques, such as artificial fertilization, cryopreservation,
remote setting, polyploid production support the respective
steps in hatchery production or have the potential to do so
in the future.

Biosecurity

Biosecurity in bivalve hatcheries can be summarized in three
levels (Spark et al. 2018): (i) Identification and control of bio-
logical and non-organic inputs (e.g. water, air, feed, animals,
pathogens and employees); (ii) Internal biological and non-
organic control; (iii) Control of production products and
effluents (e.g. water, live animals, faeces and dead animals).
This broad field will not be covered here in its entirety, but
references on some points will be given below.

The water treatment of O. edulis hatchery is carried out
today by different methods: chlorination, ultraviolet radia-
tion, pasteurization or ozonation (Prado et al. 2010). The
storage of untreated water may increase the risks (Jones
2006).

The treatment of broodstock and their fouling before
entering the hatchery is a crucial phase (Coatanea et al.
1996). The elimination of fouling and epibionte for
O. edulis can be carried out in different ways, which can be
summarized as follows (van den Brink & Magnesen 2018):
manual scrapping, brine bath, chlorine bath or in a cement
mixer.
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Table 9 List of seed suppliers of Ostrea edulis

Review on Ostrea edulis seed production

Country Name Addresses Production Status Bonamia
technology and aim sp.
free spat
Canada Dalhousie University Truro, Nova Scotia, B2N 5E3 1-902-893- Hatchery Active? NA
Aquaculture Center 6600 — www.dal.ca Research
Denmark Dansk Skaldyrcenter @roddevej 80 Hatchery Active NA
7900 Nykabing Mors — www.skaldyrcente Research
r.dk
Denmark Veng Fish Farm AS — Aquamind AS Senderskovvej 9 Breeding Ponds  Active? NA
Veng 7600 Struer — www.venoe.dk Commercial
England, UK Colchester Oyster Fishery Ltd Pyefleet Quay, East Road, East Mersea, Breeding Pondst  Active? NA
Colchester, Essex, CO5 8UN — www.colc Commercial
hesteroysterfishery.com
England, UK Seasalter (Walney) Ltd Old Gravel Works, South Walney Island, Hatchery Active Yes
LA14 3YQ Cumbria, England — www. Commercial
morecambebayoysters.co.uk
England, UK Seasalter Shellfish (Whitstable) Ltd Old Roman Oyster Beds, Reculver, Herne Hatchery and Active? NA
Bay, CT6 65X Kent — www.oysterhatche Breeding Ponds  Commercial
ry.co.uk
France CRC Bretagne Nord Rue de I'Aber Hatchery Active NA
Shellfish Technical Centre of Porscav 29810 Lampaul-Plouarzel — www.cnc-fra Restocking
nce.com
France Ferme Marine de Chemin de la pointe du Glugeau Hatchery Active NA
I'lle d’Arun EARL 29460 Hanvec Commercial
France IFREMER Experimental site of Argenton  Presqu‘ile du Vivier Hatchery Active NA
29840 Argenton —wwz.ifremer.fr/ Research
argenton
France Novostrea Bretagne SAS Banastere Hatchery Active NA
56370 Sarzeau — www.novostrea.net Commercial
France Ostrea Marinove SCEA Le Terrain Neuf Hatchery Active Yes
85740 L'Epine — www.marinove.fr Commercial
Germany AWI Biological Institute Helgoland Ostkaje 1118 Hatchery Active NA
27498 Helgoland — www.awi.de Research
Ireland Atlantic Shellfish Ltd Rossmore, Carrigtwohill, Co. Cork —www.  Breeding Ponds  Active NA
oysters.co.uk Commercial
Ireland Cartron Point Shellfish Ltd New Quay, Burrin, Co. Clare Hatchery and Active NA
breeding ponds Commercial
Ireland Tralee Bay Hatchery Co Ltd The Ponds, Kilshannig Hatchery Active NA
Castlegregory, Tralee, Co Kerry —www.tra Commercial
leebayhatchery.com
The Netherlands  NIOZ Experimental Hatchery Zuiderhaaks 18 Hatchery Active Yes
1797 SH "t Horntje, Texel — www.nioz.nl Research
The Netherlands  Roem van Yerseke BV Postbus 25 Hatchery Active? NA
4400AA Yerseke — www.roemhatchery.nl Commercial
The Netherlands ~ Stichting Zeeschelp Jacobahaven 1 Hatchery Inactive NA
4493ML Kamperland — www.zeeschelp.nl Commercial
Norway Bamlo Skjell AS Agapollen Breed Poll Active Yes
Fv22, 5420 Rubbestadneset Commercial
Norway Scalpro AS Svartevikvegen 5 Oygarden Hatchery Active? Yes
5337 Rong Commercial
Norway Storestraumen @sters AS Innerpollen Breed Poll Active Yes
5200 Os Commercial
Norway Sunnhordland Havbruk Mglstrevag Breed Poll Active Yes
5550 Sveio Commercial
Portugal Marvellous Wave SA — Aquanostra® Estrada Nacional N10, Pavilhao D22.2910-  Hatchery Active NA
130 Setlbal — www.aquanostra.pt Commercial
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Table 9 (continued)

Country Name Addresses Production Status Bonamia
technology and aim sp.
free spat
Scotland, UK FAI Farms Ardtoe Ardtoe, Acharacle Hatchery Active? NA
Marine Research Facility PH364LD Argyll — www.faifarms.com Commercial
Scotland, UK Orkney Shellfish Hatchery Ltd Lobster Ponds, Lambholm, Orkney KW17 Hatchery Active NA
2RR — www.orkneyshellfishhatchery.co. Commercial
uk
Spain A Ostreira SL Lugar del Porto de Barizo Hatchery Active Yes
15113 Malpica de Bergantinos Commercial
La Coruna
Spain Centro de Cultivos Peirao de Porcillan, s/n Hatchery Active? NA
Marinos de Ribadeo 27700 Ribadeo Lugo
Sweden Ostrea Aquaculture Hamnevagen 38 Hatchery Active Yes
45205 Sydkoster — www.aquaculture.se Commercial

The wild seed collection areas are not listed here. The status and production objectives are for information purposes only (last update: 11.2018). The

last update of the URL links is 02.2020. NA are data not available.
tAssumption to be confirmed.

For the identification of internal parasites and pathogens,
it is possible to perform a screening by sampling and destroy-
ing a few individuals for analysis (e.g. histological, PCR) or
by non-destructive screening (Kamermans P, Blanco A, van
Dalen P, Peene F, Engelsma M. unpublished data).

Bacterial control in O. edulis rearing facilities is achieved
both by treatment of the water upstream using, the systems
mentioned above, by prophylactic management of employ-
ees, and with antibiotics or probiotics.

The most common antimicrobial agents registered in the
literature of this review for water treatment of O. edulis
were the following: Chloramphenicol (Tubiash et al. 1965;
Jeftries 1982), Penicillin (Jeffries 1982) and Streptomycin
(Tubiash et al. 1965). Although curative use of such agents
is not prohibited, their regular preventive use is highly
detrimental in hatcheries for two main reasons: the first
being the risk of long-term resistance of the bacteria to the
treatments, and the second being the risk of dissemination
of these agents or resistant bacteria in the natural environ-
ment (Dubert et al. 2017).

The large-scale use of probiotics in bivalve hatcheries is
recent (Prado et al. 2010; Goulden et al. 2013; Dubert et al.
2017). As an example, Kesarcodi-Watson et al. (2012)
demonstrates that three strains of probiotics (Alteromonas
macleodii 0444, Neptunomonas sp. 0536, Phaeobacter gallae-
ciensis) have provided significant protection against differ-
ent pathogens of the genus Vibrio.

Food production

Food production in bivalve hatcheries is still mainly depen-
dent on microalgae culture (Helm et al. 2004). Robert and
Gérard (1999) summarizes that the quantity and quality of
food varies according to the animal stages and production

must meet nutritional requirements. They indicate as follows:
for larval rearing, the quantity of microalgae required is less
than for other stages of production (ca. 15-20 L of microal-
gae at a concentration of 6 x 10° cell mL ™" per day per 10°
larvae according to Muller-Feuga 1997); however, the nutri-
tional and biological quality must be high. For broodstock
conditioning, the quantity of microalgae is high (ca. 0.5-2 L
of microalgae at a concentration of 6 x 10° cell mL™" per
day per oyster according to Muller-Feuga 1997) and the qual-
ity can highly influence gametogenesis.

Alternatives to microalgae are being investigated through
various studies. Alternatives such as bacteria and thraus-
tochytrids, yeasts, preserved microalgae (concentrated, refrig-
erated, frozen), dried or powdered microalgae, microalgal
pastes, microcapsule, lipid microspheres and lipid emulsions
are described in Robert and Trintignac (1997), Knauer and
Southgate (1999), Brown and McCausland (2000), and
Rikard and Walton (2012). These alternatives, complements
or partial replacements of diet are still in an experimental
stage and require optimization before large-scale use.

Broodstock conditioning

Broodstock conditioning of O. edulis is especially difficult
outside the natural season, with the gonadal development
being in a resting period. Thus, the time needed to obtain
mature gametes is linked to the initial gonadal maturation
state of the oysters. However, broodstock conditioning can
be improved by regulating external factors such as tempera-
ture, photoperiod, diet quality and ration. Only a few stud-
ies have addressed the effects of these factors on flat oyster
gametogenesis and conditioning. Early studies report that
the duration of gametogenesis depends on water tempera-
ture (Korringa 1940; Mann 1979; Wilson & Simons 1985).
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Millican and Helm (1994) showed that microalgae supple-
ments accelerate spawning in O. edulis and increase the
number of released larvae. More recently, the positive effect
of increased photoperiod and increased temperature on
gonadal development, cultch and larval production of the
flat oyster during autumn and winter conditioning was
reported (Maneiro et al. 2016; Maneiro et al. 2017b). Using
a gradient of daylight (8—16 h) and 4 weeks of condition-
ing in winter at a temperature gradient of 14-18°C, a suc-
cessful conditioning of O. edulis oysters was achieved in
autumn after 10 weeks (Maneiro et al. 2017b) and in win-
ter after 4 weeks (Maneiro ef al. 2016). Total larval produc-
tion was two to three times higher, while oysters under
other conditioning regimes displayed a delay in the spawn-
ing process (Maneiro et al. 2016; Maneiro et al. 2017b). In
contrast, Joyce et al. 2013 did not find any effect of pho-
toperiod, uncoupled from temperature, on the rate or tim-
ing of gametogenesis in O. edulis. However, the light
intensity used in these experiments was ca. 20 times lower.
Food availability but also nutritional value, size and
digestibility of microalgae affect broodstock conditioning
and the reproductive performance of flat oysters (Millican
& Helm 1994; Maneiro et al. 2017a; Maneiro et al. 2020). A
food ration equal to 6% (dry weight algae/dry weight oyster
per day and per oyster) of a mixed diet of microalgae (10%
Isochrysis nuda, 10% Tisochrysis lutea, 10% Tetraselmis sue-
cica, 10% Diacronema lutheri, 25% Skeletonema spp., 10%
Phaeodactylum tricornutum and 25% Chaetoceros spp.) was
confirmed to be effective for O. edulis conditioning in both
autumn and winter. In addition, mortality of the brood-
stock remained low (Maneiro et al. 2017b). The value and
positive effects of a mixed diet for flat oyster conditioning
are reported by several authors (Gonzalez-Araya et al. 2011;
Gonzalez-Araya et al. 2012b; Nielsen et al. 2016), also after
analysing the physiological and biochemical performance
of the larvae. A mixed diet of Chaetoceros neogracile and
Rhodomonas salina also promoted a better and faster gona-
dal development and improved larval development
(Gonzdlez-Araya et al. 2012a; Gonzalez-Araya et al. 2013).

Spawning induction

In 1988, different techniques for spawning stimulation were
compared for the first time, with the aim to allow the induc-
tion of triploidy: induction by chemical, thermal and biologi-
cal stimuli (Gendreau 1988). Gendreau reports that
induction by chemical (serotonin) stimuli caused an emission
of a few dozen non-viable oocytes, induction by thermal
stimuli only triggered the emission of male gametes and the
induction by biological stimuli induced the laying of mature
female oysters. The resulting protocol therefore is divided
into two parts in order to obtain all gametes, male and
female, necessary for fertilization. Thermal stimuli are imple-
mented by successive variations in seawater temperature
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between 16 and 25°C in which oysters are immersed dur-
ing a 1-h period. Biological stimuli consist of the addi-
tion of male/female gametes of marine bivalves (e.g.
O. edulis, C. gigas), which were previously destroyed by
ultrasound, into the water of the broodstock tank. Also,
for polyploidy induction purposes, a similar thermal
shock was performed for the induction of spawning
(Hawkins et al. 1994).

First attempts of artificial fertilization

The bibliographic search identified two descriptions of arti-
ficial fertilization methods in the work of Gendreau (1988)
and Hawkins et al. (1994).

After the induction of the female spawning, the emis-
sions of some oocytes from the valves are carefully observed
and as soon as they are detected the designated oyster is
sacrificed, opened and the oocytes are collected immedi-
ately with the use of a pipette (Gendreau 1988). The
oocytes are then pooled and sieved in order to remove fae-
ces and other miscellaneous debris. Afterwards, they are
counted and fertilized with spermatozeugmata present in
the dissociation phase. A ratio of spermatozoa to oocytes
between 5 and 10 should be applied to avoid the phe-
nomenon of polyspermy. The survival rate of the larvae
between fertilization and the day before metamorphosis
was 10%.

Hawkins et al. (1994) sacrifices all broodstock immedi-
ately after spawning induction in order to remove male and
female gametes. The ratio of spermatozoa to oocytes
applied here is 50:1 at a fertilization temperature of 20°C.
The survival rate is not reported in this study.

Cryopreservation

Cryopreservation of oyster gametes, embryos and larvae is
of high relevance and of future interest for aquaculture and
for restoration as it provides several advantages: saving time
and space for broodstock conditioning operations includ-
ing food production, possibly influencing genetic diversity
via cryopreserved gametes during controlled breeding,
developing genetic selection programmes or protecting
endangered species strains.

The bibliographic search identified two studies in this
relatively new field, conducting cryopreservation research
on sperm and larvae of O. edulis (Vitiello et al. 2011;
Horvéth et al. 2012). The chronological cryopreservation
operations are described in Appendix S4.

Horvéath et al. (2012) stated that although the motility
results are poor, sperm survival rates were relatively high and
suggested further fertilization tests to confirm the effective-
ness and performance of male gamete cryopreservation.

Additionally, Horvath et al. (2012) investigated the cry-
opreservation of trochophore and veliger larvae. After con-
centrating the larvae to a density of 800 larvae mL™" in
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filtered water and adding 5-20% dimethyl sulfoxide, freez-
ing and thawing were carried out with a similar method.
Two conclusions seem evident: More advanced stages of
larvae appear more resistant to the cryoprotective toxicity
and cryopreservation survival than earlier stages. As larval
survival 24 h after thawing was zero, further research is
required to establish this technique.

Larvae collection and larval rearing

Although the above-mentioned trials are at the experimen-
tal stage, today, hatchery production of O. edulis is carried
out by natural swarming and collection of larvae by over-
flowing the rearing water into a second tank equipped with
a sieve (ca. 90-150 pm) that retains the larvae (Fig. 8;
Helm et al. 2004).

Hatchery larval density varies in the literature of this
review between one and nine larvae per mililitre in the
water of rearing tanks (flow-through systems and static
water systems; Walne 1974; Helm et al. 2004; Gonzdlez-
Araya et al. 2012b). However, in the same flow-through
structures as Gonzdlez-Araya et al. 2012b, rearing of
C. gigas larvae at a concentration of 150 larvae per
mililitre was successfully tested (Asmani et al. 2017),
suggesting that increasing larval densities may be possi-
ble.

Within Anonymous (2014), monitoring of Vibrionaceae
bacterial load is conducted during the broodstock condi-
tioning period, the spawning and brooding period, as well
as during the larval phase. The maximum thresholds rec-
ommended in the water of the rearing tanks during these
three phases are, respectively: 500 bacteria per mililitre, 500
bacteria per mililitre and 3 bacteria per O. edulis larvae.

The influence of aeration rate in rearing tanks on
O. edulis embryos and larvae was investigated in Helm and
Spencer (1972).

The influence of the ration, regime and diet of O. edulis
larvae was investigated by Lane (1989), Millican and Helm
(1994), Marshall et al. (2010), Acarli (2011), Gonzalez-
Araya (2012), Robert ef al. (2017) and Gonzélez-Araya and
Robert (2018).

Metamorphosis

Settlement and metamorphosis are essential steps in hatch-
ery production, which are regulated by external chemical
factors and physical cues (Hadfield et al. 2001).

Larval mortalities occurring during settlement can be
related to contamination, for example by bacteria
(Gonzdlez-Araya et al. 2012b). O. edulis is susceptible to
B. ostreae infection prior to metamorphosis. Larval survival
of these early stages increases with reduced exposure of oys-
ter larvae to external, contaminated environments and with
usage of uninfected broodstock (Flannery et al. 2014; Flan-
nery et al. 2016). As an alternative to the use of antibiotics
in hatchery, new approaches to control bacterial infections
were developed using probiotics (Prado et al. 2009). A low
pH was also found to reduce bacterial growth and therefore
increase the survival of veliger and pediveliger larvae
(Prado et al. 2016).

The regulation of external factors allows high levels of
competence and settlement. Robert ef al. (2017) recom-
mended a temperature of 25°C and a bispecific microalgal
diet (C. neogracile and T. lutea) for survival rates of up to
99% and high settlement rates (68%).

Competent larvae can be induced to settle and metamor-
phose by functional analogues of the natural inducers. Sev-
eral studies have been carried out testing these chemical
analogues on flat oysters. GABA (Gamma aminobutyric
acid) and epinephrine have been reported to improve larval
settlement and metamorphosis under laboratory and
hatchery conditions without affecting the survival of the

Figure 8 Yerseke Hatchery (a,b) and Argenton Hatchery (c): pictures of three phases of hatchery production. (a) Broodstock conditioning room with
(b) the broodstock tanks and (c) the larval collection tank by overflow of water from the tanks (b). (b) Larval culture rooms with cylindrical-conical
basins. () Larval settlement room with flat-bottomed sieves in three rearing tanks. Photographs from Bérenger Colsoul.
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larvae (Garcia-Lavandeira et al. 2005; Mesias-Gansbiller
etal. 2013).

In aquaculture, for marketing reasons such as the
appearance and shape of the shell (Mizuta & Wikfors
2018), mechanization, reduction of transport and operating
costs; the production of cultchless spat was developed.
Aside from the settlement of O. edulis larvae on micro-
cultch, Hidu et al. (1975) have also investigated the use of
polished marble in hatchery. Although Hidu reports that
the substrate is very attractive for the larvae, a persistent
problem of this technique is the survival of spat after their
removal from the substrate and the damage the removal
technique inflicts.

Remote setting

The marketing of eyed oyster larvae for subsequent set-
tlement, also called remote setting, is a technique devel-
oped in the late 1970s on cupped oysters by American
commercial hatcheries and introduced to Europe
(France) in 1987. In 1989, 90% of oyster production
on the west coast of the USA and in Canada came
from seed produced by this technique (Guesdon et al.
1989). In Europe, remote setting was relevant for C. gi-
gas production in the past; today, this technique is
almost abandoned.

In France, Guesdon et al. (1989

), Carbonnier et al. (1990) and Coatanea et al. (1992)
tested remote setting on flat oysters. Remote setting is a
seed collection technique, controlled and carried out by
producers in their facilities using eye larvae ready to settle
that are provisioned by hatcheries. The principle of the
method is therefore to split the work of hatcheries and pro-
ducers, leaving hatcheries with the sole task of producing
larvae.

The major potential interest in aquaculture is to obtain
seed at a lower cost than from a hatchery by pre-growing
the seed in a land-based structure. For restoration, the main
interest here is the non-dependence on owning and operat-
ing a hatchery and the potential of growing larvae as early
as possible in the water body of the respective restoration
operation.

There are advantages and disadvantages of hatchery seed
over wild seed. Here are some arguments in favour of
hatchery seed: control of collection density per collector,
control of breeding cycles (shift or shorten: season indepen-
dence), control of homogeneity in size and distribution of
seed on collectors, choice of collector or settlement sub-
strate, selection of broodstock (e.g. allowing genetic selec-
tion or diversity) and potential control of pathogens and
predators. The limitation of detaching operations for aqua-
culture purposes should also be considered: detaching can
be mechanized on certain collector types and the use of
cultch eliminates detaching.

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

The three studies indicate that remote setting is feasible
but requires numerous optimizations, notably in larval
transport and survival before obtaining a transferable pro-
tocol for seed producers. To this end, it is important to
note that the influence of starvation on O. edulis larvae was
investigated in the four following studies: Millar and Scott
(1967), Holland and Spencer (1973), Robert et al. (1988)
and Labarta et al. (1999). In addition, Millar and Scott
(1967) reported that no mortality was observed in recently
swarmed larvae for a period of several days.

A summary of these remote setting operations for
O. edulis found in the above cited trials is provided in
Appendix S5.

Conclusions

Ecological restoration of the European flat oyster has great
potential in the frame of large-scale marine nature conser-
vation initiatives. Restoration projects and programmes are
being established in a number of European countries. Cur-
rently, the production of seed oysters (details on the termi-
nology used are provided in Appendix S6) in both, high
quality and quantity, presents a limiting factor (Pogoda
et al. 2019). The existing knowledge on the biological back-
ground and current production technologies, relevant for
successful production and tailored to the specific needs of
restoration, are integrated here to provide implications for
restoration, further challenges and open questions.

Implications for restoration and further challenges

As commercial production of O. edulis was driven by aqua-
culture demands so far, and has clearly shifted to C. gigas
production in general, revived traditional techniques and
modern approaches of sustainable production need to be
synchronized, tested and developed to meet the demands
of ecological restoration.

One notable example is the consideration of O. edulis
seed production in breed polls in order to better under-
stand the performance and potential future developments
of this technique, both for ecological restoration and aqua-
culture. This particular technique, used only in Norway so
far, should also be assessed in other regions. Next to breed
polls, custom-built breeding ponds have many advantages
and are gaining interest due to the new demands by
restoration initiatives. The mechanization of livestock oper-
ations in accordance with the production-cost ratio as well
as the monitoring and automated management of zootech-
nical parameters such as temperature will optimize and
promote the application of breeding ponds. However,
although their size is usually limited, the development of
breed polls and breeding ponds may encounter limitations
from environmental restrictions, limited appropriate sites

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 33



B. Colsoul et al.

and constrained access to coastal areas. The variable success
in seed production as well as the current intense work rou-
tine going along with these facilities also limits the interest
in these systems by new producers. Breeding pond tech-
nique, although being successful and the focus of scientific
research for 40 years, for example at the Conwy Fisheries
Laboratory, was neglected in favour of hatchery production
(Walne 1974; Spencer 2008). A comeback of this approach
seems ecologically reasonable and should be encouraged.

Current hatchery production techniques still encounter
knowledge gaps and challenges in broodstock management
and the setting of optimum conditioning parameters. Fur-
ther challenges include the choice of adult broodstock oys-
ters. The implementation of selection programmes focusing
on strains tolerant to specific diseases and adapted to site-
specific environments on the one hand, and preserving a
high genetic diversity of restored O. edulis populations on
the other hand is of major importance (Pogoda et al. 2020;
zu Ermgassen ef al. 2020a).

In the past, declining oyster stocks were substituted by
translocation or introduction of new stocks for fishery and
aquaculture (Roché 1898; Korringa 1946; Bromley et al.
2016a). Ecological restoration of O. edulis is relatively
recent and aims at ecosystem function and recovery. Major
challenges related to genetic aspects are to avoid transfers
of pathogens and diseases, to achieve sustainable survival
rates and to retain a high genetic diversity (Hughes et al.
2008; Lallias et al. 2010).

Maintaining genetic diversity within the natural popula-
tion, genetic improvement of a population facing low
genetic diversity and the creation of a genetically diverse
pool in the event of a reintroduction of the species are
important aspects that have to be considered for seed oyster
production (Gaffney 2006; Pogoda et al. 2019), for example
via the joint development and implementation of best prac-
tice, involving research, conservation policy and industry.
Seed production methods make a difference for the genetic
diversity as described by Lallias et al. (2010) and resumed
here: (i) Large-scale production techniques in breed polls
and breeding ponds achieve an increased genetic diversity
compared with hatcheries; (ii) In Bonamia-free areas, large-
scale productions in breed polls and breeding ponds are
therefore relevant technologies; (iii) In areas where
bonamiosis is present, the use of resistant or tolerant strains
is an important alternative.

In summary, the adaptation and improvement of hatch-
ery and breeding pond techniques could increase genetic
diversity in produced seed oysters (Saavedra 1997).

Open questions and proposed research topics

A number of open research questions remain to be

addressed, both on the fundamental aspects of

ecophysiology, as well as on the basic biology of oysters,

focusing on the development of new applications for seed

production:

(1) The sex determinism and the understanding of factors
leading to sex change are still poorly understood. No
research projects investigated the regulation or control
of this reproduction phase. However, managing the sex
ratio of broodstock is a relevant tool to increase
O. edulis seed production.

(2) A deeper understanding of the mechanisms of gameto-
genesis would allow controlling or synchronizing the
onset of gametogenesis. This would facilitate produc-
tion planning in hatcheries, as well as the management
of spawning and swarming periods in semi-controlled
environments such as breeding ponds. In addition, a
reliable protocol for induction of settlement, synchro-
nization and successful metamorphosis should be pro-
vided.

(3) Cryopreservation of gametes and embryos is a promis-
ing technique for the development of oyster aquacul-
ture and conservation of genetic resources in the near
future, but the method needs to be investigated and
established thoroughly. The use of cryopreserved
gametes would require to develop artificial fertilization
larval rearing methods.

(4) Further research on the role of alternative nutrition
will clarify and define the impact of nanoplankton and
picoplankton such as bacteria, detritus or dissolved
organic matter, which seems to influence oyster
growth, but has not been investigated in O. edulis so
far.

(5) No commercial-scale selective breeding programme
currently exists despite the possibility to select cer-
tain strains resistant to known pathogens, such as
B. ostreae. Investigating the impact of different pro-
duction systems of selected strains on the genetic
variability of natural populations will be needed for
the long-term success of oyster restoration in the
future.

(6) Pathogens and diseases affecting O. edulis are numer-
ous, and their ranges may shift in the future. Although
many governmental and international regulations exist,
transfers of marine invertebrates across Europe and the
world as well as the transfer of substrate and seawater
(ballast) still exist. Different climatic conditions will
affect the spread and intensity of diseases. Respective
consequences for O. edulis production need to be
investigated.

(7) As sea-based seed collection is an important seed pro-
duction technique, the effects of climate change on
reproductive patterns and potential of wild popula-
tions should be evaluated further.
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(8) Many aspect related to breeding pond production must
be (re)investigated, for example why production in
some ponds fail when adjacent ponds are successful.

Acknowledgements

We thank the German Federal Agency for Nature Conserva-
tion (BfN) for funding and implementing the projects
RESTORE (FKZ 3516892001) and PROCEED (FKZ
3517685013 supported by the Federal Agency for Nature
Conservation with funds from the Federal Ministry for the
Environment, Nature Conservation and Nuclear Safety
within the Federal Program for Biological Diversity) in close
cooperation. We thank the staff of the AWI library for their
constant support and the following colleagues for their help
throughout the supervision of this study, the analysis and
the writing stages: Karen Wiltshire, Maarten Boersma, Hen-
ning von Nordheim. We would also like to thank all those
who have helped in any way by providing bibliographic
material, comments, suggestions and corrections. Open
access funding enabled and organized by ProjektDEAL.

References

Aase H, Misund OA, Pedersen T (1986) Predation of oyster lar-
vae by Aurelia aurita in a Norwegian oyster pond. Anony-
mous, In: ICES CM Document F:21, pp. 1-16. International
Council for the Exploration of the Sea, Copenhagen.

Abollo E, Ramilo A, Casas SM, Comesana P, Cao A, Carballal
MJ et al. (2008) First detection of the protozoan parasite Bon-
amia exitiosa (Haplosporidia) infecting flat oyster Ostrea edu-
lis grown in European waters. Aquaculture 274: 201-207.

Acarli S (2011) Comparison of Isochrysis galbana and Chlorella
sp. microalgae on growth and survival rate of European flat
oyster (Ostrea edulis, Linnaeus 1758) larvae. Indian Journal of
Geo-Marine Sciences 40: 55-58.

Acarli S, Lok A (2009) Larvae development stages of the Euro-
pean flat oyster (Ostrea edulis). Israeli Journal of Aquaculture-
Bamidgeh 61: 114-120.

Alagarswami K (1982) Review on controlled breeding of bivalves
of aquaculture importance. In: Subramoniam T, Varadarajan
S (eds) Progress in Invertebrate Reproduction and Aquaculture:
Proceedings of the Ist All-India Symposium on Invertebrate
Reproduction, pp. 194-202. Indian Society of Invertebrate
Reproduction, Madras.

Alderman DJ, Gras P (1969) “Gill disease” of Portuguese oysters.
Nature 224: 616.

Allee WC, Emerson AE, Park O, Park T, Schmidt KP (1949)
Principles of Animal Ecology. Saunders Co., Philadelphia, PA.
Alpbaz A, Temelli B (1997) A review of the molluscan fisheries
of Turkey. In: MacKenzie CL, Burrell VG, Rosenfield A,
Hobart WL (eds) The History, Present Condition, and Future
of the Molluscan Fisheries of North and Central America and

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

Europe, pp. 227-232. Scientific Publications Office, NMFS,
NOAA, Seattle, WA.

Alzieu C, Thibaud Y, Héral M, Boutier B (1980) Evaluation
des risques dus a l'emploi des peintures anti-salissures
dans les zones conchylicoles [Estimation of the dangers
caused by the use of antifouling paints in the growing
oyster areas]. Revue des Travaux de Dlnstitut des Péches
Maritimes 44: 305-348.

Anonymous (2006a) Council Directive 2006/88/EC of 24 Octo-
ber 2006 on animal health requirements for aquaculture ani-
mals and products thereof, and on the prevention and control
of certain diseases in aquatic animals. [Cited 01 Mar 2019.]
Avalibale from URL: http://data.europa.eu/eli/dir/2006/88/0j

Anonymous (2006b) Cultured aquatic species information pro-
gramme: Ostrea edulis (Linnaeus, 1758). [Cited 01 Dec 2019.]
Available from URL: http://www.fao.org/fishery/culturedspec
ies/Ostrea_edulis/en.

Anonymous (2008) SeaLifeBase. [Cited 01 May 2008.] Available
from URL: www.sealifebase.org.

Anonymous (2011) Vagstrandapollen — Norways best oyster
poll. Anonymous, In: RO Commercial Brochure, pp. 1-20.
Royal Oyster AS, Blomsterdalen.

(2014) Programme d’expérimentation et de

recherche sur T'huitre plate Ostrea edulis. Rapport final de

Anonymous

Pensemble du projet 2011-2014 [Program of experimentation
and research on the flat oyster Ostrea edulis. Final Report
2011-2014]. PERLE, pp. 1-207. Comité Régional Conchyli-
culture Bretagne Nord, Morlaix, France.

Anonymous (2018) IFREMER genetic and pathology laboratory.
Important pathogens and parasites of molluscs. [Cited 01 Aug
2018.] Available from URL: www.eurl-mollusc.eu.

Anonymous (2020a) CuanBeo Newsletter: native oyster restora-
tion in full swing in Galway Bay. [Cited 01 Nov 2020.] Avail-
able from URL: www.cuanbeo.com.

Anonymous (2020b) ENORI essex native oyster restoration initia-
tive. [Cited 01 Nov 2020.] Available from URL: www.essexna
tiveoyster.com.

Anonymous (2020c) Fal fishery cooperative CIC/cornish native
oysters. [Cited 01 Nov 2020.] Available from URL: www.sa
vingester.co.uk.

Anonymous (2020d) Loch Ryan native oysters. [Cited 01 Nov
2020.] Available from URL: www.oysters.co.uk.

Arzul 1, Gagnaire B, Bond C, Chollet B, Morga B, Ferrand S
et al. (2009) Effects of temperature and salinity on the survival
of Bonamia ostreae, a parasite infecting flat oysters Ostrea edu-
lis. Diseases of Aquatic Organisms 85: 67—75.

Arzul 1, Langlade A, Chollet B, Robert M, Ferrand S, Omnes E
et al. (2011) Can the protozoan parasite Bonamia ostreae
infect larvae of flat oysters Ostrea edulis? Veterinary Parasitol-
ogy 179: 69-76.

Arzul I, Miossec L, Blanchet E, Garcia C, Frangois C, Joly JP
(2006) Bonamia ostreae and Ostrea edulis: a stable host-para-
site system in France? Proceedings of the 11th International
Symposium for Veterinary Epidemiology and Economics, pp.
1-5. Cairns, Australia.

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 35


http://data.europa.eu/eli/dir/2006/88/oj
http://www.fao.org/fishery/culturedspecies/Ostrea_edulis/en
http://www.fao.org/fishery/culturedspecies/Ostrea_edulis/en
http://www.sealifebase.org
http://www.eurl-mollusc.eu
http://www.cuanbeo.com
http://www.essexnativeoyster.com
http://www.essexnativeoyster.com
http://www.savingester.co.uk
http://www.savingester.co.uk
http://www.oysters.co.uk

B. Colsoul et al.

Asmani K, Petton B, Le Grand J, Mounier J, Robert R, Nicolas
JL (2017) Determination of stocking density limits for Cras-
sostrea gigas larvae reared in flow-through and recirculating
aquaculture systems and interaction between larval density
and biofilm formation. Aquatic Living Resources 30: 1-13.

Auby I, Maurer D (2004) Etude de la reproduction de I’huitre
creuse dans le Bassin d’Arcachon [Study of the reproduction
of oysters in the Arcachon Basin]. IFREMER Report
RINT.DEL/AR 04-05, pp. 1-203. French Research Institute
for Exploitation of the Sea, Arcachon, France.

Azevedo C, Montes J, Corral L (1999) A revised description of
Haplosporidium armoricanum, parasite of Ostrea edulis L.
from Galicia, northwestern Spain, with special reference to
the spore-wall filaments. Parasitology Research 85: 977-983.

Balouet G, Poder M, Cahour A, Auffret M (1986) Proliferative
hemocytic condition in European flat oysters (Ostrea edulis)
from Breton coasts: a 6-year survey. Journal of Invertebrate
Pathology 48: 208-215.

Bamford DR, Gingles R (1974) Absorption of sugars in the gill
of the Japanese oyster, Crassostrea gigas. Comparative Bio-
chemistry and Physiology 49A: 637—646.

van Banning P (1977) Minchinia armoricana sp. nov. (Haplos-
porida), a parasite of the European flat oyster, Ostrea edulis.
Journal of Invertebrate Pathology 30: 199-206.

van Banning P (1979a) Haplosporidian diseases of imported
oysters, Ostrea edulis, in Dutch estuaries. Marine Fisheries
Review 41: 8-18.

van Banning P (1979b) Protistan parasites observed in the Euro-
pean flat oyster (Ostrea edulis) and the cockle (Cerastoderma
edule) from some coastal areas of the Netherlands. Haliotis 8:
33-37.

van Banning P (1987) Further results of the Bonamia ostreae chal-
lenge tests in Dutch oyster culture. Aquaculture 67: 191-194.

Barthélemy-Saint Hilaire ] (1887) Traité de la Génération des
Animaux, Volume 1, Oeuvres d’Aristote. Hachette et Cie, Paris.

Baud JP, Gérard A, Naciri-Graven Y (1997) Comparative growth
and mortality of Bonamia ostreae-resistant and wild flat oys-
ters, Ostrea edulis, in an intensive system. I. First year of
experiment. Marine Biology 130: 71-79.

Bayne BL (2017) Biology of Oysters. Developments in Aquaculture
and Fisheries Science, Vol. 41. Elsevier Science, Academic
Press, London.

Beaulieu M (1890) Letter on oyster culture. Journal of the Marine
Biological Association of the United Kingdom 1: 282-285.

Benovic A (1997) The history, present condition, and future of
the molluscan fisheries of Croatia. In: MacKenzie CL, Burrell
VG, Rosenfield A, Hobart WL (eds) The History, Present Con-
dition, and Future of the Molluscan Fisheries of North and Cen-
tral America and Europe, pp. 217-226. Scientific Publications
Office, NMFS, NOAA, Seattle, WA.

Berthe FCJ, Le Roux F, Adlard RD, Figueras A (2004) Marteilio-
sis in molluscs: a review. Aquatic Living Resources 17: 433—
448.

Bohle B (1984) Osters og esterskultur i Norge. Utnytting av
osterspoller pa Skagerrakkysten [Oysters and oyster culture in

Norway. Exploitation of oyster polls on the Skagerrak Coast].
Anonymous, In: Flodevigen Meldinger 6, pp. 1-23. Institute of
Marine Research, Arendal.

Bougrier S, Tige G, Bachere E, Grizel H (1986) Ostrea angasi
acclimatization to French coasts. Aquaculture 58: 151-154.

Bower SM, Hervio D, Meyer GR (1997) Infectivity of Mikrocytos
mackini, the causative agent of Denman Island disease in Paci-
fic oysters Crassostrea gigas, to various species of oysters. Dis-
eases of Aquatic Organisms 29: 111-116.

Bracke E, Polk P (1969) Contribution a la connaissance de la
faune marine de la cote belge [Contribution to the knowledge
of the marine fauna of the Belgian coast]. Hydrobiologia 34:
100-125.

Bratos A, Bolotin ], Peharda M, Njire J (2002) Seasonal distribu-
tion of the oyster Ostrea edulis (Linnaeus, 1758) larvae in the
bay of Mali Ston, Adriatic Sea. Journal of Shellfish Research 21:
763-767.

Bratos A, Glamuzina B, Benovi¢ A (2004) Croatian shellfisheries
aquaculture - advantages and disadvantages. Nase More 51:
59-62.

Brato$ Cetini¢ A, Bolotin J (2016) Uzgoj skoljkasa u Maloston-
skom zaljevu [Shellfish farming in the Bay of Mali Ston]. In:
Radi¢ Z (ed.) More Hrvatsko Blago, pp. 888-899. Zagreb,
Croatia.

Brenner M, Fraser D, Van Nieuwenhove K, O’Beirn F, Buck BH,
Mazurie J et al. (2014) Bivalve aquaculture transfers in Atlan-
tic Europe. Part B: Environmental impacts of transfer activi-
ties. Ocean & Coastal Management 89: 139-146.

van den Brink A, Magnesen T (2018) Treatment protocol flat
oysters with Norwegian oysters. Wageningen University and
Research (Report in Mimeo), pp. 1-9.

Bromley C, McGonigle C, Ashton EC, Roberts D (2016a)
Bad moves: Pros and cons of moving oysters — a case
study of global translocations of Ostrea edulis Linnaeus,
1758 (Mollusca: Bivalvia). Ocean ¢ Coastal Management
122: 103-115.

Bromley C, McGonigle C, Ashton EC, Roberts D (2016b)
Restoring degraded European native oyster, Ostrea edulis,
habitat: is there a case for harrowing? Hydrobiologia 768: 151—
165.

Brooks WK (1879) Abstract of observations upon the artificial
fertilization of oyster eggs, and on the embryology of the
American oyster. American Journal of Science 18: 425—427.

Brown MR, McCausland MA (2000) Increasing the growth of
juvenile Pacific oysters Crassostrea gigas by supplementary
feeding with microalgal and dried diets. Aquaculture Research
31: 671-682.

Bruce JR, Knight M, Parke MW (1940) The rearing of oyster lar-
vae on an algal diet. Journal of the Marine Biological Associa-
tion of the United Kingdom 24: 337-374.

Buestel D, Ropert M, Prou J, Goulletquer P (2009) History, sta-
tus, and future of oyster culture in France. Journal of Shellfish
Research 28: 813-820.

Burke K, Bataller £, Miron G (2008a) Spat collection of a non-
native bivalve species (European oyster, Ostrea edulis) off the

Reviews in Aquaculture, 1-46

36 © 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.



eastern Canadian coast. Journal of Shellfish Research 27: 345—
353.

Burke K, Bataller E, Miron G, Ouellette M, Tremblay R (2008b)
Larval quality of a nonnative bivalve species (European oyster,
Ostrea edulis) off the east Canadian coast. Journal of Shellfish
Research 27: 701-710.

Buroker NE (1985) Evolutionary patterns in the family Ostrei-
dae: Larviparity vs. oviparity. Journal of Experimental Marine
Biology and Ecology 90: 233-247.

Calabrese A, Maclnnes JR, Nelson DA, Miller JE (1977) Survival
and growth of bivalve larvae under heavy-metal stress. Marine
Biology 41: 179—184.

Cano J, Rosique M]J, Rocamora J (1997) Influence of environ-
mental parameters on reproduction of the European flat oys-
ter (Ostrea edulis L.) in a coastal lagoon (Mar Menor,
southeastern Spain). Journal of Molluscan Studies 63: 187—196.

Carbonnier N, Martin AG, Mazurie J, Barthelemy G, Le Mour-
oux G, Martin AG et al. (1990) Télécaptage de I'huitre plate :
travaux réalisés en 1990 [Remote setting of the flat oyster:
work carried out in 1990]. Anonymous, In: Section Régionale
de Bretagne Sud: Plan de Relance de ’Huitre Plate 1990, pp. 1-
97. CIC-IFREMER, Auray.

Carlucci R, Sassanelli G, Matarrese A, Giove A, D’Onghia G
(2010) Experimental data on growth, mortality and reproduc-
tion of Ostrea edulis (L., 1758) in a semi-enclosed basin of the
Mediterranean Sea. Aquaculture 306: 167—176.

Carrasco N, Green T, Itoh N (2015) Marteilia spp. parasites in
bivalves: a revision of recent studies. Journal of Invertebrate
Pathology 131: 43-57.

Casas SM, Grau A, Reece KS, Apakupakul K, Azevedo C, Villalba
A (2004) Perkinsus mediterraneus n. sp., a protistan parasite of
the European flat oyster Ostrea edulis from the Balearic Islands,
Mediterranean Sea. Diseases of Aquatic Organisms 58: 231-244.

Casas SM, Reece KS, Li Y, Moss JA, Villalba A, La Peyre JF
(2008) Continuous culture of Perkinsus mediterraneus, a para-
site of the European flat oyster Ostrea edulis, and characteriza-
tion of its morphology, propagation, and extracellular
proteins in vitro. Journal of Eukaryotic Microbiology 55: 34—43.

Castanos C, Pascual MS, Agulleiro I, Zampatti E, Elvira M
(2005) Brooding pattern and larval production in wild stocks
of the puelche oyster, Ostrea puelchana d’Orbigny. Journal of
Shellfish Research 24: 191-196.

Chaparro OR, Mardones-Toledo DA, Gray MW, Cubillos VM,
Navarro JM, Salas-Yanquin LP (2018) Female—embryo rela-
tionships in Ostrea chilensis: brooding, embryo recognition,
and larval hatching. Marine Biology 166: 10.

Clewell AF, Aronson J (2013) Ecological Restoration: Principles,
Values, and Structure of an Emerging Profession. Island Press,
Washington, DC.

Coatanea D, Oheix J, Mazzara L, Hamon PY (1992) Essais de
télécaptage de T'huitre plate Ostrea edulis en Méditerranée:
Bilan 1991 [Remote setting trials of the flat oyster Ostrea edu-
lis in the Mediterranean: Review 1991]. IFREMER Report
RIDRV-92.021 RA, pp. 1-63. French Research Institute for
Exploitation of the Sea, Palavas-les-Flots, France.

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

Coatanea D, Vercelli C, Chabirand JM, Oheix J, Pichot Y, Hirata
T (1996) Controle de la maturation et du calendrier d’émission
larvaire d’un stock de géniteurs d’huitres plates Ostrea edulis
méditerranéennes. Rapport final [Control of the maturation
and larval release schedule of a broodstock of Mediterranean
flat oyster Ostrea edulis. Final report]. IFREMER Report LR Nr.
94.3.522.0011F, pp. 1-125. French Research Institute for
Exploitation of the Sea, Palavas-les-Flots, France.

Coen LD, Luckenbach MW (2000) Developing success criteria
and goals for evaluating oyster reef restoration: ecological
function or resource exploitation? Ecological Engineering 15:
323-343.

Cole HA (1937) Experiments in the breeding of oysters (Ostrea
edulis) in tanks, with special reference to the food of the larva
and spat. Anonymous, In: Fishery Investigations Series II, pp.
1-18. Her Majesty’s Stationery Office, London.

Cole HA (1941) The fecundity of Ostrea edulis. Journal of the
Marine Biological Association of the United Kingdom 25: 243—
260.

Cole HA (1942) Primary sex-phases in Ostrea edulis. Journal of
Cell Science 83: 317-356.

Cole HA, Knight Jones EW (1949) The setting behaviour of lar-
vae of the European flat oyster Ostrea edulis L., and its influ-
ence on methods of cultivation and spat collection.
Anonymous, In: Fishery Investigations Series II, pp. 1-39. Her
Majesty’s Stationery Office, London.

Colsoul B, Pouvreau S, Di Poi C, Pouil P, Merk V, Peter C et al.
(2020) Addressing critical limitations of oyster (Ostrea edulis)
restoration: identification of nature-based substrates for
hatchery production and recruitment in the field. Aquatic
Conservation: Marine and Freshwater Ecosystems 30: 2101—
2115.

Comps M, Cochennec N (1993) A herpes-like virus from the
European oyster Ostrea edulis L. Journal of Invertebrate
Pathology 62: 201-203.

Connellan I (1995) Shellfish Hatchery Design with Notes on Spat-
ting Ponds for Aquaculture Students. Galway-Mayo Institute of
Technology, Galway, Ireland.

Connor PM (1972) Acute toxicity of heavy metals to some mar-
ine larvae. Marine Pollution Bulletin 3: 190—192.

Corlay JP (2001) Voyage d’exploration sur le littoral de la France
et de I'Italie (Victor Coste, 1861), ou Prométhée au pays
d’Ostrea [A voyage of exploration on the coasts of France and
Italy (Victor Coste, 1861), or Prometheus in the Land of
Ostrea). Les Cahiers Nantais 55: 289-307.

Coste JMCV (1861) Industrie du lac Fusaro - Bancs artificiels
d’huitres [Industry of the Fusaro Lake — Artificial oyster
banks]. In: Coste JMCV (ed.) Voyage d’Exploration sur le Lit-
toral de la France et de I'Italie, pp. 89—106. Imprimerie Impéri-
ale, Paris.

Cragg SM, Gruffydd LLD (1975) The swimming behaviour and
the pressure responses of the veliconcha larvae of Ostrea edulis
(L.). In: Barnes HB (ed.) Proceedings of the 9th European Mar-
ine Biology Symposium, pp. 43—57. Aberdeen University Press,
Aberdeen.

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 37



B. Colsoul et al.

Cranfield HJ (1973) Observations on the behaviour of the pedi-
veliger of Ostrea edulis during attachment and cementing.
Marine Biology 22: 203-209.

Crawford C (2016) National review of Ostrea angasi aquacul-
ture: historical culture, current methods and future priorities.
Contract Report of the University of Tasmania, pp. 1-44. Insti-
tute for Marine and Antarctic Studies, University of Tasma-
nia, Hobart, TAS.

Culloty SC, Mulcahy MF (1992) An evaluation of anaesthetics
for Ostrea edulis (L.). Aquaculture 107: 249-252.

Culloty SC, Mulcahy MF (2007) Bonamia ostreae in the native
oyster Ostrea edulis. A review. Anonymous, In: Marine Envi-
ronment and Health Series No. 29, pp. 1-40. Marine Institute,
Ireland.

Dantan JL, Perrier E (1913) La fécondité de 1’Ostrea edulis (L.).
[The fecundity of the Ostrea edulis (L.).]. Comptes Rendus
Hebdomadaires des Séances de I’Académie des Sciences 157:
871-873.

Davaine C (1853) Recherches sur la Génération des Huitres. E.
Thunot et Cie, Paris.

Davenel A, Gonzilez R, Suquet M, Quellec S, Robert R (2010)
Individual monitoring of gonad development in the European
flat oyster Ostrea edulis by in vivo magnetic resonance imag-
ing. Aquaculture 307: 165-169.

Davis HC, Ansell AD (1962) Survival and growth of larvae of the
European oyster, O. edulis, at lowered salinities. The Biological
Bulletin 122: 33-39.

Davis HC, Calabrese A (1969) Survival and growth of larvae of
the European oyster (Ostrea edulis L.) at different tempera-
tures. The Biological Bulletin 136: 193—199.

Dean B (1890) The present methods of oyster-culture in France.
Bulletin of the United States Fish Commission 10: 363—-398.

Dean B (1891) Report on the European methods of oyster-cul-
ture. Bulletin of the United States Fish Commission 11: 357—
406.

Diaz-Almela E, Boudry P, Launey S, Bonhomme F, Lapegue S
(2004) Reduced female gene flow in the European flat oyster
Ostrea edulis. Journal of Heredity 95: 510-516.

Dodgson RW (1922) Noctiluca as an enemy of the oyster. Nat-
ure 110: 343-344.

Dollfus RP (1921) Résumé de nos principales connaissances pra-
tiques sur les maladies et les ennemis de ’huitre [Summary of
our main practical knowledge on oyster diseases and ene-
mies]. Notes et Mémoires 7: 1-51.

Downing SL, Allen SK (1987) Induced triploidy in the Pacific
oyster, Crassostrea gigas: optimal treatments with cytochalasin
B depend on temperature. Aquaculture 61: 1-15.

Dubert J, Barja JL, Romalde JL (2017) New insights into patho-
genic vibrios affecting bivalves in hatcheries: present and
future prospects. Frontiers in Microbiology 8: 1-16.

Dupuy JL, Windsor NT, Sutton CE (1977) Manual for design
and operation of an oyster seed hatchery for the American
oyster Crassostrea Virginica. Special Report No. 142 in

Applied Marine Science and Ocean Engineering, pp. Virginia
Institute of Marine Science, Gloucester Point, Virginia, USA.

Eagling LE, Ashton EC, Jensen AC, Sigwart JD, Murray D,
Roberts D (2018) Spatial and temporal differences in gonad
development, sex ratios and reproductive output, influence
the sustainability of exploited populations of the European
oyster, Ostrea edulis. Aquatic Conservation: Marine and Fresh-
water Ecosystems 28: 1-12.

Engelsma MY, Culloty SC, Lynch SA, Arzul I, Carnegie RB
(2014) Bonamia parasites: a rapidly changing perspective on a
genus of important mollusc pathogens. Diseases of Aquatic
Organisms 110: 5-23.

Engelsma MY, Kerkhoff S, Roozenburg I, Haenen OLM, van
Gool A, Sistermans W et al. (2010) Epidemiology of Bonamia
ostreae infecting European flat oysters Ostrea edulis from Lake
Grevelingen, The Netherlands. Marine Ecology Progress Series
409: 131-142.

Engelsma MY, Roozenburg I, Joly JP (2008) First isolation of
Nocardia crassostreae from Pacific oyster Crassostrea gigas in
Europe. Diseases of Aquatic Organisms 80: 229-234.

Erdmann W (1935) Untersuchungen tiber die Lebensgeschichte
der Auster. Nr. 5. Uber die Entwicklung und die Anatomie
der ansatzreifen Larve von Ostrea edulis mit Bemerkungen
uber die Lebensgeschichte der Auster [Studies on the life his-
tory of the oyster. On the development and Anatomy of the
approach-mature larva of Ostrea edulis with comments about
the life history of the oyster]. Wissenschaftliche Meersunter-
suchungen. Abt. Helgoland XIX: 1-33.

EU-Commission (2018) Enhancing native oyster stocks in Tralee
Bay. FARNET Good Practice Project, pp. 1-3. Fisheries Areas
Network, Ireland.

Eyton TC (1858) A History of the Oyster and the Oyster Fisheries.
J. Van Voorst, London.

Fankboner PV, De Burgh ME (1978) Comparative rates of dis-
solved organic carbon accumulation by juveniles and pedi-
veligers of the Japanese oyster Crassostrea gigas Thunberg.
Aquaculture 13: 205-212.

FAO (2020) Fishery and aquaculture statistics, global produc-
tionby production source 1950-2018 (Fishstat]). FAO Fish-
eries Division Online, Updated 2020. Food and Agriculture
Organization of the United Nations, Rome, Italy.

Fernando W, MacBride EW (1931) The origin and development
of the pericardium and kidneys in Ostrea. Proceedings of the
Royal Society of London. Series B, Containing Papers of a Bio-
logical Character 107: 391-397.

Flannery G, Lynch SA, Carlsson ], Cross TF, Culloty SC (2014)
Assessment of the impact of a pathogen, Bonamia ostreae, on
Ostrea edulis oyster stocks with different histories of exposure
to the parasite in Ireland. Aquaculture 432: 243-251.

Flannery G, Lynch SA, Culloty SC (2016) Investigating the sig-
nificance of the role of Ostrea edulis larvae in the transmission
and transfer of Bonamia ostreae. Journal of Invertebrate Pathol-
ogy 136: 7-9.

Reviews in Aquaculture, 1-46

38 © 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.



Fox AD, Petersen &, Frederiksen M (2003) Annual survival and
site-fidelity of breeding female Common Scoter Melanitta
nigra at Myvatn, Iceland, 1925-58. Ibis 145: E94-E96.

Friedman CS, Perkins FO (1994) Range extension of Bonamia
ostreae to Maine, U.S.A. Journal of Invertebrate Pathology 64:
179-181.

Friele H (1899) The oyster ponds on the west coast of Norway.
In: Brunchorst J (ed.) Proceedings of the International Congress
of Fisheries Bergen, pp. 188-200. John Griegs Boktrykkeri AS,
Bergen.

Funes VG, Jiménez RA (1989) Histological identification of the
gonadal phases of the European oyster (Ostrea edulis), intro-
duced experimentally into the Northwestern Coast of Baja
California, Mexico. Ciencias Marinas 15: 41-54.

Gaarder T, Bjerkan P (1934) Osters og Osterskultur i Norge. A.s
John Griegs Boktrykkeri, Bergen.

Gaffney PM (2006) The role of genetics in shellfish restoration.
Aquatic Living Resources 19: 277-282.

Gagné N, Cochennec N, Stephenson M, McGladdery S, Meyer
GR, Bower SM (2008) First report of a Mikrocytos-like para-
site in European oysters Ostrea edulis from Canada after
transport and quarantine in France. Diseases of Aquatic
Organisms 80: 27-35.

Gann GD, McDonald T, Walder B, Aronson J, Nelson CR, Jon-
son J et al. (2019) International principles and standards for
the practice of ecological restoration. Second edition. Restora-
tion Ecology 27: S1-546.

Garcia-Lavandeira M, Silva A, Abad M, Pazos AJ, Sdnchez JL,
Pérez-Parallé ML (2005) Effects of GABA and epinephrine on
the settlement and metamorphosis of the larvae of four spe-
cies of bivalve molluscs. Journal of Experimental Marine Biol-
ogy and Ecology 316: 149-156.

Garcia-Meunier P, Martel C, Pigeot ], Chevalier G, Blanchard G,
Goulletquer P et al. (2002) Recent invasion of the Japanese
oyster drill along the French Atlantic coast: identification of
specific molecular markers that differentiate Japanese, Ocine-
brellus inornatus, and European, Ocenebra erinacea, oyster
drills. Aquatic Living Resources 15: 67-71.

Gendreau S (1988) Fécondation in vitro et induction de la poly-
ploidie chez l'huitre plate larvipare, Ostrea edulis L. [In vitro
fertilization and induction of polyploidy in larviparous flat
oyster Ostrea edulis L.], Publisher, PhD/DEA Thesis. Univer-
sity of Western Brittany, France.

Gendreau S, Grizel H (1990) Induced triploidy and tetraploidy
in the European flat oyster, Ostrea edulis L. Aquaculture 90:
229-238.

Gérard A, Naciri-Graven Y, Boudry P, Launay S, Heurtebise S,
Ledu C et al. (1997) Controle de la gamétogenese des huitres
creuses et plates: relations "reproduction" et "génétique"
[Gametogenesis control of hollow and flat oysters: reproduc-
tive and genetic relationships]. In: Devauchelle N, Barret J,
Salaun G (eds) The Natural and Controlled Reproduction of
Cultivated Bivalves in France: Symposium Report, pp. 99—111.
IFREMER, Nantes.

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

Glamuzina B, Pesi¢ A, Joksimovi¢ A, Glamuzina L, Mati¢-Skoko
S, Conides A et al. (2014) Observations on the increase of wild
gilthead seabream, Sparus aurata abundance, in the eastern
Adriatic Sea: problems and opportunities. International Aqua-
tic Research 6: 127—134.

Gofas S (2004) WoRMS Taxon Details (Ostrea edulis Linnaeus,
1758). [Cited 01 Nov 2018.] Available from URL: www.ma
rinespecies.org.

Gonzalez-Araya R (2012) Incidence de la nutrition sur la repro-
duction et le développement larvaire d’Ostrea edulis [Impact
of nutrition on reproduction and larval development of
Ostrea edulis], Publisher, PhD/Dr Thesis. Univeristy of Brest,
France.

Gonzalez-Araya R, Lebrun L, Quéré C, Robert R (2012a) The
selection of an ideal diet for Ostrea edulis (L.) broodstock
conditioning (Part B). Aquaculture 362: 55—66.

Gonzilez-Araya R, Mingant C, Petton B, Robert R (2012b)
Influence of diet assemblage on Ostrea edulis broodstock con-
ditioning and subsequent larval development. Aquaculture
364: 272-280.

Gonzalez-Araya R, Quéau I, Quéré C, Moal ], Robert R (2011) A
physiological and biochemical approach to selecting the ideal
diet for Ostrea edulis (L.) broodstock conditioning (Part A).
Aquaculture Research 42: 710-726.

Gonzalez-Araya R, Quillien V, Robert R (2013) The effects of
eight single microalgal diets on sex-ratio and gonad develop-
ment throughout European flat oyster (Ostrea edulis L.) con-
ditioning. Aquaculture 400: 1-5.

Gonzalez-Araya R, Robert R (2018) Larval development and
fatty acid composition of Ostrea edulis (L.) fed four different
single diets from conditioning to pre-settlement. Aquaculture
Research 49: 1-14.

Gonzélez-Wangliemert M, Pérez-Ruzafa A, Rosique MJ, Ortiz A
(2004) Genetic differentiation in two cryptic species of Ostrei-
dae, Ostrea edulis (Linnaeus, 1758) and Ostreola stentina
(Payraudeau, 1826) in Mar Menor Lagoon, southwestern
Mediterranean Sea. The Nautilus 118: 103-111.

Goulden EF, Hgj L, Hall MR (2013) Microbial management for
bacterial pathogen control in invertebrate aquaculture hatch-
eries. In: Allan G, Burnell G (eds) Advances in Aquaculture
Hatchery Technology, pp. 246-285. Woodhead Publishing
Limited, Cambridge.

Goulletquer P, Héral M (1997) Marine molluscan produc-
tion trends in France: from fisheries to aquaculture. In:
MacKenzie CL, Burrell VG, Rosenfield A, Hobart WL
(eds) The History, Present Condition, and Future of the
Molluscan Fisheries of North and Central America and Eur-
ope, pp. 137-164. Scientific Publications Office, NMFS,
NOAA, Seattle, WA.

Gray MW, Chaparro O, Huebert KB, O’Neill SP, Couture T,
Moreira A et al. (2019) Life history traits conferring larval
resistance against ocean acidification: the case of brooding
oysters of the genus Ostrea. Journal of Shellfish Research 38:
751-761.

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 39


http://www.marinespecies.org
http://www.marinespecies.org

B. Colsoul et al.

Green DS (2016) Effects of microplastics on European flat oys-
ters, Ostrea edulis and their associated benthic communities.
Environmental Pollution 216: 95-103.

Grizel H (1985) Etude des récentes épizooties de I'huitre plate
Ostrea edulis Linne et de leur impact sur Postréiculture bre-
tonne [Study of recent epizootics of the flat oyster Ostrea edu-
lis Linne and their impact on oyster farming in Brittany],
Publisher, PhD/Dr Thesis. University of Montpellier, France.

Grizel H, Comps M, Raguenes D, Le Borgne Y, Tigé G, Martin
AG (1983) Bilan des essais d’acclimatation d’Ostrea chilensis
sur les cotes de Bretagne [Results of the acclimatization exper-
iments of Ostrea chilensis on the Brittany Coasts]. Revue des
Travaux de I'Institut des Péches Maritimes 46: 209-225.

Grizel H, Héral M (1991) Introduction into France of the Japa-
nese oyster (Crassostrea gigas). ICES Journal of Marine Science
47: 399-403.

Guesdon K, Le Bec C, Mazurie ], Lassale E (1989) Essais de
télécaptage: huitre plate [Remote setting trials: flat oyster].
Anonymous, In: Section Régionale de Bretagne Sud : Plan de
Relance de I'Huitre Plate 1989, pp. 1-87. CIC-IFREMER,
Auray.

Guo X, DeBrosse GA, Allen SK (1996) All-triploid Pacific oysters
(Crassostrea gigas Thunberg) produced by mating tetraploids
and diploids. Aquaculture 142: 149-161.

Gutierrez AP, Turner F, Gharbi K, Talbot R, Lowe NR, Penaloza
C et al. (2017) Development of a medium density combined-
species SNP array for Pacific and European oysters (Cras-
sostrea gigas and Ostrea edulis). G3: Genes, Genomes, Genetics
7:2209-2218.

Hadfield MG, Carpizo-Ituarte EJ, del Carmen K, Nedved BT
(2001) Metamorphic competence, a major adaptive conver-
gence in marine invertebrate larvae. American Zoologist 41:
1123-1131.

Haelters J, Kerckhof F (2009) Background document for Ostrea
edulis and Ostrea edulis beds. In: OSPAR Commission — Biodi-
versity Series, pp. 1-22. Anonymous, London.

Haenen OLM, Engelsma MY (2020) Jaarverslag schelpdierziek-
ten 2019. WBVR Report 2010660, The Netherlands.

Hancock DA (1954) The destruction of oyster spat by Urosalpinx
cinerea (Say) on Essex oyster beds. ICES Journal of Marine
Science 20: 186—196.

Hassan MM, Qin JG, Li XX (2017) Gametogenesis, sex ratio and
energy metabolism in Ostrea angasi: implications for the
reproductive strategy of spermcasting marine bivalves. Journal
of Molluscan Studies 84: 1-8.

Hawkins AJS, Day AJ, Gerard A, Naciri Y, Ledu C, Bayne BL
et al. (1994) A genetic and metabolic basis for faster growth
among triploids induced by blocking meiosis I but not meio-
sis II in the larviparous European flat oyster, Ostrea edulis L.
Journal of Experimental Marine Biology and Ecology 184: 21—
40.

Hedgecock D (2011) Genetics of shellfish on a human-domi-
nated planet. In: Shumway SE (ed) Shellfish Aquaculture and
the Environment, pp. 339-357. John Wiley & Sons Inc,
Oxford.

Hedgecock D, Launey S, Pudovkin Al, Naciri Y, Lapegue S, Bon-
homme F (2007) Small effective number of parents (Nb)
inferred for a naturally spawned cohort of juvenile European
flat oysters Ostrea edulis. Marine Biology 150: 1173—1182.

Helm MM, Bourne N, Lovatelli A (2004) Hatchery culture of
bivalves: a practical manual. (ed.) FAO Fisheries Technical
Paper 471, pp. 1-203. Food and Agriculture Organization of
the United Nations, Rome, Italy.

Helm MM, Spencer BE (1972) The importance of the rate of
aeration in hatchery cultures of the larvae of Ostrea edulis L.
ICES Journal of Marine Science 34: 244-255.

Helmer L, Hauton C, Bean T, Bass D, Hendy I, Harris-Scott E
et al. (2020) Ephemeral detection of Bonamia exitiosa (Hap-
losporida) in adult and larval European flat oysters Ostrea
edulis in the Solent, United Kingdom. Journal of Invertebrate
Pathology 174: 107421.

Hepper BT (1956) The European flat oyster, Ostrea edulis L., as
a host for Mytilicola intestinalis Steuer. Journal of Animal Ecol-
ogy 25: 144-147.

Héral M (1990) Traditional oyster culture in France. In: Barnabé
G, de IB Solbe JF (eds) Aquaculture, pp. 342-387. Ellis Hor-
wood, Chichester.

Herman A (1937) La reproduction des huitres indigenes dans le
Morbihan et le Finistere en 1936 [Reproduction of indigenous
oysters in Morbihan and Finistere in 1936]. Revue des Travaux
de IInstitut des Péches Maritimes 10: 61-66.

Hidu H, Chapman S, Soule PW (1975) Cultchless setting of
European oysters, Ostrea edulis, using polished marble. Pro-
ceedings of the National Shellfisheries Association 65: 13—14.

Hine PM, Engelsma MY, Wakefield SJ (2007) Ultrastructure of
sporulation in Haplosporidium armoricanum. Diseases of
Aquatic Organisms 77: 225-233.

His E, Beiras R, Seaman MNL (1999) The assessment of marine
pollution — bioassays with bivalve embryos and larvae. In:
Southward AJ, Tyler PA, Young CM (eds) Advances in Marine
Biology, pp. 1-178. Academic Press, London.

Hoeksema BW (1983) Excavation patterns and spiculae dimen-
sions of the boring sponge Cliona celata from the SW Nether-
lands. Senckenbergiana Maritima 15: 55-85.

Holland DL, Spencer BE (1973) Biochemical changes in fed
and starved oysters, Ostrea edulis L. during larval develop-
ment, metamorphosis and early spat growth. Journal of
the Marine Biological Association of the United Kingdom
53: 287-298.

Holmes JMC, Minchin D (1991) A new species of Herrmannella
(Copepoda, Poecilostomatoida, Sabelliphilidae) associated
with the oyster Ostrea edulis L. Crustaceana 60: 258-269.

Horst R (1884). The development of the oyster (Ostrea edulis
L.). Report of the Commissioner for 1884 12: 891-911.

Horvath A, Bubalo A, Culevi¢ A, Bartulovié V, Kotrik L,
Urbdnyi B et al. (2012) Cryopreservation of sperm and larvae
of the European flat oyster (Ostrea edulis). Journal of Applied
Ichthyology 28: 948-951.

Hugh Jones D (1999) Breeding ponds as a basis for flat oyster
(Ostrea edulis) culture and their use to develop resistance to

Reviews in Aquaculture, 1-46

40 © 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.



the disease Bonamia ostreae. Journal of Shellfish Research 18:
718.

Hughes AR, Inouye BD, Johnson MTJ, Underwood N, Vellend
M (2008) Ecological consequences of genetic diversity. Ecology
Letters 11: 609-623.

Hughes E (1940) The breeding of oysters in tanks. Journal of the
Marine Biological Association of the United Kingdom 24: 543—
547.

Hurwood DA, Heasman MP, Mather PB (2005) Gene flow,
colonisation and demographic history of the flat oyster Ostrea
angasi. Marine and Freshwater Research 56: 1099-1106.

(1964)

4yepHOMOpCcKHX ycTpHIl [Breeding, growth and distribution of

Ivanov Al PasMHOXeHMe, poCT W pachpelereHue
Black Sea oysters]. Anonymous, In: Sbornik Nauchno-
Tekhnicheskoy Informatsii VNIRO 3, pp. 3-13. Russian
Research Institute of Fisheries and Oceanography, Moscow.

Jeffries VE (1982) Three vibrio strains pathogenic to larvae of
Crassostrea gigas and Ostrea edulis. Aquaculture 29: 201-226.

Jones JB (2006) Why won’t they grow? — Inhibitory substances
and mollusc hatcheries. Aquaculture International 14: 395—403.

Joyce A, Holthuis TD, Charrier G, Lindegarth S (2013) Experi-
mental effects of temperature and photoperiod on synchrony
of gametogenesis and sex ratio in the European oyster Ostrea
edulis (Linnaeus). Journal of Shellfish Research 32: 447-458.

Jozefowicz CJ, Foighil DO (1998) Phylogenetic analysis of south-
ern hemisphere flat oysters based on partial mitochondrial
16S rDNA gene sequences. Molecular Phylogenetics and Evolu-
tion 10: 426—435.

Kamphausen L, Jensen A, Hawkins L (2011) Unusually high
proportion of males in a collapsing population of commer-
cially fished oysters (Ostrea edulis) in the Solent, United King-
dom. Journal of Shellfish Research 30: 217-222.

Kang DH, Kim SJ, Choi KS (2004) Microscopic observations of
larval Ostrea circumpicta (Bivalve: Ostreidae) in brood cham-
bers. Journal of Shellfish Research 23: 411-415.

Kerckhof F, Coolen JWP, Rumes B, Degraer S (2018) Recent
findings of wild European flat oysters Ostrea edulis (Linnaeus,
1758) in Belgian and Dutch offshore waters: new perspectives
for offshore oyster reef restoration in the southern North Sea.
Belgian Journal of Zoology 148: 13-24.

Kesarcodi-Watson A, Miner P, Nicolas JL, Robert R (2012) Pro-
tective effect of four potential probiotics against pathogen-
challenge of the larvae of three bivalves: Pacific oyster (Cras-
sostrea gigas), flat oyster (Ostrea edulis) and scallop (Pecten
maximus). Aquaculture 344-349: 29-34.

Khouw BT (1965) Some studies on the biology of a species of
Hexamita derived from the oyster, Crassostrea virginica (Gme-
lin), Publisher, MSc Thesis. University of Windsor, Canada.

Kirkland DW, Bradbury JP, Dean WE (1980) The heliothermic
lake: a direct method of collecting and storing solar energy.
Open-File Report 80-807, pp. 1-133. US Geological Survey,
USA.

Klaveness D (1990) Size structure and potential food value of
the plankton community to Ostrea edulis L. in a traditional
Norwegian “@sterspoll”. Aquaculture 86: 231-247.

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

Klaveness D. (1992) Augmentation of the food supply for oyster
larvae via bacterivorous flagellates: possible implications for
larval breeding and oyster pond management. Aquaculture
Research 23: 591-597.

Klaveness D, Johansen SW (1990) The oyster ponds at the Nor-
wegian coast: remarkable biotopes for marine algae. Blyttia
48: 27-31.

Knauer ], Southgate PC (1999) A Review of the nutritional
requirements of bivalves and the development of alternative
and artificial diets for bivalve aquaculture. Reviews in Fisheries
Science 7: 241-280.

Korringa P (1940) Experiments and observations on swarming,
pelagic life and setting in the European flat oyster, Ostrea edu-
lis L., Publisher, PhD/Dr Thesis. University of Amsterdam,
The Netherlands.

Korringa P (1946) A revival of natural oyster beds? Nature 158:
586—-587.

Korringa P (1951a) Crepidula fornicata as an oyster-pest. ICES
Marine Science Symposia. Volume 128, pp. 55-59. Interna-
tional Council for the Exploration of the Sea, Copenhagen,
Denmark.

Korringa P (1951b) Difficulties encountered in tank-breeding of
oysters (Ostrea edulis). ICES Marine Science Symposia. Volume
128-2, pp. 35-38. International Council for the Exploration of
the Sea, Copenhagen, Denmark.

Korringa P. (1976) Farming the Flat Oysters of the Genus Ostrea.
Developments in Aquaculture and Fisheries Science. Elsevier
Scientific Publishing Company, Amsterdam.

Kristensen PS (1997) Oyster and mussel fisheries in Denmark.
In: MacKenzie CL, Burrell VG, Rosenfield A, Hobart WL
(eds) The History, Present Condition, and Future of the Mollus-
can Fisheries of North and Central America and Europe, pp.
25-38. Scientific Publications Office, NMFS, NOAA, Seattle,
WA.

KVB, Anonymous (2017) Denne 100 mal store poylo har ideelle
forhold for dyrking av flatgsters. [Cited 01 Aug 2017.] Avail-
able from URL: https://www.midtsiden.no/over-100-ar-med-
flatosters-fra-os.

Labarta U, Ferndandez-Reiriz M], Pérez-Camacho A (1999) Lar-
vae of Ostrea edulis (L.) during starvation: growth, energy and
biochemical substrates. Hydrobiologia 405: 125-131.

Laing I, Walker P, Areal F (2006) Return of the native — is Euro-
pean oyster (Ostrea edulis) stock restoration in the UK feasi-
ble? Aquatic Living Resources 19: 283-287.

Lallias D, Boudry P, Lapegue S, King JW, Beaumont AR (2010)
Strategies for the retention of high genetic variability in Euro-
pean flat oyster (Ostrea edulis) restoration programmes. Con-
servation Genetics 11: 1899-1910.

Lallias D, Gomez-Raya L, Haley CS, Arzul I, Heurtebise S, Beau-
mont AR et al. (2009) Combining two-stage testing and inter-
val mapping strategies to detect QTL for resistance to
Bonamiosis in the European flat oyster Ostrea edulis. Marine
Biotechnology 11: 570.

Lama A, Montes J (1993) Influence of depth of culture in the
infection of the European flat oyster (Ostrea edulis L.) by

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 41



B. Colsoul et al.

Bonamia ostreae. Bulletin of the European Association of Fish
Pathologists 13: 17-20.

Lane A (1989) The effect of a microencapsulated fatty acid diet
on larval production in the European flat oyster Ostrea edulis
L. In: De Pauw N, Jaspers E, Ackefors H, Wilkins N (eds)
Aquaculture: A Biotechnology in Progress: Proceedings of the
International Conference Aquaculture Europe, pp. 657—664.
European Aquaculture Society, Bredene.

Lane HS, Webb SC, Duncan ] (2016) Bonamia ostreae in the
New Zealand oyster Ostrea chilensis: a new host and geo-
graphic record for this haplosporidian parasite. Diseases of
Aquatic Organisms 118: 55-63.

Lapegue S, Beaumont A, Boudry P, Goulletquer P (2007)
Genetic effects of domestication, culture and breeding of
fish and shellfish, and their impacts on wild populations.
European flat oyster — Ostrea edulis. In: Svasand T, Cro-
setti D, Garcia-Vazquez E, Verspoor E (eds) Genetic
impact of aquaculture activities on native populations. Gen-
impact final scientific report (EU contract n. RICA-CT2005-
022802), pp. 70-75. EU, Online.

Lauckner G (1983) Diseases of mollusca: bivalvia. In: Kinne O
(ed.) Diseases of Marine Animals, pp. 477-961. Biologische
Anstalt Helgoland, Hamburg.

Launey S, Ledu C, Boudry P, Bonhomme F, Naciri-Graven Y
(2002) Geographic structure in the European Flat Oyster
(Ostrea edulis L.) as revealed by microsatellite polymorphism.
Journal of Heredity 93: 331-351.

Li MF, Drinnan RE, Drebot M, Newkirk G (1983) Studies of
shell disease of the European flat oyster Ostrea edulis Linne in
Nova Scotia. Journal of Shellfish Research 3: 135-140.

Locard A (1900) Manuel Pratique d’Ostréiculture. JB Bailliere &
Fils, Paris.

Lodeiros C, Bolinches J, Dopazo CP, Toranzo AE (1987) Bacil-
lary necrosis in hatcheries of Ostrea edulis in Spain. Aquacul-
ture 65: 15-29.

Loosanoff VL, Davis HC (1963) Rearing of bivalve mollusks. In:
Russell FS (ed.) Advances in Marine Biology, pp. 1-136. Aca-
demic Press Inc, London.

Lépez-Sanmartin M, Batista FM, del Carmen MM, Garrido I,
Quintero D, Grade A et al. (2015) Detection of Marteilia
refringens infecting the European flat oyster Ostrea edulis and
the dwarf oyster Ostrea stentina in southern Portugal and
Spain. Journal of Invertebrate Pathology 130: 52-55.

Lubet P. (1991) Reproduction des mollusques [Reproduction of
molluscs]. In: Barnabé G (ed.) Bases Biologiques et Ecologiques
de PAquaculture, pp. 168-204. Tec & Doc, Lavoisier, Paris.

Lynch SA, Armitage DV, Wylde S, Mulcahy MF, Culloty SC
(2005) The susceptibility of young prespawning oysters,
Ostrea edulis, to Bonamia ostreae. Journal of Shellfish Research
24:1019-1025.

Lynch SA, Flannery G, Hugh-Jones T, Hugh-Jones D, Culloty
SC (2014) Thirty-year history of Irish (Rossmore) Ostrea edu-
lis selectively bred for disease resistance to Bonamia ostreae.
Diseases of Aquatic Organisms 110: 113-121.

Mackin JG, Korringa P, Hopkins SH (1951) Hexamitiasis of
Ostrea edulis L. and Crassostrea virginica (Gmelin). Bulletin of
Marine Science 1: 266-277.

Maneiro V, Pérez-Parallé ML, Pazos AJ, Silva A, Sinchez JL
(2016) Combined effects of temperature and photoperiod
on the conditioning of the flat oyster (Ostrea edulis [Lin-
naeus, 1758]) in winter. Journal of Shellfish Research 35:
137-141.

Maneiro V, Pérez-Parallé ML, Silva A, Sdnchez JL, Pazos AJ
(2017a) Conditioning of the European flat oyster (Ostrea edu-
lis, Linnaeus 1758): effect of food ration. Aquaculture Research
48: 4363—4370.

Maneiro V, Santos Y, Pazos AJ, Silva A, Torres-Corral Y,
Sanchez JL et al. (2020) Effects of food ration, water flow rate
and bacteriological levels of broodstock on the reproductive
conditioning of the European flat oyster (Ostrea edulis, Lin-
naeus 1758). Aquaculture Reports 18: 100412.

Maneiro V, Silva A, Pazos AJ, Sinchez JL, Pérez-Parallé ML
(2017b) Effects of temperature and photoperiod on the condi-
tioning of the flat oyster (Ostrea edulis L.) in autumn. Aqua-
culture Research 48: 4554—4562.

Mann R (1979) Some biochemical and physiological aspects of
growth and gametogenesis in Crassostrea gigas and Ostrea edu-
lis grown at sustained elevated temperatures. Journal of the
Marine Biological Association of the United Kingdom 59: 95—
110.

Mann R (1984) Bivalve mollusc hatcheries: a critical appraisal of
their development and a review of their potential value in
enhancing the fisheries of developing nations. In: Winter JE,
Clasing E, Gutierrez A (eds) Memorias de la Asociation Lati-
noamerica de Acuicultura, pp. 97-105. Universidad Austral de
Chile, Valdivia.

Mardones-Toledo DA, Montory JA, Joyce A, Thompson RJ, Die-
derich CM, Pechenik JA et al. (2015) Brooding in the Chilean
oyster Ostrea chilensis: unexpected complexity in the move-
ments of brooded offspring within the mantle cavity. PLoS
One 10: 1-18.

Marshall R, McKinley S, Pearce CM (2010) Effects of nutrition
on larval growth and survival in bivalves. Reviews in Aquacul-
ture 2: 33-55.

Marteil L (1959) Les bancs naturels et la reproduction de lhuitre
plate en Morbihan [Natural banks and reproduction of flat
oyster in Morbihan]. Revue des Travaux de I'Institut des Péches
Maritimes 23: 287-295.

Marteil L (1976) La conchyliculture francaise. Partie 2: biologie
de 'huitre et de la moule [Shellfish culture in France. Part 2:
oyster and mussel biology]. Revue des Travaux de I'Institut des
Péches Maritimes 40: 149-346.

Martin AG, Littaye-Mariette A, Langlade A, Allenou JP (1997)
Cycle de reproduction naturelle de I’huitre plate Ostrea edulis
[Natural reproductive cycle of the flat oyster Ostrea edulis].
In: Devauchelle N, Barret ], Salaun G (eds) The Natural and
Controlled Reproduction of Cultivated Bivalves in France: Sym-
posium Report, pp. 21-33. IFREMER, Nantes.

Reviews in Aquaculture, 1-46

42 © 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.



Mascaré M, Seed R (2001a) Choice of prey size and species in
Carcinus maenas (L.) feeding on four bivalves of contrasting
shell morphology. Hydrobiologia 449: 159-170.

Mascardé M, Seed R (2001b) Foraging behavior of juvenile Carci-
nus maenas (L.) and Cancer pagurus L. Marine Biology 139:
1135-1145.

Matthews JBL, Heimdal BR (1980) Pelagic productivity and food
chains in fjord systems. In: Freeland HJ, Farmer DM, Levings CD
(eds) Fjord Oceanography, pp. 377-398. Plenum Press, New-York.

McGonigle C, O’Donnell R, Aine T, Tom Sheerin T (2020)
Native oyster spawning assessment. Anonymous, In: Lough
Foyle Summer 2019, pp. 1-46. Loughs Agency, Scotland.

Merk V, Colsoul B, Pogoda B (2020) Return of the native: sur-
vival, growth and condition of European oysters reintroduced
to German offshore waters. Aquatic Conservation: Marine and
Freshwater Ecosystems 30: 2180-2190.

Mesias-Gansbiller C, Silva A, Maneiro V, Pazos A, Sdnchez JL,
Pérez-Parallé ML (2013) Effects of chemical cues on larval set-
tlement of the flat oyster (Ostrea edulis L.): a hatchery
approach. Aquaculture 376: 85-89.

Millar RH, Scott JM (1967) The larva of the oyster Ostrea edulis
during starvation. Journal of the Marine Biological Association
of the United Kingdom 47: 475-484.

Millican PF, Helm MM (1994) Effects of nutrition on larvae
production in the European flat oyster, Ostrea edulis. Aqua-
culture 123: 83-94.

Mizuta DD, Wikfors GH (2018) Seeking the perfect oyster shell:
a brief review of current knowledge. Reviews in Aquaculture
11: 1-17.

Mobius K (1883) The oyster and oyster culture. Report of the
Commissioner for 1880 8: 683—751.

Mortensen SH (1992) The health status of commercially
exploited native flat oysters (Ostrea edulis) in Norway.
Anonymous, In: ICES CM Document K:44, pp. 1-10.
International Council for the Exploration of the Sea,
Copenhagen.

Mortensen S, Selemyr L, Skar CK, Jelmert A (2018) The surveil-
lance and control programme for bonamiosis and marteiliosis
in European flat oysters, Ostrea edulis, and blue mussels,
Mpytilus sp. in Norway in 2017. IMR Project Report Nr. 17-
2018, pp. 1-12. Institute of Marine Research, Bergen, Norway.

Morton B, Lam K, Slack-Smith S (2003) First report of the Euro-
pean flat oyster Ostrea edulis, identified genetically, from Oys-
ter Harbour, Albany, South-Western Australia. Molluscan
Research 23: 199-208.

Muller-Feuga A. (1997) Microalgues marines, les enjeux de la
recherche [Marine microalgae, the research stakes]. Anony-
mous, In: Ifremer: Bilans et Prospectives, pp. 1-37. French
Research Institute for Exploitation of the Sea, Plouzané.

Naas KE (1991) A semi-intensive method for spat production of
the European flat oyster (Ostrea edulis L.). Aquacultural Engi-
neering 9: 447—451.

Naas KE, Berg L, Qiestad V (1986) Effect of turbulence and dif-
ferent types of fertilizers on phytoplankton and oyster larvae
(Ostrea edulis) in mesocosms. Anonymous, In: ICES CM

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

Document K:41, pp. 1-12. International Council for the
Exploration of the Sea, Copenhagen.

Naciri-Graven Y, Martin AG, Baud JP, Renault T, Gerard A
(1998) Selecting the flat oyster Ostrea edulis (L.) for survival
when infected with the parasite Bonamia ostreae. Journal of
experimental marine Biology and Ecology 224: 91-107.

Nell JA (2002) Farming triploid oysters. Aquaculture 210: 69—88.

Nelson TC, Allison JB (1940) On the nature and action of dia-
ntlin; a new hormone-like substance carried by the spermato-
zoa of the oyster. Journal of Experimental Zoology 85: 299-338.

Newkirk GF (1980) Review of the genetics and the potential for
selective breeding of commercially important bivalves. Aqua-
culture 19: 209-228.

Newkirk GF (1986) Controlled mating of the European oyster,
Ostrea edulis. Aquaculture 57: 111-116.

Newkirk GF, Haley LE (1982) Progress in selection for growth
rate in the European oyster Ostrea edulis. Marine Ecology Pro-
gress Series 10: 77—-79.

Nielsen M, Hansen BW, Vismann B (2016) Feeding traits of the
European flat oyster, Ostrea edulis, and the invasive Pacific
oyster, Crassostrea gigas. Marine Biology 164: 6.

Nielsen P, Petersen JK (2019) Flat oyster fishery management
during a time with fluctuating population size. Aquatic Living
Resources 32: 22.

Orton JH (1927) Observation and experiments on sex-change in
the European Oyster (O. edulis): Part I. The change from
female to male. Journal of the Marine Biological Association of
the United Kingdom 14: 967—1045.

Orton JH (1936) Observation and experiments on sex-change in
the European Opyster (O. edulis): Part V. A simultaneous study
of spawning in 1927 in two distinct geographical localities.
Anonymous, In: Mémoires du Musée Royal d’Histoire Naturelle
de Belgique. Musée Royal d’Histoire Naturelle de Belgique, pp.
997-1056. Bruxelles.

Orton JH (1937) Ogyster Biology and Oyster Culture: Being the
Buckland Lectures for 1935. Edward Arnold & Company, Lon-
don.

Partensky F, Vaulot D (1989) Cell size differentiation in the
bloom-forming dinoflagellate Gymnodinium CF. nagasa-
kiense. Journal of Phycology 25: 741-750.

Pascual M, Martin AG, Zampatti E, Coatanea D, Defossez J,
Robert R (1991) Testing of the Argentina oyster, Ostrea puel-
chana, in several French oyster farming sites. Anonymous, In:
ICES CM Document K:30, pp. 1-17. International Council for
the Exploration of the Sea, Copenhagen.

Peras I, Gvozdenovi¢ S, Petovi¢ S, Mandi¢ M (2018) Compara-
tive analysis of bivalves diversity on experimental spat collec-
tors. Water Research and Management 8: 25-31.

Philpots JR (1890) Oysters, and all about them. ]. Richardson,
London.

Pogoda B (2019) Current status of European oyster decline and
restoration in Germany. Humanities 8: 9.

Pogoda B, Boudry P, Bromley C, Cameron TC, Colsoul B, Don-
nan D et al. (2020) NORA moving forward: developing an
oyster restoration network in Europe to support the Berlin

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 43



B. Colsoul et al.

Oyster Recommendation. Aquatic Conservation: Marine and
Freshwater Ecosystems 30: 2031-2037.

Pogoda B, Brown J, Hancock B, Preston ], Pouvreau S, Kamer-
mans P et al. (2019) The Native Oyster Restoration Alliance
(NORA) and the Berlin Oyster Recommendation: bringing
back a key ecosystem engineer by developing and supporting
best practice in Europe. Aquatic Living Resources 32: 13.

Prado P, Roque A, Pérez ], Ibanez C, Alcaraz C, Casals F er al.
(2016) Warming and acidification-mediated resilience to bac-
terial infection determine mortality of early Ostrea edulis life
stages. Marine Ecology Progress Series 545: 189-202.

Prado S, Montes ], Romalde JL, Barja JL (2009) Inhibitory activ-
ity of Phaeobacter strains against aquaculture pathogenic bac-
teria. International Microbiology 12: 107—114.

Prado S, Romalde JL, Montes J, Barja JL (2005) Pathogenic bac-
teria isolated from disease outbreaks in shellfish hatcheries.
First description of Vibrio neptunius as an oyster pathogen.
Diseases of Aquatic Organisms 67: 209-215.

Prado S, Romalde JL, Barja JL (2010) Review of probiotics for
use in bivalve hatcheries. Veterinary Microbiology 145: 187—
197.

Prytherch HF (1924) Experiments in the artificial propagation
of oysters. In: O’Malley H. (ed.) Report of the United States
Commissioner of Fisheries for the Fiscal Year 1923, pp. 1-14.
United States Commissioner of Fisheries, Washington, DC.

Renault T, Arzul I (2001) Herpes-like virus infections in hatch-
ery-reared bivalve larvae in Europe: specific viral DNA detec-
tion by PCR. Journal of Fish Diseases 24: 161-167.

Renault T, Le Deuff RM, Chollet B, Cochennec N, Gérard A
(2000) Concomitant herpes-like virus infections in hatchery-
reared larvae and nursery-cultured spat Crassostrea gigas and
Ostrea edulis. Diseases of Aquatic Organisms 42: 173—183.

Renzoni A (1973) The influence of some detergents on the larval
life of marine bivalve larvae. In: Genovese S (ed.) Proceedings
of the 5th International Colloquium of Medical Oceanography,
pp. 101-104. University of Messina, Messina.

Rice MA, Wallis K, Stephens GC (1980) Influx and net flux of
amino acids into larval and juvenile European flat oysters,
Ostrea edulis (L.). Journal of Experimental Marine Biology and
Ecology 48: 51-59.

Richardson CA, Collis SA, Ekaratne K, Dare P, Key D (1993)
The age determination and growth rate of the European flat
oyster, Ostrea edulis, in British waters determined from acet-
ate peels of umbo growth lines. ICES Journal of Marine Science
50: 493-500.

Rikard FS, Walton WC (2012) Use of microalgae concentrates
for rearing oyster larvae, Crassostrea virginica. Mississippi-
Alabama Sea Grant Publication: MASGP-12-048.

Robert R, Borel M, Pichot Y, Trut G (1991) Growth and mortal-
ity of the European oyster Ostrea edulis in the Bay of Arca-
chon (France). Aquatic Living Resources 4: 265-274.

Robert R, Gérard A (1999) Bivalve hatchery technology: the cur-
rent situation for the Pacific oyster Crassostrea gigas and the
scallop Pecten maximus in France. Aquatic Living Resources 12:
121-130.

Robert R, His E, Dinet A (1988) Combined effects of tempera-
ture and salinity on fed and starved larvae of the European flat
oyster Ostrea edulis. Marine Biology 97: 95-100.

Robert R, Trintignac P (1997) Substitutes for live microalgae in
mariculture: a review. Aquatic Living Resources 10: 315-327.
Robert R, Vignier J, Petton B (2017) Influence of feeding regime
and temperature on development and settlement of oyster
Ostrea edulis (Linnaeus, 1758) larvae. Aquaculture Research

48: 1-18.

Roché G (1898) La Culture des Mers en Europe: Piscifacture — Pis-
ciculture — Ostréiculture. Félix Alcan, Editeur, Paris, France.
Rodriguez-Perez A, James M, Donnan DW, Henry TB, Moller
LF, Sanderson WG (2019) Conservation and restoration of a
keystone species: understanding the settlement preferences of
the European oyster (Ostrea edulis). Marine Pollution Bulletin

138: 312-321.

Rogan E, Cross TF (1996) Nutrient dynamics and plankton
cycles in artificial ponds used in the production of oyster
Ostrea edulis L. spat. Aquaculture Research 27: 9-23.

Rosell D, Uriz MJ, Martin D (1999) Infestation by excavating
sponges on the oyster (Ostrea edulis) populations of the
Blanes littoral zone (north-western Mediterranean Sea). Jour-
nal of the Marine Biological Association of the United Kingdom
79: 409—-413.

Ruiz C, Martinez D, Mosquera G, Abad M, Sinchez JL (1992)
Seasonal variations in condition, reproductive activity and
biochemical composition of the flat oyster, Ostrea edulis, from
San Cibran (Galicia, Spain). Marine Biology 112: 67-74.

Saavedra C (1997) Low effective sizes in hatchery populations of
the European oyster (Ostrea edulis): implications for the man-
agement of genetic resources. Journal of Shellfish Research 16:
441-446.

Saavedra C, Zapata C, Alvarez G (1995) Geographical patterns
of variability at allozyme loci in the European oyster Ostrea
edulis. Marine Biology 122: 95-104.

Sas H, Deden B, Kamermans P, zu Ermgassen P, Pogoda B, Pre-
ston ] et al. (2020) Bonamia infection in flat oysters (Ostrea
edulis) in relation to European restoration projects. Aquatic
Conservation: Marine and Freshwater Ecosystems 30: 2150—
2162.

Shpigel M (1989) Gametogenesis of the European flat oyster
(Ostrea edulis) and Pacific oyster (Crassostrea gigas) in warm
water in Israel. Aquaculture 80: 343—-349.

da Silva PM, Fuentes J, Villalba A (2005) Growth, mortality and
disease susceptibility of oyster Ostrea edulis families obtained
from brood stocks of different geographical origins, through
on-growing in the Ria de Arousa (Galicia, NW Spain). Marine
Biology 147: 965-977.

da Silva P, Renault T, Fuentes ], Villalba A (2008) Her-
pesvirus infection in European flat oysters Ostrea edulis
obtained from brood stocks of various geographic origins
and grown in Galicia (NW Spain). Diseases of Aquatic
Organisms 78: 181-188.

Skaramuca B, Teskeredzi¢ E, Teskeredzi¢ Z (1997) Mariculture
in Croatia, history and perspectives. Ribarstvo 55: 19-26.

Reviews in Aquaculture, 1-46

44 © 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.



Smolowitz R, Shumway SE (1997) Possible cytotoxic effects of
the dinoflagellate, Gyrodinium aureolum, on juvenile bivalve
molluscs. Aquaculture International 5: 291-300.

Smyth D, Mahon AM, Roberts D, Kregting L (2018) Settle-
ment of Ostrea edulis is determined by the availability of
hard substrata rather than by its nature: implications for
stock recovery and restoration of the European oyster.
Aquatic Conservation: Marine and Freshwater Ecosystems
28: 1-10.

Sobolewska H, Beaumont AR (2005) Genetic variation at
microsatellite loci in northern populations of the European
flat oyster (Ostrea edulis). Journal of the Marine Biological
Association of the United Kingdom 85: 955-960.

Sparck R (1925) Studies on the biology of oyster (Ostrea edulis)
in the Limfjord, with special reference to the influence of tem-
perature on the sex change. In: Petersen CGJ (ed.) Report of
the Danish Biological Station to the Board of Agriculture, pp. 1—
84. Danish Biological Station, Copenhagen.

Spark E, Roberts S, Deveney M, Bradley T, Dang C, Wronski E
et al. (2018) National biosecurity plan guidelines for Aus-
tralian oyster hatcheries. Anonymous, In: PIRSA Fisheries and
Aquaculture 2018, pp. 1-66. Australian Government Depart-
ment of Agriculture and Water Resources, Canberra, ACT.

Spencer B.E. (2008) Molluscan Shellfish Farming. Fishing News
Books, Blackwell Publishing, Oxford.

Stanley JG, Allen SK, Hidu H (1981) Polyploidy induced in the
American oyster, Crassostrea virginica, with cytochalasin B.
Aquaculture 23: 1-10.

Strand ;\, Wrange AL, Hogstrom P, Nielsen JW, Persson P,
Persson K (2018) Produktion av ostronyngel (Ostrea edu-
lis) i havsbaserade tankar. Biologisk och teknisk forstudie
[Production of oyster larvae (Ostrea edulis) in offshore
tanks. Biological and technical feasibility study]. IVL
Report C 380, pp. 1-70. IVL Svenska Miljdinstitutet,
Stockholm, Sweden.

Strand @, Velstad JH (1997) The molluscan fisheries and culture
of Norway. In: MacKenzie CL, Burrell VG, Rosenfield A,
Hobart WL (eds) The History, Present Condition, and Future
of the Molluscan Fisheries of North and Central America and
Europe, pp. 7-24. Scientific Publications Office, NMFS,
NOAA, Seattle, WA.

Suquet M, Gonzdlez-Araya R, Lebrun L, Queau I, Mingant C,
Robert R (2010) Anaesthesia and gonad sampling in the Euro-
pean flat oyster (Ostrea edulis). Aquaculture 308: 196-198.

Suquet M, Pouvreau S, Queau I, Boulais M, Le Grand J, Ratiskol
D et al. (2018) Biological characteristics of sperm in European
flat oyster (Ostrea edulis). Aquatic Living Resources 31: 1-7.

Syvret M, James J, Bayes J, Woolmer A (2017) Closing the circle
report II: development of a generic shellfish hatchery design
with associated spatting ponds. Seafish Report No. SR705, pp.
1-54. Mumbles Oyster Company Ltd., UK.

Tallec K, Huvet A, Di Poi C, Gonzdlez-Ferndndez C, Lambert C,
Petton B ef al. (2018) Nanoplastics impaired oyster free living
stages, gametes and embryos. Environmental Pollution 242:
1226-1235.

Reviews in Aquaculture, 1-46

Review on Ostrea edulis seed production

Tardiveau B (2020) Quiberon: les plates recouvrent les coupelles
[Quiberon: flat oysters covers the collectors]. Cultures Marines
335: 32.

Thain JE, Waldock MJ (1986) The impact of tributyl tin (TBT)
antifouling paints on molluscan fisheries. Water Science and
Technology 18: 193-202.

Theede H, Ponat A, Hiroki K, Schlieper C (1969) Studies on the
resistance of marine bottom invertebrates to oxygen-defi-
ciency and hydrogen sulphide. Marine Biology 2: 325-337.

Tige G, Comps M, Grizel H (1977) Présence d’une coccidie par-
asite du rein chez Ostrea edulis L. [Presence of a Coccidia par-
asite of the kidney in Ostrea edulis L.]. Revue des Travaux de
PInstitut des Péches Maritimes 41: 223-225.

Todorova V, Micu D, Klisurov L (2009) Unique oyster reefs dis-
covered in the Bulgarian Black Sea. Proceedings of the Bulgar-
ian Academy of Sciences 62: 871-874.

Tomsi¢ S, Lovri¢ J (2004) Historical overview of oyster culture
in Mali Ston Bay. Nase More 51: 17-23.

Toro JE, Newkirk GF (1990) Divergent selection for growth rate
in the European oyster Ostrea edulis: response to selection
and estimation of genetic parameters. Marine Ecology Progress
Series 62: 219-227.

Travers MA, Boettcher Miller K, Roque A, Friedman CS (2015)
Bacterial diseases in marine bivalves. Journal of Invertebrate
Pathology 131: 11-31.

Tritar S, Prieur D, Weiner R (1992) Effects of bacterial films on
the settlement of oysters, Crassostrea gigas (Thunberg, 1793)
and Ostrea edulis Linnaeus, 1750, and the scallop, Pecten max-
imus (Linnaeus, 1758). Journal of Shellfish Research 11: 325—
330.

Tubiash HS, Chanley PE, Leifson E (1965) Bacillary necrosis, a
disease of larval and juvenile bivalve mollusks. I. Etiology and
epizootiology. Journal of Bacteriology 90: 1036—1044.

Ulvestad KB, Strand @ (1997) Modelling hydrography and algal
production in a poll in western Norway. Ecological Modelling
101: 285-301.

Utting SD, Helm MM, Millican PF (1991) Recent studies on the
fecundity of European flat oyster (Ostrea edulis) spawning
stock in the solent. Journal of the Marine Biological Association
of the United Kingdom 71: 909-911. https://doi.org/10.1017/
5002531540005356x

Utting SD, Spencer BE (1991) The hatchery culture of bivalve
mollusc larvae and juveniles. Anonymous, In: MAFF Labora-
tory Leaflet 68, pp. 1-32. Ministry of Agriculture, Fisheries
and Food, Directorate of Fisheries Research, Lowestoft.

Vallauri DR, Aronson J, Barbero M (2002) An analysis of forest
restoration 120 years after reforestation on Badlands in the
Southwestern Alps. Restoration Ecology 10: 16-26.

Vera M, Pardo BG, Cao A, Vilas R, Ferndndez C, Blanco A et al.
(2019) Signatures of selection for bonamiosis resistance in
European flat oyster (Ostrea edulis): new genomic tools for
breeding programs and management of natural resources.
Evolutionary Applications 12: 1781-1796.

Vercaemer B, Spence KR, Herbinger CM, Lapegue S, Kenching-
ton EL (2006) Genetic diversity of the European oyster

© 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd. 45


https://doi.org/10.1017/S002531540005356x
https://doi.org/10.1017/S002531540005356x

B. Colsoul et al.

(Ostrea edulis L.) in Nova Scotia: comparison with other parts
of Canada, Maine and Europe and implications for brood-
stock management. Journal of Shellfish Research 25: 543-551.

Virvilis C, Angelidis P (2006) Presence of the parasite Marteilia
sp. in the flat oyster (Ostrea edulis L) in Greece. Aquaculture
259: 1-5.

Vitiello V, Carlino PA, Del Prete F, Langellotti AL, Sansone G (2011)
Effects of cooling and freezing on the motility of Ostrea edulis (L.,
1758) spermatozoa after thawing. Cryobiology 63: 118—124.

Voultsiadou E, Koutsoubas D, Achparaki M (2010) Bivalve mollusc
exploitation in Mediterranean coastal communities: an historical
approach. Journal of Biological Research-Thessaloniki 13: 35—45.

Waller TR (1981) Functional morphology and development of
veliger larvae of the European oyster, Ostrea edulis Linné. In:
Waller TR (ed.) Smithsonian Contribution to Zoology 328, pp.
1-80. Smithsonian Institution Press, Washington, DC.

Walne PR (1958) The importance of bacteria in laboratory
experiments on rearing the larvae of Ostrea edulis (L.). Journal
of the Marine Biological Association of the United Kingdom 37:
415-425.

Walne PR (1964) Observations on the fertility of the oyster
(Ostrea edulis). Journal of the Marine Biological Association of
the United Kingdom 44: 293-310.

Walne PR (1965) Observations on the influence of food supply
and temperature on the feeding and growth of the larvae of
Ostrea edulis L.. Anonymous, In: Fishery Investigations Series
II, pp. 1-47. Her Majesty’s Stationery Office, London.

Walne PR (1970) Present problems in the culture of the larvae
of Ostrea edulis. Helgoldnder Wissenschaftliche Meeresunter-
suchungen 20: 514-525.

Walne PR (1974) Culture of Bivalve Molluscs: 50 Years Experience
at Conwy. Fishing News Books Limited, Surrey.

Waugh GD (1964) Observations on the effects of chlorine on the lar-
vae of oysters (Ostrea edulis (L.)) and barnacles (Elminius modestus
(Darwin)). Annals of Applied Biology 54: 423—440.

Wendling CC, Batista FM, Wegner KM (2014) Persistence, sea-
sonal dynamics and pathogenic potential of Vibrio communi-
ties from Pacific oyster hemolymph. PLoS One 9: €94256.

Wendling CC, Fabritzek AG, Wegner KM (2017) Population-
specific genotype X genotype X environment interactions in
bacterial disease of early life stages of Pacific oyster larvae.
Evolutionary Applications 10: 338—347.

Wendling CC, Wegner KM (2015) Adaptation to enemy shifts:
rapid resistance evolution to local Vibrio spp. in invasive Paci-
fic oysters. Proceedings of the Royal Society B: Biological
Sciences 282: 20142244,

Whilde A (1985) The food of starfish Asterias rubens L. on culti-
vated and derelict oyster fisheries. Irish Naturalists’ Journal
21: 528-532.

Widdows J (1991) Physiological ecology of mussel larvae. Aqua-
culture 94: 147-163.

Wilson JH, Simons J (1985) Gametogenesis and breeding of
Ostrea edulis on the west coast of Ireland. Aquaculture 46:
307-321.

Yang H, Simon N, Sturmer L (2018) Production and perfor-
mance of triploid oysters for aquaculture. Anonymous, In:
UF/IFAS Extension FA208, pp. 1-9. Institute of Food and
Agricultural Sciences, University of Florida, Gainesville, FL.

Yonge CM (1960) Oysters. The New Naturalist. Collins, London.

Zapata-Restrepo LM, Hauton C, Williams ID, Jensen AC, Hudson
MD (2019) Effects of the interaction between temperature and ster-
oid hormones on gametogenesis and sex ratio in the European flat
oyster (Ostrea edulis). Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 236: 110523.

Zolotarev PN, Terentyev AS (2012) Changes in the macroben-
thic communities of the Gudauta oyster bank. Oceanology 52:
231-237.

Zrngi¢ S, Orai¢ D, Mihaljevi¢ 7, Zanella D (2007) Impact of
varying cultivation depths on growth rate and survival of the
European flat oyster Ostrea edulis, L. Aquaculture Research 38:
1305-1310.

zu Ermgassen PSE, Bonaci¢ K, Boudry P, Bromley CA, Cameron
TC, Colsoul B er al. (2020a) Forty questions of importance to
the policy and practice of native oyster reef restoration in Eur-
ope. Aquatic Conservation: Marine and Freshwater Ecosystems
30: 2038—-2049.

zu Ermgassen P, van den Brink A, Bromley C, Brown J,
Colsoul B, Fabra M et al. (2020b) Understanding biosecu-
rity in native oyster restoration. In: zu Ermgassen P,
Gamble C, Debney A, Colsoul B, Fabra M, Sanderson
WG, Strand A, Preston ] (eds) European Guidelines on
Biosecurity in Native Opyster Restoration, pp. 1-18. The
Zoological Society of London, London.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the arti-
cle.

Appendix S1. Detailed methods for data search.

Appendix S2. List of the 602 publications selected and
analysed (update 12.2019).

Appendix S3. Table of the breeding programme and
production records from 1987 at Rossmore Breeding
Ponds.

Appendix S4. Synthesis of chronological cryopreserva-
tion operations of Ostrea edulis sperm (spermatozeugmata)
from Vitiello et al. (2011) and Horviéth et al. (2012).

Appendix S5. Summary of remote setting operations for
Ostrea edulis according (and translated in English) to Gues-
don et al. (1989), Carbonnier et al. (1990) and Coatanea
et al. (1992).

Appendix S6. Glossary of some terms used in this
review.

Reviews in Aquaculture, 1-46

46 © 2021 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.



