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A B S T R A C T   

This research presents the invasion history as well as an up-to-date distribution of the Pacific oyster Magallana 
gigas in European coastal waters, concluding that this invasive species has spread to large parts of all coastal 
biotopes. Moreover, the measures and management of the Pacific oyster invasions of coastal and marine eco
systems is discussed including restoration and resilience of invaded ecosystems. When Magallana gigas is well 
established and has reached adjustment phase characterized by firm biogenic reefs, eradication or even deci
mation is difficult and costly. During the establishment phase and maybe also the expansion phase, where the 
oyster appear as single individuals spread out on the sediment and yet not forming larger clumps and reefs, it is 
more realistic to implement mitigation tools. These initiatives cannot be implemented everywhere. They should 
be reserved especially for protected areas under national or international legislation e.g., Natura2000 areas, 
where smaller areas can be restored. The present contribution discusses and evaluates known mitigation tools 
like physical damaging of individual oysters, dredging, small-scale hand picking as well as various fishery 
concepts. Additionally, this research proposes some novel strategies where triploidity is suggested for imple
mentation to avoid or decimate further spread of the species. As well as some initiatives based on choking and/or 
starving out the oysters by deploying a thick layer of sand/gravel or food for the competing blue mussels over 
oyster reefs. The efficiency of the different strategies, as well as the required frequency of follow up initiatives, 
are evaluated. The major conclusion from this research suggests that decisions to combat the alien oyster are 
mainly based on political/socioeconomic arguments and less on ecological arguments. This is because reefs of 
Pacific oysters most likely lead to equal or higher biodiversity as compared to native (e.g., blue mussel) beds and 
the oysters serve a redundant role in a trophic sense living from same resources as native bivalves. Moreover, 
oyster reefs serve ecosystem services as protecting shores against erosion and flooding. The most negative impact 
reported is on some mussel feeding birds that may have a reduced access to food. If eradication/decimation is 
decided, several mitigation instruments should simultaneously come into play and often repeating treatment 
strategy is necessary.   

1. Introduction 

1.1. Pacific oyster - a dilemma between resource and pest 

The invasive marine invertebrate, the Pacific oyster Magallana gigas 
formerly Crassostreas gigas (Thunberg, 1793) (Fig. 1) (see Bayne et al., 
2017), is classified by the European Union as a beneficial resource for 
the aquaculture industry as well as a nuisance for several of the member 
states in EU. According to ‘Council regulation (EC) No 708/2007 of 11 
June 2007 concerning use of alien and locally absent species in 

aquaculture’, 2022 3) “Aquaculture has benefited economically from 
the introduction of alien species and translocation of locally absent 
species in the past (for example rainbow trout and Pacific oyster) and the 
policy objective for the future is to optimize benefits associated with 
introductions and translocations while at the same time avoiding al
terations to ecosystems, preventing negative biological interaction, 
including genetic change, with indigenous populations and restricting 
the spread of non-target species and detrimental impacts on natural 
habitats.” In Chapter I of the Council regulation nr 708/2007 under 
Subject matter, scope and definitions, Article 2 entitled ‘Scope’ it is 
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stated: 5) “This Regulation, except for Articles 3 and 4, shall not apply to 
the species listed in Annex IV. The risk assessment in Article 9 shall not 
apply to species listed in Annex IV except in cases where Member States 
wish to take measures to restrict the use of the species concerned in their 
territory.” Pacific oyster is in fact one out of only 10 species listed in 
Annex IV. Hence, the Pacific oyster is perceived as an economically 
beneficial alien species in EU unless a given member state decides 
otherwise. In the regions where the species is not considered problem
atic, it is rather of economic interest (McKenzie and Lopez, 1997; 
McKenzie et al., 1997; Leppäkoski et al., 2002; Escapa et al., 2004). 
Furthermore, Regulation (EU) No 1143/2014 Of The European Parlia
ment And Of The Council of 22 October 2014 on the prevention and 
management of the introduction and spread of invasive alien species The 
European Parliament And The Council Of The European Union, n.d, 
suggests that the member countries must initiate a control mechanism 
early on when an invasive species is discovered, and foster cross-border 
cooperation, particularly with neighboring countries, and coordination 
between Member States, particularly within the same biogeographical 
region. But again, the species in annex IV in regulation 708/2007 is not 
included in the regulation (Article 2.2). Based on data from IMPASSE, 
DAISIE, FishBase, and FAO-DIAS, Savini et al. (2010) the Pacific oyster 
is included in the top 27 of alien species introduced to Europe for 
aquaculture and related activities. However, they also emphasize a 
serious tradeoff that import of such species for aquaculture has led to co- 
introduction of several associated non-target species. The authorities in 
Northern European countries, especially the Nordic EU countries and 
Norway, consider the species to be harmful but the authorities have, to 
our knowledge, not implemented efficient actions or intentions trying 
effectively to control the species (Herbert et al., 2016). Because of the 
classification as an invasive species, aquaculture of the species in open 
systems is not permitted. 

Invasive species are often known, when reaching high abundances, 
to cause damage to ecosystems and reduce their resilience. Therefore, 

proportionate restoration measures should be conducted to support the 
ecosystem resilience towards invasions and to enhance the conservation 
status of habitats. Invasive species are often considered to be threats to 
native organisms. Some species introduced into new habitats show 
physiological and ecological advantages in coping with the new condi
tions as compared to their native environmental and ecological condi
tions (Nehls et al., 2006). The Pacific oyster originates from north- 
eastern Asia but has been widely introduced elsewhere for aquacul
ture purposes. It is rapidly expanding its global distribution across the 
historical distributions of native oyster taxa, whose reef habitats have 
faced a large eradication for various reasons (McAfee and Connell, 
2021). Although highly variable, the invasiveness of the Pacific oyster 
has been realized in several countries and it is therefore considered as a 
pest or a noxious species in such areas (Ashton, 2001; Blake, 2001; 
Orensanz et al., 2002; Miossec et al., 2009; Holm et al., 2015). In some 
places this has resulted in transfer restrictions and eradication actions (e. 
g., in Australia, Ayres, 1992). 

1.2. Our scientific questions 

Our question is if it is ecologically beneficial to implement measures 
that control the distribution of Pacific oysters and its impact on the 
ecosystem? Is it at all possible to effectively regulate this alien species? 
No matter the biological dimension in the answers, if a given govern
ment for any reason decides to implement measures against the species 
there is a variety of relevant appliances available. Here we discuss 
perspectives in known eradication and decimation actions, and evaluate 
future possible practical, yet resource demanding strategies for obtain
ing an effective long-lasting regulation of the species. This review refers 
to key studies reporting results of a suite of management and regulatory 
actions and we propose generated ideas supplementing existing tools for 
obtaining a sustainable ecosystem function after establishment of the 
invasive Pacific oyster in European coastal waters. The present contri
bution then discusses current management strategies to accept or 
regulate the Pacific oyster in European coastal waters and review and 
identify different local measures and mitigation actions that can control 
the species. The intensions are to identify important ecological charac
teristics that should be addressed before deciding if mitigation measures 
should be activated. Moreover, if so, which mitigation measures that 
should be included in a management program. This in relation to 
avoiding negative impact on the ecosystem, and control of the invasive 
species and/or an efficient habitat restoration, in relation to the cost of 
the program. The present contribution includes a description of the in
vasion history of the Pacific oyster and an evaluation of which habitats 
that are invaded, and which habitats that are at risk of being invaded in 
the future. To qualify the management decisions, the population dy
namic of the species is discussed in relation to the high production po
tential and the high population resilience of the species. Finally, the 
different mitigation measures are evaluated, to support the imple
mentation of an optimal management and choice of methods from the 
mitigation-toolbox. 

2. The invasion concept applying to Pacific oysters 

Invasions by alien species is indeed a controversial subject. It is under 
debate among scientific experts but also in the mainstream popular 
press. The latter is according to Riccardi and Ryan (2018) often led by 
denier’s disregarding any potential harm of invasions on biodiversity 
and ecosystems regardless of systematic evidence. However, Our ques
tion is. Hence, a long and heated debate has been taken place in the 
scientific community e.g., Davis et al. (2011) arguing for assessing or
ganisms on environmental impact rather than on whether they are na
tives. The findings of this article has led to a long series of comments in 
the scientific journal Nature and other media. Boltovskoy et al. (2018) 
made a well-placed pragmatic statement that the widespread perception 
that many non-indigenous species are effectively or potentially harmful 

Fig. 1. Biogenic reef of the Pacific oyster Magallana gigas (Photo by 
Per Dolmer). 
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is not conflicting with that most have mixed (negative, neutral, and 
positive) impacts. It is however out of the present contributions scope to 
refer all arguments from all scientific contributions regarding this. 
Nevertheless, a recent review by Cassini (2020) addresses the 
complexity of the subject thoroughly by emphasizing controversial 
problems with definitions, methodology, data treatment and potential 
ecologic and social impacts of invasive species. Cassini finalizes his re
view by stating "Investigating the values that underlie our attitudes to
wards non-native species could be the first step to reconciling currently 
confrontational situations". 

The Pacific oyster was introduced in Europe purposely approxi
mately 50 years ago for aquaculture production and has, by escaping 
propagules, established itself often in massive biogenic reefs defined as: 
“Intertidal or subtidal three-dimensional habitats formed by oysters 
and/or mussels at high densities” (sensu Gillies et al., 2015). From 
where they further spread out via potential steppingstone populations 
inhabiting new territories (see Reise, 1998) (Fig. 2). 

Sagof (2018) recently wrote “If an invasive species is defined as a 
species that spreads to the detriment of economic interests and public 
health, however, invasion biology could not be easily distinguished from 
pest management and public health sciences. If an invasive species is 
defined in some other way, for example, because of its ecological rather 
than economic or health effects, invasion biology might not be distin
guished from disciplines which deal with ecological dispersal, coloni
zation, succession, disturbance, etc., and which are already well 
established in the ecological literature”. Pacific oyster could therefore fit 
into both of Sagoff’s definitions. However, depending on the stage of 
invasion (see Reise et al., 2006) it probably firstly acts as an ecological 
disturbance following general ecological rules, and secondly as an 
economical challenge and depending on invasion history at a given lo
cality should be treated accordingly. Consequently, economic drivers of 
a decision-making process are first strong enough when the invasion is 
well established i.e., in adjustment phase, and then it is very costly to 
combat the species. 

2.1. The history of the European invasion by the Pacific oyster 

At present (2019) the global wild catch of cupped oyster Nei and 
Pacific oysters was 45,767 tons hereof 39,021 tons Pacific oyster (FAO, 
2021). In aquaculture, 5,918,395 tons of cupped oyster nei and Pacific 
oysters was produced globally in 2019 hereof 623,591 tons Pacific 
oyster (FAO, 2021; McAfee and Connell, 2021). In EU the annual 

production (2019) of cupped oysters were 104,861 tons, corresponding 
to a value of 444 Mio Euro (FAO, 2021). The largest producer of Pacific 
oysters in EU is France, farming 80% of the EU production in 2018 (FAO, 
2021). 

2.2. Introductions in aquaculture 

In Europe, the Pacific oyster was introduced into aquaculture and 
aquaculture experiments in France, the Netherlands, Cyprus, and the 
United Kingdom in the 1960’s after a period of high mortalities of 
Portuguese oysters, Crassostrea ungulata and European flat oyster, Ostrea 
edulis due to overexploitation, diseases, and severe winters (Walne and 
Spencer, 1971; Grizel and Héral, 1991; Zibrowius, 1991; Spencer et al., 
1994; Drinkwaard, 1999; Steele and Mulcahy, 1999; Wood et al., 2021). 
In the 1970s the Pacific oyster was introduced in several European 
countries (see Fig. 3) including Germany, Ireland, Greece, Italy, Malta, 

Fig. 2. Individual Pacific oyster Magallana gigas shells (left) and soft parts (right) (Photo by Per Dolmer)  

Fig. 3. Distribution of the Pacific oyster Magallana gigas in European waters 
(Yûksek, 1989; Çevik et al., 2001; Skolka and Gomoiu, 2004; Son, 2010; 
Nehring, 2011; Lallias et al., 2015; Smith et al., 2015; Shelmerdine et al., 2017; 
Krapal et al., 2019; Ewers-Saucedo et al., 2020; Gökçek et al., 2020; Mitov 
et al., 2020; pers. Com. K. Reise, 2020; Aydin and Gül, 2021; Mortensen 
et al., 2022). 
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Portugal, Norway, and Denmark (Agius et al., 1978; Kristensen, 1989; 
Grizel and Héral, 1991; Mortensen, 1993; Drinkwaard, 1999; Huvet 
et al., 2004; Orban et al., 2004; Jensen and Knudsen, 2005; Nehring, 
2006; Troost, 2010; Kochmann et al., 2012; Dolmer et al., 2014; Laugen 
et al., 2015). In Croatia the Pacific oyster has never been officially 
introduced into aquaculture but aquaculture experiments are likely to 
have been conducted in the 1970s (Ezgeta-Balić et al., 2020). In the 
1980s the Pacific oyster was introduced in the Black Sea at the Crimean 
coast, the Channel Islands (UK), Spain and Sweden (Zolotarev, 1996; 
Iglesias et al., 2012; Dolmer et al., 2014; Strand and Lindegarth, 2014; 
Laugen et al., 2015). At the Galician coast (Spain), the first introduction 
of Pacific oysters was unintentional due to M. gigas seed mixed up in 
legally imported European flat oyster seed (Molares et al., 1986 op cit in 
Iglesias et al., 2012). In the 1990s the Pacific oyster was introduced in 
Belgium, Ireland, and Scotland (Coutteau et al., 1997; Shelmerdine 
et al., 2017) and a small-scale trial was conducted at Madeira Island 
(Kaufmann et al., 1994). At the Romanian coast, the Pacific oyster was 
produced in aquaculture 2001–2003 (Aydin and Gül, 2021). In 2014, 
the Icelandic company Víkurskel ehf started a trial production of Pacific 
oysters in the Skjalfandi bay, Iceland (Viðskiptablaðið, 2014). The first 
trial production was successful and was sold to Icelandic restaurants in 
2018 (Iceland review, 2018). However, in 2019 the Icelandic environ
mental agency did not give the company permission to import spat from 
Spain for continued commercial production (MBL.IS, 2019). It is un
known whether the four years of trial production has resulted in 
establishment of a feral population, but due to the water temperature at 
latitude 66◦N it is not likely. In 2022, a Danish two-year trial production 
has been initiated in the Limfjord (pers. comm. B. Vismann). From many 
of the above-mentioned producing areas, Pacific oyster larvae have 
dispersed and established feral self-sustaining populations (see Fig. 3). 
Even when productions (or trials) were terminated, Pacific oyster 
dispersal might continue because in most cases the oysters were 
abandoned. 

2.3. Distribution in the Wadden Sea 

In 1975 and 1976, massive spawning events occurred and resulted in 
settlement of millions of Pacific oysters in the Oosterschelde estuary, 
Netherland (Drinkwaard, 1999; Smaal et al., 2009). During the 1980’s 
other Dutch estuaries started to be colonized (Wolff and Reise, 2002) 
and since the 1990’s Pacific oysters have colonized the entire Dutch 
coast (Dankers et al., 2004). Due to the predominant northeasterly water 
current in the area, oyster larvae dispersed and arrived at the western 
German Wadden Sea in 1996 (Wehrmann et al., 2000; Reise et al., 
2006). In 1991, the first Pacific oysters were observed outside the 
commercial farm established in 1986 at the German island of Sylt (Reise 
et al., 1999). In the following years, the Pacific oyster population spread 
along the coastline (Diederich et al., 2005; Wehrmann and Schmidt, 
2005; Nehring, 2006) and since 2004 the M. gigas distribution gap be
tween the western and northern Wadden Sea has closed (Wehrmann 
et al., 2000; Reise et al., 2006). Based on molecular detection of sub- 
populations Moehler et al. (2011) suggested that the European Wad
den Sea has been invaded from sub-populations besides other aquacul
ture related lineages. The southern region received input from British 
Columbia lineages whereas the northern region suggests a persistent 
influx from aquaculture hatchery production based upon numerous 
different lineages. In the mid-1990s the first specimens of feral M. gigas 
was observed in the Danish Wadden Sea, where Danish mussel fisher
men caught them as a bycatch (Wrange et al., 2010). In the Danish part 
of the Wadden Sea the biomass of Pacific oysters has recently been re
ported to be 70.000 tons (Nielsen et al., 2018) (see Fig. 3). 

2.4. Distribution in Scandinavia and the Baltic 

In the inner Danish waters, M. gigas was introduced around 1972 in 
the Limfjord (Dolmer et al., 2014; Laugen et al., 2015). In the following 

years, several Pacific oyster farms were established, and aquaculture 
experiments conducted in the Limfjord, the Wadden Sea and at other 
locations all based upon imported seed (Kristensen, 1989; Jensen and 
Knudsen, 2005; Troost, 2010; Dolmer et al., 2014; Laugen et al., 2015). 
Some of the commercial farms continued production up through the 
1980s and 1990s and the last farm in Denmark (in the Isefjord) closed 
their production in 1998 (Troost, 2010; Wrange et al., 2010) leaving 
vast amounts of Pacific oyster on the estuarine bed sustaining an existing 
population. Today the only Danish waterbody without Pacific oysters is 
around Bornholm in the Baltic. However, an up-to-date presentation of 
distribution is not available in the scientific literature but is described 
here (Fig. 3). In the Baltic proper, Pacific oysters is reported in Kiel Bight 
(Ewers-Saucedo et al., 2020) and Flensborg Bight (pers. Comm. K. Reise, 
2020). In Sweden, Pacific oyster spat was used in cultivations trials close 
to Strömstad, situated near to the Norwegian border (Eklund et al., 
1977; Laugen et al., 2015). Feral Pacific oysters were observed in 2007 
at the Swedish west coast and occur today from Falsterbo at the South of 
Øresund and northwards to the Norwegian border. The biomass is re
ported to be 100.000–500.000 tons (Laugen et al., 2015). In Norway, 
Pacific oysters spat were introduced into aquaculture in 1979 (Strand 
and Vøllstad, 1997) and during the last two decades imported Pacific 
oysters has been re-laid for growth to market size (Wrange et al., 2010). 
The first feral Pacific oysters were observed at the Norwegian Skagerrak 
coast in 2005 and since then has dispersed from the Swedish border in 
east to about the 60◦ northern latitude north of Bergen. The Pacific 
oyster’s recent expansion in Scandinavia is presumably a result of 
northwards larval drift. Anglès d’Auriac et al. (2016, 2017) investigated 
the genetic connectivity and possible spreading patterns between pop
ulations on the southern Norwegian coast in comparison to the Swedish 
and Danish populations by DNA microsatellite analysis of adult oysters 
besides computer simulated larvae drift. The reported pattern of genetic 
dissimilarity among the Norwegian populations suggests several 
different local introduction pathways rather than a unidirectional entry 
of larvae drifted from Denmark and Sweden. 

2.5. Distribution at the British Islands, Ireland, and the Atlantic coast 

Spencer et al. (1994) reported several spatfalls had taken place 
around 1990 in the United Kingdom. Although Spencer et al. (1994) 
anticipated the spat to die off, feral populations have later been reported 
both in the UK, Ireland, and North Ireland (Guy and Roberts, 2010; 
Herbert et al., 2012; Kochmann et al., 2012). At the Belgian coastline 
Pacific oyster is a dominant part of the marine fauna (Kerckhof et al., 
2007). At the French Atlantic coast feral recruitment was low between 
1970 and 1995 but have since been massive (Dutertre et al., 2010). At 
the north Atlantic coast of Spain, feral pacific oysters are also present 
(Fabioux et al., 2020; Solaun et al., 2015). At the south Atlantic coast of 
Huelva, Spain no harvest of introduced Pacific oyster took place be
tween 1987 and 2011 due to heavy metal concentrations of soft parts 
being exceeded, but production continued in the Cadiz region (López- 
Sanmartín et al., 2016). In the Huelva region feral Pacific oysters were 
present in 2011 (López-Sanmartín et al., 2016). At the west and south 
coast of Portugal feral population are likewise established (Fabioux 
et al., 2020) (Fig. 3). 

2.6. Distribution in the Mediterranean and Black Sea 

According to Zenetos et al. (2010) feral populations have established 
in the western, central and eastern part of the Mediterranean Sea 
including the Adriatic Sea. Although Zenetos et al. (2010) reported the 
Pacific oyster to be present in the Western Mediterranean Sea, both 
Cardoso et al. (2013) and Antonio and Camacho (2019) state that it is 
not known whether the species has established feral populations in the 
Mediterranean part of Spain. However, both authors conclude that the 
reproductive activity of the Pacific oysters in aquaculture in Mediter
ranean Spain and Portugal have the potential to allow feral populations 
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to establish. At the French Mediterranean coastline Pacific oysters was 
introduced in the 1970’s and today 10% of the French production comes 
from this region (Robert et al., 2013). Contrary to the paradigm of "no 
Pacific oyster reproduction in Mediterranean lagoons" Lagarde (2017) 
and Ubertini et al. (2017) showed that spatfalls do occur. Although the 
Pacific oyster was introduced in Italy in the 1970’s (Orban et al., 2004) it 
is only recently that small scale aquaculture of Pacific oysters has been 
initiated in Italy and especially at the Adriatic coastline, the Po delta, at 
Sardinia, at Sicily and the Liguria region (Burioli et al., 2018; Tamburini 
et al., 2019; Bordignon et al., 2020; Graham et al., 2020; Mikac et al., 
2021; Mosca et al., 2021). Also farming of triploid Pacific oysters is 
reported from off the coast of the Puglia region (Mosca et al., 2021). 
Feral populations of Pacific oysters have established along the Italian 
coastline as stated by Elia et al. (2020): “Crassostrea gigas is a sentinel 
species along the Italian coast”. In Slovenia feral populations of Pacific 
oyster are found along the whole coastline (Lipej et al., 2012; Mavrič 
et al., 2012). In Croatia feral populations were reported in the 1970s in 
Lim Bay, in the northern Adriatic Sea (Ezgeta-Balić et al., 2019; Ezgeta- 
Balić et al., 2020; Stagličić et al., 2020). Feral Pacific oyster populations 
has later been confirmed at the northern Croatian coastline but not the 
most southern part of the Croatian coastline (Ezgeta-Balić et al., 2019; 
Spagnolo et al., 2019). At the Montenegrin coast Pacific oyster aqua
culture was initiated in the late 1970’s, and feral populations were 
established (Petović et al., 2019). However, surveys at the Albanian and 
Montenegrin coasts show no presence of Pacific oysters (Katsanevakis 
et al., 2011; Petović et al., 2019). In accordance with this (except for 
Montenegro) Martínez-García et al. (2021) decided to rank Albania, 
Montenegro and Bosnia and Herzegovina as coastlines without any 
historical introduction of Pacific oysters. In Greece, the first observation 
of Pacific oyster was in 1989 in the Gulf of Corinth (Zenetos et al., 2004). 
In 2014 the only confirmed occurrence of Pacific oyster in Greece was 
still reported to be in the Gulf of Corinth (Elnais, 2014). Feral pop
ulations of Pacific oysters in the Marmara (and Levantine) Sea, Turkey, 
were reported in 1989 and 2001, respectively (Yüksek, 1989; Çevik 
et al., 2001; Gökçek et al., 2020). In the Black Sea, the first feral pop
ulations were reported in 1995 (Micu, 2004). At present Pacific oysters 
are reported from most of the Black Sea coastline (Skolka and Gomoiu, 
2004; Krapal et al., 2019; Aydin and Gül, 2021). In the adjacent Sea of 
Azov, no presence of Pacific oysters has been found (Zaitsev and Öztürk, 
2001). The Sea of Azov has a salinity of 13–14 (Paavola et al., 2005), 
which might be the reason behind the absence of the Pacific oyster. 
(Fig. 3). 

At present, the effort of providing the distribution pattern has 
resulted in that Pacific oysters in European waters can be found along 
the coast of the Atlantic, North Sea, Mediterranean, Marmara Sea, 
Aegean Sea, Black Sea, around Ireland, North Ireland, the United 
Kingdom and in Scandinavian waters as depicted in Fig. 3 (Micu, 2004; 
Skolka and Gomoiu, 2004; Guy and Roberts, 2010; Crocetta, 2011a, 
2011b; Nehring, 2011; Herbert et al., 2012; Kochmann et al., 2013; 
Dolmer et al., 2014; Lagarde, 2017; Krapal et al., 2019; Gökçek et al., 
2020; Stagličić et al., 2020; Aydin and Gül, 2021). Also, offshore in the 
North Sea M. gigas is found at wind farm constructions (De Mesel et al., 
2015). It is fair to state that M. gigas is present in all European waters 
except, or perhaps not yet, in Norwegian waters north of 60◦, in the 
Baltic Sea at the east coast of Sweden, and the coast of Finland, Estonia, 
Latvia, Lithuania, Russia, Poland, and the Danish Baltic Sea Island 
Bornholm. In addition, Pacific oyster is not reported from Albania and 
the Sea of Azov. 

2.7. Future predictions of Pacific oyster spreading if not regulated 

To forecast future trajectories in the development of the European 
Pacific oyster populations and their expected distribution is not an easy 
task. Almost a decade ago Jones et al. published model predictions and 
suggested that “Pacific oyster will experience an opening of suitable 
habitats in northern UK waters, among other locations reaching the 

Faroe Islands and the eastern Norwegian Sea by 2050” (Jones et al., 
2013). Their predictions essentially hold true already today. Laugen 
et al. (2015) modelled large scale spread of larvae from donor pop
ulations by complex 3D oceanographic models and forecasted a distri
bution very similar to the presently observed distribution in 
Scandinavian waters. By including climate impact in relation to 
increased temperatures, the maximum distribution range can be iden
tified. To forecast fine scale distribution patterns, habitat modelling in 
combination with known species requirements is a good starting point. 
A habitat model with high precision will require data on habitat level for 
hydrodynamic, hydrography, donor population of larvae and substrate 
conditions. Furthermore, if the habitat model must forecast distribution 
in a long-term perspective, data on climate change in relation to tem
perature is needed for predicting the northern distribution, and the ef
fect of climate change on salinity is needed to forecast the distribution in 
brackish areas such as the Baltic Sea. A Scandinavian risk assessment 
based on an analysis of the scientific knowledge at that time of the 
distribution patterns of M. gigas including the change in density over 
time was reported by Dolmer et al. (2014) and Mortensen et al. (2017). It 
was suggested and quoted here that “at the habitat types ‘Low energy 
rock, Littoral sand and mud and Sub-littoral sediment in low energy 
areas’ there is a limited to moderate risk that a bio-invasion of M. gigas 
will develop.” In contrast, “for ‘Biogenic reefs and Sub-littoral sediment 
in high energy areas’ there is a moderate to high risk for a bio-invasion”. 
Mortensen et al. (2017) concluded that the information in the risk 
assessment may be used to develop site-specific strategies for conser
vation in areas with a present or an expected presence of M. gigas within 
the next decades. Mortensen et al. (2017) also suggests that different 
strategies can be implemented in concert. One strategy is simply to 
accept the presence of the species in the ecosystem (Reise et al., 2017a). 
Reise et al. (2017b) conclude that the Wadden Sea Pacific oyster pop
ulation is ineradicable, and ‘oyssel reefs’ (reefs with coexisting Pacific 
oysters and blue mussels) should be accepted as a historical contingency 
(Eschweiler and Christensen, 2011). Obviously, the Pacific oyster will 
not only continue to expand its geographic range towards the poles, but 
it will also gradually adapt and thrive at the margins of its geographical 
range (Rinde et al., 2017b; King et al., 2021). An alternative strategy to 
Reise et al. (2017a) is immediate attempts to control density and 
dispersal of M. gigas in smaller or larger areas. Here the latter strategy is 
discussed. 

3. Interactions with the ecosystem 

In places where the Pacific oyster occurs sporadically no immediate 
ecosystem risk is observed. Hence, no need for urgent mitigation actions. 
In contrast, where Pacific oyster form dense reefs and fundamentally 
change marine habitats another and worse situation is often prevalent. 
To decide a management strategy there, it is crucial to understand the 
role of the species to evaluate the ecological and socioeconomical 
impact of the management. In a management scenario where the target 
is to reduce the density of the species, it may be at the cost of reduced 
ecosystem services provided by the species, and alternatively manage
ment with no density reduction can result in a large-scale change of the 
ecosystem. Knowledge of niche plasticity, species resilience, interactions 
with other species and goods and services from the species is key to 
decide a management strategy. 

3.1. Natural regulating factors for Pacific oysters 

The Pacific oyster is an important aquaculture species due to its 
biological capacity for a high somatic and propagule production. The 
same traits explain the species capacity to invade and modify marine 
habitats. When spawning, female Pacific oyster can produce up to 200 
million eggs and the few that survive passed larval and juvenile phases, 
mature within a year. This reproduction potential combined with a high 
somatic growth rate support that the species, under favorable 
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conditions, can rapidly form dense populations. When a population has 
established itself in a habitat, the population is very resilient. According 
to CABI (2022) “Magallana gigas can resist freezing air temperatures (-17 
◦C)” (see Strand et al., 2011) “as well as a 20 ◦C difference between low 
and high tide in winter, and summer temperature on a muddy bottom up 
to 45 ◦C (a more than 25◦C difference between low and high tide). 
Salinity and temperature tolerances are highly variable between vari
eties and depending on the location where they grow”. Hence, the Pa
cific oyster is considered a pronounced euryhaline and eurythermic 
species (Dutertre et al., 2010; Rohfritsch et al., 2013; Thomas et al., 
2016; Rinde et al., 2017). Moreover, a combination of factors such as 
temperature and salinity are more representative of species tolerance 
than single factor values (Goulletquer, 1997; Hansen, 2022). Physio
logical status is a determining factor for environmental tolerances as 
well as differences among the life stages (Powell et al., 2000, 2002). 
Their thick shells protect against natural as well as anthropogenic 
stressors e.g., extreme temperature and/or salinity and from drying out, 
and against certain pollutants. However, as for numerous other organ
isms their gametes, eggs and larvae are far more vulnerable to envi
ronmental stressors than adults (His et al., 1989). The gametogenesis is 
controlled by day-degrees besides that a minimum temperature of 
18–20 ◦C is a prerequisite for successful spawning (His et al., 1989). Egg 
survival and development rate depends on the salinity level. Apparently 
a certain inherit of salinity tolerance reflects the conditions where the 
spawning individuals reside. It is, however, noteworthy to be aware of 
that data on eggs and larvae tolerances are from a time where climate 
changes were not yet so profound and presumably before the organism 
was physiologically adapted to northern European habitats. Hence, it is 
reasonable to expect that also the propagules have adapted to the pre
sent abiotic conditions. This is evident by its spreading in Northern 
European waters (see Fig. 3) but remains to be thoroughly verified 
experimentally. 

Winter mortality of M. gigas is an effective regulatory factor leading 
to occasionally significant population decline in Northern Europe 
(Strand et al., 2011, 2012). Büttger et al. (2011) reported very high 
mortality for oysters exposed for almost three months to seawater 
temperatures <2 ◦C and air temperatures from plus 2 to minus 13 ◦C in 
the North-Frisian Wadden Sea. Hence, severe winter conditions with ice 
cover could be a factor determining the species density and northern 
boundary. 

Besides the limitations dictated by abiotic variables an organism 
operates within a set of biotic boundaries e.g., bottom-up as well as top- 
down regulatory processes in the food web controlling its population 
development. The Pacific oyster can feed within a wide spectrum of 
particulate food sizes and concentrations determining its growth and 
reproduction potential (e.g., Nielsen et al., 2017). Limitations in food 
availability is most pronounced in oligotrophic regions e.g., Mediterra
nean Sea (Lagarde, 2017; Ubertini et al., 2017) and in protected low tide 
shallow water habitats e.g., the Limfjord, Denmark, and presumably not 
in high tide habitats such as the Wadden Sea (Holm et al., 2016; Vis
mann et al., 2016) and probably not along the Atlantic coast and the 
British Isles either, both characterized by substantial tidal amplitude. 
However, at present other natural regulatory mechanisms controlling 
the population development of M. gigas are absent or low due to lack of 
natural predators. The most common invertebrate shellfish predators in 
the Wadden Sea and Dutch estuaries are the brown shrimp Crangon 
crangon, the shore crab Carcinus maenas and the common starfish Aste
rias rubens (Troost, 2010). No doubt these invertebrates predate on spat 
and juvenile Pacific oyster specimens, but not so much in lower saline 
habitats where the Pacific oyster still thrives, but the predators face 
osmotic challenges. To our knowledge, thorough documentation on the 
significance of predation is still lacking. In the Wadden Sea herring gulls, 
Larus argentatus, and oyster catchers, Haematopus ostralegus, are the only 
reported bird species predating on M. gigas (Cadee, 2008a, 2008b). 
Moreover, the colonization by Pacific oysters certainly does not improve 
bird biodiversity but shows negative impacts mostly for three species: 

Oystercatcher, Common Gull, and Knot (Waser et al., 2016). In the 
Wadden Sea ecosystem, the Pacific oyster is associated with five invasive 
and native macro parasite species thoroughly discussed by Goedknegt 
(2017). However, a more serious situation emerges concerning disease 
outbreaks among Pacific oysters. Recently an ostreid herpesvirus 
microvariant (OsHV-1 μ var. disease) was detected in culture in
stallations as well as in wild populations in France, Sweden, Norway, 
USA, and Australia causing mass mortality among the oysters (e.g., 
Mortensen et al., 2016; King et al., 2019). 

3.2. Pacific oysters providing ecosystem goods and services 

It has been questioned whether Pacific oysters is a problem and if so, 
how big a threat it is for biodiversity? For tourism? For the employment 
and economy? Or is it of added ecological value by e.g., stimulating 
biodiversity as recent results indicate (e.g., Markert et al., 2010; Hol
lander et al., 2015; Zwerschke et al., 2020). At local scales, establish
ment of Pacific oysters can significantly alter diversity, community 
structure and ecosystem processes, with effects varying among habitats 
and locations and with the density of oysters (e.g., Herbert et al., 2016). 
However, seven years into the invasion in the Wadden Sea of Lower 
Saxony, southern German Bight, there was no suppression of indigenous 
invertebrate species (Markert et al., 2010). This even applied to 
M. edulis, which persisted at the site invaded by M. gigas. On the contrary 
the associated macro fauna community showed increased species rich
ness, abundance, and biomass in the Pacific oyster reef (Markert et al., 
2010). At three subtidal localities in Sweden there was reported no 
difference in associated fauna diversity between M. edulis and M. gigas 
populations (Hollander et al., 2015). However, the abundance of the 
associated fauna was significantly higher at the M. gigas populations as 
compared to M. edulis populations (Hollander et al., 2015). In the 
Limfjord, Denmark a sustainable co-existence between Pacific oyster 
and blue mussels has been prevailing for decades with numerous 
invertebrate species associated (Holm et al., 2016). Already Reise et al. 
(2006) stated that the Pacific oyster generally do not impair biodiversity 
and ecosystem functioning; invaders often expand ecosystem func
tioning by adding new ecological traits, intensifying existing ones and 
increasing functional redundancy. Moreover, Buschbaum et al. (2016) 
propose that presence of the species can cause beneficial effects for 
native organisms and should not be generally considered as a risk for the 
recipient ecosystems. Additionally, Christianen et al. (2018) stated that 
the return of native oysters (Ostrea edulis) may be facilitated by novel 
substrate provided by invasive oysters at sites where their distribution 
overlap. Gutow and Buschbaum (2019) go as far as stating that Pacific 
oyster reefs in the Wadden Sea represent biodiversity hotspots. Finally, 
Zwerschke et al. (2020) even suggest that M. gigas could compensate for 
the loss of ecosystem functions performed by the former but almost 
extinct native European oyster Ostrea edulis, i.e., a convincing example 
of functional redundancy in ecosystems. 

Pacific oyster reefs provide numerous goods and services e.g., as food 
resource, pearl producers, nutrient capturing, water clarification, 
pollution removers and creators of important habitats for countless 
other marine species (see Beck et al., 2009 and chapters in Smaal et al., 
2009). Species like mussels, barnacles, and sea anemones settle on the 
oyster shells and produce important prey items for predatory in
vertebrates and birds as well as commercially valuable fish species 
(NOAA Fisheries, 2022). In some locations, Pacific oyster reefs act as 
eco-engineers protecting underwater vegetation and waterfront com
munities from physical stress provided by waves, floods, and tides (e.g., 
Lebbe et al., 2021). Well established reefs and vegetation protect valu
able habitats by reducing wave energy effects and erosion (e.g., Gon
zalez et al., 2021; NOAA Fisheries, 2022). In the Netherlands, artificial 
reefs based on Pacific oyster shells are in fact constructed these days e.g., 
in the Eastern Scheldt for shore protection (see Ecoshape (2022) for 
details). Borsje et al. (2011) even formulated the term ‘Ecological en
gineering’ based on numerous species of both plants and invertebrates 
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including oysters operating alone or in concert with traditional man
made engineering initiatives as coastal protectors preventing flooding. 

4. Current and novel management strategies of the Pacific 
oyster in (northern) Europe 

The goal is to implement a long-term perspective for the manage
ment practices of the invasive oyster. This is often not straight forward 
and requires thorough physiological, biological, and ecological knowl
edge of the species besides detailed information on source- and receiving 
environments. The literature does not mention any management stra
tegies from southern Europe but merely from Northern France and 
northwards. Suggested prevention actions to avoid Pacific oysters 
becoming established in the wild should encompass education and 
public awareness raising in collaboration with a monitoring program to 
control the invasive species associated with relevant influx sources e.g., 
ballast water, marinas, and aquaculture (MedMIS, 2022). Thorough 
monitoring also helps in early detecting of oyster colonies and estab
lishing eradication or containment before further spread occurs in e.g., 
Natura 2000 reserves. Modern molecular methods like eDNA might be a 
helpful tool to identify early presence of all life stages and is recently 
developed and implemented in monitoring (Andersen et al., 2021). In 
practice, actual control action is feasible only under conditions, such as 
when Pacific oyster is reaching high individual density in a very 
restricted area and, if possible, before spawning occurs. Prior to any 
control actions, it is recommendable to conduct an environmental 
impact assessment to scale an eventual effort. Complete eradication of 
established marine invasive species is difficult or even impossible 
(Cardigos et al., 2015; Shine, 2015). Therefore focus should be towards 

regulation in specific vulnerable areas and targeting specific species of 
interest (Mortensen et al., 2017). Presented here is an attempt for con
ceptual managing models for the Pacific oyster Magellana gigas from 
aquaculture and from invasion perspectives (Fig. 4). 

4.1. Removing individual oysters for immediate destruction on-site 

In Kent, United Kingdom, a trial was conducted by volunteers to 
combat Pacific oysters with the aim to return to former abundances. The 
trial lasted a whole year and was conducted simply by crushing the 
oyster shells one by one with ordinary handheld hammers (McKnight 
and Chudleigh, 2015). In the first-place whole oysters were removed but 
an unintended side effect appeared where the substrate was severely 
damaged. The substrate inhabited by the Pacific oysters were chalk reef 
structures declared as a fragile and protected habitat. To overcome that 
negative side effect the oysters were eradicated by crushing only the 
upper valve leaving the lower valve on the substrate. On non-protected 
chalk substrates entire individuals were crushed. The trial resulted in 
significant reduction of individuals’ present leading to a habitat change 
from a dense oyster reef to a situation of less dense and mainly solitaire 
M. gigas on the location. The benefit was that the improved method was 
targeted on the alien oyster with minimal impact on the protected chalk 
formations and the naturally associated invertebrates but the disad
vantage was the high cost of labor it required. McKnight and Chudleigh 
(2015) even did a cost benefit analysis of effectiveness and negative 
impacts from their oyster removal trial. They concluded this mitigation 
tool could effectively be used elsewhere if the goal sanctifies the means 
and the high cost is justified. In Northern Ireland, M. gigas individuals 
were crushed likewise. In the year after the eradication treatment 

Fig. 4. Conceptual managing models in aquaculture for the Pacific oyster Magellana gigas, considered an invasive species.  
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oysters were almost 100% eradicated (Herbert et al., 2016). Hence, 
although labor-intensive and therefore relatively costly this simple 
mitigation strategy apparently works. 

4.2. Hand picking Pacific oysters for consumption by citizen and arranged 
tourist safaris 

Handpicking was implemented 1976–1981 in The Netherlands to 
combat Pacific oysters, but these attempts proved to be unsuccessful. 
However, other studies have turned a problem into a resource by sus
tainable exploitation of minor sized Pacific oyster assemblages. In 
Denmark recreational handpicking is not regulated but permissions are 
given for hand brace. A survey shows that approximately 6% of the 
residents in areas where Pacific oyster reefs are present do hand pick 
oysters and mussels for personal use (Hjalager et al., 2019). As there is 
no supervision in the area, the number of individual visits and the 
harvested amounts of oysters are unknown (Hjalager et al., 2019). In the 
UK as well as the Danish Wadden Sea, guided walks to the oyster reefs 
are organized for tourists to collect wild oysters for food. If the demand 
from supermarkets and restaurants increase it will drive a market price 
further up leading towards a dual purpose of these collections: control of 
wild Pacific oysters and an income to the hand-collectors (Herbert et al., 
2016). However, to our knowledge no quantitative data are yet avail
able. Hjalager et al. (2018) reported that toxic algae or infectious mi
crobial components on the collection site pose potential risks for humans 
when consuming the oysters and consider these as the two main barriers 
for expanding the private and organized collection. 

4.3. Dredging the Pacific oyster reefs for destruction purposes 

In France a showcase of successful mechanical reduction by hand 
bracing of Pacific oyster is reported from the Marennes–Oléron Basin. 
The removal of wild M. gigas even had a positive side effect. An efficient 
removal of the slipper limpet (Crepidula fornicata) and the Japanese 
oyster drill (Ocinebrellus inornatus) from the area and thereby both a 
major food competitor and an invasive predator on Pacific oyster was 
brought down The relatively large-scale dredging operation was con
ducted by powerful entrepreneur machinery modified for marine ac
tivities (Goulletquer et al., 2002). In the Netherlands a successful 
decimation trial where 50 ha of intertidal wild oysters and sub-littoral 
cultivated beds was dredged (Wijsman et al., 2008). However, the 
effort removing the oysters was substantial and with a relatively high 
expense of 20 boat hours per dredged hectare (Wijsman et al., 2008). 
Since oysters continued to settle on the areas where oysters were 
removed repetition of the action needs to be conducted every 5–7 years 
with a high risk of unintended habitat destruction (Herbert et al., 2018). 
By removing the target oyster a major nuisance emerge since the me
chanical action also removes most of the associated macrofauna and 
flora. This is a high price to pay since it inevitably will translate into 
habitat destruction for other key organisms in the system e.g., predatory 
fish and birds (Reise et al., 2006). Hence, this mitigation strategy might 
not leave the ecosystem in a sustainable state, making it the easiest to 
reject. Dredging for oysters may be harmful to the ecosystem depending 
on the habitat type (Jennings and Kaiser, 1998). Dredging Pacific oys
ters to control the density might pose a reduced impact if conducted 
when the oysters are spread out as solitaire individuals (Herbert et al., 
2016). In contrast, removing oysters from a dense reef require more 
energy and often cause severe disturbances to the ecosystem. Alternative 
solutions can include various gentle fishing techniques which, to our 
knowledge, none are yet fully developed, e.g., where the Pacific oysters 
are collected by a robot controlled by a visual recognition system. 
Interestingly the Norwegian company Oyster Catch is working on such a 
solution with robot harvest of oysters, with no or little harm of the 
seabed (Karlsen et al., 2021). 

4.4. Regulated commercial fishing for resource utilization and thinning of 
Pacific oysters 

Initiatives for gentle fishery of Pacific oyster has been proposed in e. 
g., Denmark in the Wadden Sea and the Limfjord. The philosophy is to 
transform a problem into a possibility by using the Pacific oyster as a 
high-quality human food resource and simultaneously thinning the 
oyster population. However, such an initiative is challenged by con
servation regulations. These regulations are related to international 
obligations i.e., conventions in the Wadden Sea listed by UNESCO as 
World Heritage or in Natura 2000, a network of core breeding and 
resting sites for rare and threatened bird species, and some rare natural 
habitat types which are protected, stretching across all 27 EU countries, 
both on land and at sea. The aim of the Natura 2000 network is to ensure 
the long-term survival of Europe’s most valuable and threatened species 
and habitats, listed under both the EU Birds Directive and the Habitats 
Directive. We envision fisheries by very light gear primarily upon indi
vidual smaller oysters since they have far greater commercial value than 
those in larger aggregates or with damaged shells caused by heavy 
fishing gears. Also, the larger individual oysters are to some degree used 
as ingredient at restaurants, although this market is much smaller. The 
increased focus on ‘Nordic food’ will inevitably increase the market for 
Pacific oysters the coming years. 

5. Innovative biological regulatory methods suggested for 
future management of Pacific oyster 

5.1. Systematic large-scale hand picking of Pacific oyster 

It is well known that hand picking has an impact on Pacific oyster 
populations but most likely just on individuals still not incorporated in 
biogenic reefs. Hence, this regulation method is only valid for M. gigas 
populations not yet in reef structures i.e., only a fraction of the in
dividuals. However, in relatively pristine habitats where the oyster 
recently has established itself, the populations are in fact characterized 
by solitaire individuals or small clumps of oysters relatively easy to hand 
pick. Therefore, a systematic and thorough effort might contribute to 
decreasing the populations at an early stage in the local invasion, 
expansion phase (sensu Reise et al. 2016), before reef formation. It re
quires a systematic approach and cannot rely on a few tourists har
vesting for their own needs. An upscaling could be arranged by a larger 
group of licensed personnel either volunteers or (semi)professionals 
subsidized by the government. The daily harvest could be hand sorted 
into size/quality categories and the fractions subject to sale to restau
rants, retailers and to the food processing industry. As an example, a 
Danish consultancy company did a trial in summer 2021 where three 
student workers for three working days were hand picking oysters at a 
location where they naturally were dispersed as individuals on sandy- 
clayed substrate in the Limfjord. They obtained a total harvest of a 
value of >130,000 DKr equal to >17,000 Euro (pers. Comm. J.W. 
Nielsen, Aquamind A/S). Besides the authorities’ permission for com
mercial hand picking in an area, another barrier is again the food safety 
regulations. In various countries it is stated that the producers need to 
check the areas for algae toxins, microbiology and pollutants and the 
cost of these tests may be too expensive for individual hand pickers. So, 
if the authorities pay for food safety checks, handpicking can be 
expanded. The authorities could even go one step further by paying a 
bounty on eradication, as is the case for Pythons in Florida (State of 
Florida, 2022). 

5.2. Triploid breeding of Pacific oyster 

An effective way of preventing spread from aquaculture facilities of a 
given invasive species already established is to prevent its reproduction. 
Hence, one of the only effective strategies for obtaining lack of repro
duction from open water facilities like Pacific oyster beds is to provide 
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sterile individuals. This will, besides favorizing energy allocation to 
flesh production on the cost of gamete production (Herbert et al., 2012), 
prevent or at least significantly reduce spread of propagules. Hence, by 
breeding diploid and tetraploid conspecifics result in triploidity, which 
lead to a significantly lower reproduction ranging <2% of their diploid 
fellow species (Herbert et al., 2016). Triploidity can also be obtained by 
use of certain chemicals but will result in a lower efficiency and risk of 
toxic side effects. Therefore, crossbreeding between diploid and tetra
ploid individuals is the common practice to obtain sterility (Kochmann 
et al., 2012). It seems, however, that the triploid condition is not 
obtaining a complete sterility besides a certain fraction of triploid in
dividuals being able to produce viable gametes and their offspring 
becoming fertile over time. This may get into conflict with aims of na
ture reserves, however it requires further methodological development 
(see Herbert et al., 2012 for a brief review on the subject). 

5.3. Good husbandry 

Temperature and food availability i.e., phytoplankton are the main 
limiting factors for growth and reproduction of farmed Pacific oysters. 
However, conditions for fast growth and reproduction at the same time 
promote the risk of Pacific oyster bio invasions. From a producer’s 
viewpoint the oyster farmers select a site for their facility ensuring good 
growth and management conditions. The optimal productions may 
conflict an optimized somatic growth and production of Pacific oysters, 
and at the same time by not inducing propagules to the ecosystem. One 
solution is to keep the oyster production at a site or a water depth, where 
the temperature does not allow for reproduction i.e., low temperature 
with the inevitable tradeoff of slower growth (Herbert et al., 2016). 
However, achieving such a delicate balance poses serious practical 
challenges and is probably not manageable in open water oyster pro
duction facilities. 

5.4. Choke or starve the Pacific oysters by covering the reefs with sand/ 
gravel 

Generally, many species of bivalves are adapted to survive periodic 
hypoxia frequently occurring in estuaries, bays, and lagoons. The Pacific 
oyster is an oxyregulator over a wide range of oxygen concentrations 
with a critical threshold of about 3 mg O2 l− 1 below which the metabolic 
depression occurs quickly and particularly in the summer (Le Moullac 
et al., 2007). In addition, the Pacific oyster has a relatively limited 
anaerobic capacity (Meng et al., 2018). Therefore, choking might be an 
instrument worth exploring. To choke (and starve) Pacific oyster reefs 
by preventing them access to oxygen and nutrient rich seawater a layer 
of sand and gravel might be a solution in shallow waters and low energy 
locations. One can envision that a layer of e.g., 0.2 m on top of the reef 
will do the job if tide or wind stress leave the material in place for 
months. Estimating a density of sand and gravel of 1.6-ton pr. m3 require 
approximately 300 kg of material per square meter reef. As an example, 
is a sheltered intertidal reef in the Limfjord, Denmark consisting of 
12,000 m2 (1.2 ha) large clusters of bivalve beds (Holm et al., 2015). To 
cover that reef with a 0.2 m layer would require >3500 tons of sand/ 
gravel. In case a trial should be conducted the coverage material might 
be provided by dredging pumps on a barge anchored close by the oyster 
reef. The Bell Cutter Dredger 250 (Bell Dredging Pumps, Netherlands) is 
an example of a large commercially available dredging pump operating 
with a maximum capacity of 250 m3 dredged solids in dry volume h− 1. 
With this pump it would require at least 14 h and most likely 24 h of 
pumping to finish the job on the exemplified reef. The initiative requires 
renting of the equipment besides several workers to operate it leaving 
the proposed regulation tool very expensive, comparable to the expense 
of 20 boat hours per hectare when eradicating oysters by dredging 
(Wijsman et al., 2008). Moreover, to get the authority’s permission 
seems not so straight forward hence, quite unlikely to realize. The 
tradeoff is of course analogue to dredging oysters that removing vast 

amounts of bottom material change the bottom topography and habitat 
which is potentially harmful for the benthic inhabitants living where the 
sediment is pumped from to where it is deposited (Reise et al., 2010). 
Moreover, oysters continue to settle on the treated areas, similarly to 
dredging beds would need to be treated regularly maybe every 5–7 years 
(sensu Herbert et al., 2018). 

5.5. Starve the Pacific oyster out by using competing suspension feeding 
native bivalves as a tool 

The effects of complete starvation on biochemical composition and 
gametogenesis were investigated in the Pacific oyster over 90 d by Liu 
et al. (2010). The oysters apparently did not exhibit excess mortality 
compared to the well-fed control group even after three months of 
treatment. The starved oysters also exhibited gonad development, but 
the progress was significantly delayed. Glycogen was the first storage 
substrate to be depleted. While glycogen was rapidly used, protein and 
lipid contents decreased only gradually. A decrease in the RNA/DNA 
ratio in all tissues was observed during starvation, suggesting that RNA/ 
DNA ratio (i.e., protein synthesis) can be used as an indicator for 
instantaneous growth rate and a valid indicator of nutritional condition. 
Liu et al. (2010) observed a significant increase in water and ash con
tents of the visceral parts and a corresponding decrease in M. gigas 
condition index were observed in the starved groups. During starvation, 
energy reserves were mobilized for survival and gonad development, but 
spawning was arrested. We hypothesize that these biochemical and 
physiological responses could be provoked by deliberately complicating 
or even preventing the oysters to feed in situ. Therefore, we propose a 
large-scale eradication or merely decimation strategy by starving out the 
reef dwelling Pacific oyster individuals by applying a thick top layer of 
its major food competitor, the native blue mussel Mytilus edulis. The blue 
mussels will harvest the available food (phytoplankton) leaving the 
oysters below in an almost particle free environment and in low energy 
areas also lower the oxygen levels. In high tide environments the 
abundance of Pacific oysters can reach >2500 individuals per square 
meter where the individuals are positioned upright (e.g., Reise et al., 
2017a). Such habitats cannot come into play with this regulation in
strument. Holm et al. (2015) recorded on a sheltered intertidal mussel 
bed co-existing Pacific oysters and blue mussels with an abundance of 
40–50 Pacific oysters m− 2 equal to approx. 65 g shell-free dry weight 
and approx. 1200 blue mussels m− 2 equal to 475 g shell-free dry weight. 
Hence, a factor of seven more blue mussels than Pacific oysters. It means 
that the relative biomass of blue mussels must be way higher, possibly a 
factor of 10–15 the biomass of oysters, to show an effect. Moreover, it 
can be anticipated that the treatment must be long-term, probably an 
entire season, before the Pacific oysters are beaten back and have given 
up leaving the scene to the blue mussels as the winners of the food 
competition. However, unless oyster larvae are decimated simulta
neously with phytoplankton by the blue mussels the oysters will 
continue to settle on the treated areas and like for dredging beds or 
sand/gravel covered beds, the treatment would need to be repeated 
maybe every 5–7 years (sensu Herbert et al., 2018). The chosen habitats 
for this regulation tool must be accessible with barges or other flat- 
bottomed vessels equipped with pumping- or grab devices to apply the 
mussels onto the oyster reef. In the process the reef of invasive Pacific 
oysters is transformed to a mussel bed of native Mytilus edulis not only 
depleting the food source but presumably also conducting larviphagy on 
oyster propagules (Troost et al., 2008). It should be realized that the 
method only works in shallow water low tide habitats where food 
availability beforehand is a major challenge for the filtrating bivalve 
assemblages (sensu Vismann et al., 2016). The method will most likely 
not work in e.g., the Wadden Sea or other high energy habitats. In such 
areas other regulatory tools must be implemented. 
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6. Design of a manageable biological regulation strategy for 
Pacific oysters 

One must aim realistically since in most places a complete eradica
tion of M. gigas is not possible at the present state of invasion. Only 
preventive measures may be effective (Reise et al., 1999). Hence, 
regulation actions should only be implemented where it is subject to 
work. To obtain an effective regulation one must differentiate among 
methodologies tailored to the actual habitat, substrate, tide amplitude 
etc. Overall, adaptive management must follow a dual or even multi
faceted regulation strategy where e.g., starvation by coverage with 
sediment or competitive bivalves, systematic hand picking, and even 
more actions implemented simultaneously could lead to a more sus
tainable condition. This is an extremely expensive maneuver but pre
sumably lead to a situation where the Pacific oyster becomes less 
dominant in some (not all) of the most vulnerable, protected coastal 
ecosystems covered by (inter)national conventions (see Fig. 3). 

7. Conclusion 

Our question is if it is ecological beneficial to implement measures 
that control the distribution of Pacific oysters? Moreover, if it at all is 
possible to effectively regulate the Pacific oyster? After reviewing a large 
amount of scientific literature and discussing pro and cons within 
several aspects here, it appears that the functional ecology of Magellana 
gigas is not that different from native filtering bivalves. They occupy 
similar trophic function, and a large element of ecosystem redundancy 
can be argued. Moreover, biogenic ref. structures based on M. gigas most 
likely do not reduce but instead add to already existing biodiversity and 
help establish a balanced co-existence with native bivalves (sensu 
Eschweiler and Christensen, 2011). Hence, maybe a reconsideration of 
eradication ambitions and even aquaculture permissions should be 
discussed and thoroughly analyzed. What is less obvious, however, is 
what effects on higher trophic levels a large influx of the alien species 
might have on the predators e.g., birds. Therefore, a significant research 
effort is required here and possibly also in the understudied pathoge
nicity and parasitology associated with the Pacific oyster. Eradication, 
or less ambitiously a reduction of the species seems quite laborious and 
expensive. However, when facing international obligations for protect
ing designated habitats, it is most realistic to keep a low oyster presence 
in local and restricted areas, especially low tide shallow habitats. This, 
however, only in the early phases of an oyster invasion (expansion 
phase) where the species appear individually on the seabed not forming 
large aggregates, long time before reefs are formed in the adjustment 
phase of the invasion (sensu Reise et al., 2016). Later in the invasion 
succession when reaching a tipping point in population size, eradication 
and even decimation at established biogenic reefs requires vast re
sources. Hence, it is too late, which is why we recommend against it. In 
conclusion, we tend to argue that combatting the Pacific oyster is more a 
socioeconomic and political ambition than an ecological one. 
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Briski, E., 2019. Distribution of non-native Pacific oyster Magallana gigas (Thunberg, 
1793) along the eastern Adriatic coast. Acta Adriat. 60 (2), 137–146. 
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record of the alien species Pacific oyster (Crassostrea gigas, Thunberg 1793) in the 
Marmara Sea, Turkey. Mar. Sci. Tech. Bull. 9 (1), 23–31. 

Gonzalez, J.A., Coombes, M.A., Palomo, M.G., Isla, F.I., Soria, S.A., Gutiérrez, J.L., 2021. 
Enhanced weathering and Erosion of a cohesive shore platform following the 
experimental removal of mussels. Front. Mar. Sci. 8, 756016 https://doi.org/ 
10.3389/fmars.2021.756016. 

Goulletquer, P., 1997. Cycle de reproduction naturelle de l’huître creuse Crassostrea 
gigas. In: La reproduction naturelle et controlée des Bivalves cultivés en France, 
Nantes (France), 14–15 November 1995, pp. 7–19. Ifremer Rapport Interne DRV/ 
RA/RST/97–11 RA /Brest. [in French].  

Goulletquer, P., Bachelet, G., Sauriau, P.G., Noel, P., 2002. Open Atlantic coast of 
Europe: a century of introduced species into French waters. In: Leppäkoski, E., 
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Paavola, M., Olenin, S., Leppäkoski, E., 2005. Are invasive species most successful in 
habitats of low native species richness across European brackish water seas? Estuar. 
Coast. Shelf Sci. 64, 738–750. 
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