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Foreword

Bivalves are key to the development, functioning, and sustainability of coastal envi-
ronments. Molluscs have long been revered for the beauty of their shells, culinary
attributes, and as the basis for many successful aquaculture ventures. Long overdue,
however, is wider recognition and understanding of their extraordinary abilities to
shape, control, and improve their environments. As highly efficient filter feeders,
bivalves facilitate benthic-pelagic coupling, influence sediment processes, provide
structure, and contribute to habit diversity and biodiversity. While the term ‘ecosys-
tem services’ is relatively new, the role of molluscs in performing those services has
been recognised for centuries. Only in recent decades, however, have these attri-
butes been studied, quantified, modelled, and put forth as integral to ecosystem
development, maintenance, and sustainability.

In recent years, there have been two areas of major advancement in understand-
ing how these bivalves ‘make a living’ — function at the molecular level and the part
played by bivalves in the ecology of coastal seas. The development of advanced
models to capture the complex integrative nature of the functions of bivalves has
provided both theorists and practitioners with the means to understand these inter-
actions. To wit, much of the advancement in these arenas has been through the
contributions of the editors of this volume.

To summarise and explain complex systems and concepts associated with
bivalves, it seems only fitting that the information is presented here by an equally
integrated and diverse group of experts. Just as aggregations of individual bivalves
increase their collective ability to influence their surroundings, so the current book
brings together a stellar group of editors and authors of varied backgrounds who
place bivalves in a well-deserved and prominent position as ecosystem engineers
and providers of ecosystem services. Integration of the individual efforts of these
scientists, their collaborators, and contributors to this volume has moved the impor-
tance of mussels, oysters, and other bivalves to new levels of understanding and
acceptance.



vi Foreword

As the field moves forward, their efforts will serve as a template for new investi-
gators, as a valuable resource for managers, and as a launch pad for as-yet undefined
and integrated studies. It is a dynamic future ahead.

Groton, CT, USA Sandra E. Shumway



Foreword

In 2050 — when the world population will have grown to almost ten billion people —
the increase in income and the demand for more and better food will mean that food
production needs to increase by 50% compared to its present. In many areas, but not
everywhere, the available land for food production is decreasing due to competition
with urbanisation and other uses, nutrient depletion, soil degradation, water scar-
city, and climate change. Given the fact that the largest part of the world’s popula-
tion lives in coastal areas, there is great potential for marine ecosystems to contribute
to the production of food. The Blue Growth Agenda provides a strategy to explore
these resources to contribute to the production of high-quality and attractive food
products as well as the production of feed, bioactive compounds, energy, and other
valuable products.

Marine bivalves like oysters, clams, and mussels have been cultivated for ages
and are recognised as a sustainable low food chain resource that acquires feed from
natural resource in their environment. They provide a rich source for human nutri-
tion and an associated economic value for local communities. Total bivalve aquacu-
luture and fisheries production amounted 16 million tons in 2015 with a landing
value of 26 million US dollars.

Besides human nutrition, they provide food for birds and benthos and a habitat
for a large number of species; they regulate water quality and sequester carbon and
nitrogen. As eco-engineers, epibenthic bivalve beds are used for coastal defence and
nature conservation. They also produce significant amounts of shell material that
has many applications. These functions can be defined as ecological goods and ser-
vices. This concept provides a framework for description and analysis of the role of
bivalves in the ecosystem and a basis for addressing a wide range of topics, benefits,
and controversies related to the use of bivalves for production, habitat restoration,
water quality, and coastal management.

The book presents comprehensive reviews and analyses of the goods and ser-
vices of bivalve shellfish. How they are defined, what determines the ecological
functions that are the basis for the goods and services, what controversies in the use
of goods and services exist, and what is needed for sustainable exploitation of
bivalves from the perspective of the various stakeholders.

vii



viii Foreword

The reviews and analysis are based on case studies that exemplify the concept
and show the strengths and weaknesses of the current applications. The multi-
authored reviews cover ecological, economic, and social aspects of bivalve goods
and services.

The transdisciplinary approaches as applied in this book represent a major
strength in modern science. This approach is the core of the programmes of
Wageningen University and Research, where various disciplines are integrated in
order to achieve solutions. The international cooperation as exemplified in this book
contributes to exploring the potential of the marine bivalves, to improve quality of
life.

CEO Wageningen University and Research Louise O. Fresco
Wageningen, The Netherlands



Preface

Marine bivalves have been a resource for human nutrition since prehistoric times.
Their easy access and high nutritional quality have favoured their use throughout
human history. Bivalve aquaculture and wild catch have shown a steady increase
from 5 to 16 million tons per year over the period 1995-2015. Bivalve aquaculture
nowadays dominates over wild catch almost ninefold, and this figure still increases.
Bivalves are low food chain filter feeders. For their aquaculture, they rely on feed
from their natural environment; hence, it is a non-fed extensive aquaculture.

The interactions with the environment are manifold. Main issues deal with com-
petition with other filter feeders, overstocking, accumulation of biodeposits on the
bottom, introduction of invasive species with bivalve transplantations, impacts of
biotoxins for the consumer, and bivalve diseases. As impacts of bivalve aquaculture
have gained much attention in literature, in this book, we focus on the goods and
services of the bivalves.

In addition to aquaculture for production, both wild and cultivated bivalves have
a suite of functions in the ecosystem. Through their filtration capacity, they clear
water from particles, and under certain conditions, this increases the transparency of
the water column. Better light penetration stimulates the production of phytoplank-
ton if sufficient inorganic nutrients are available. Direct ammonia excretion and
mineralisation of biodeposits, produced by the bivalves, act as a source of inorganic
nutrients. So the uptake of phytoplankton by the bivalves gives a positive feedback
on the growth of phytoplankton through increase in both light and nutrient avail-
ability. This is an example of a service of the bivalves to the ecosystem. This service
can also be used to reduce the excess of nutrients in eutrophic conditions. Through
uptake and assimilation of phytoplankton, the bivalves accumulate nutrients in their
tissue, and harvesting of the product removes the accumulated nutrients from the
ecosystem. Hence, the bivalves play a role in water quality management.

These examples brought the initiators of this book to the idea that the goods and
services of marine bivalves cover a broad suite of bivalve characteristics that are
worthwhile to be better explored. During a workshop in 2016, held in Celleno, Italy,
a core group of almost 20 participants discussed the various topics that contribute to
a more complete picture of the goods and services, as well as the controversies and

ix



X Preface

limitations of the approach. It was concluded that the goods and services concept is
a good basis for a comprehensive review of the functions of marine bivalves.
Moreover, we realised that the more functions we addressed, even more ideas on
further use of the bivalves emerged.

So, the initiators brought together a group of ca 100 authors and co-authors that
are experts in the respective goods and services of the marine bivalves, in order to
produce this book. We limited ourselves to the marine bivalves as a lot of knowledge
is available from bivalve aquaculture. We also did not focus on adverse impacts of
bivalve aquaculture on the environment as a lot of excellent literature is available on
these issues.

The aim of the book is to review the knowledge of the various functions of natu-
ral and cultivated bivalves with relevance for human use, direct or indirect. This
should deliver a better understanding of the bivalves and their various options for
making better use of them.

This approach is relevant for anybody that deals with marine bivalves. Bivalve
shellfish farmers can get a better understanding of the role the animals play in the
ecosystem and for society; this may gain interest in combining different services to
make use of the multiple potentials the bivalves have. This also holds for people that
deal with shellfish restoration and conservation, as some of the reviews clearly show

Participants of the workshop on Bivalve Goods and Services, June 2016, Il Convento, Celleno,
Italy, from left to right: Henrice Jansen, Cedric Bacher, Roberto Pastres, Camille Saurel, Luca van
Duren, Ramon Filgueira, Peter Cranford, Pauline Kamermans, Jon Grant, Tom Ysebaert, Jacob
Capelle, Jeroen Wijsman, Tore Strohmeier, @ivind Strand, Jens Petersen, Aad C. Smaal and in
front Joao Ferreira; not on the photo Boze Hancock, Alessandra Roncarati
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that there is synergy in the combination of functions. This aspect is particularly
relevant for policy advisors that need to prepare decisions on spatial planning and
competing claims. As nowadays bivalve reefs are used for coastal defence, the book
is also relevant for coastal engineers. The section on cultural services may inspire
foodies as well as gardeners to start growing their own bivalves, as a sea garden or
as a social community event. The goods and services concept is now further devel-
oped, in this case for the marine bivalves, and this contributes to further scientific
knowledge that is relevant for students and scientists.

The book is set up for the reader with different chapters that can be read stand-
alone as scientific papers. All chapters have been subject to peer reviews.

We are grateful for the help of many people. In particular, the referees for their
constructive comments on the different chapters: Dr Andrea Alfaro, Dr Martin
Baptist, Dr Jeff Barrell, Dr Bas Borsje, Dr Carrie Byron, Dr Matthieu Carre, Dr
Loren Coen, Dr Luc Coumeau, Dr Steve Cross, Dr Jan Drent, Dr Ramon Filgueira,
Dr Gef Flimlin, Dr Tom Gill, Dr Ing-Marie Gren, Dr Boze Hancock, Dr Vivian
Husa, Dr John Icely, Dr Fred Jean, Dr Nigel Keely, Dr Lotte Kluger, Dr Thomas
Landry, Dr Claire Lazareth, Dr Marie Maar, Dr Stein Mortensen, Dr Yngvar Olsen,
Dr Christopher Pearce, Dr Theo Prins, Dr Julie Rose, Dr Matt Service, Dr Sandy
Shumway, Dr Cosimo Solidoro, Dr ir Nathalie Steins, Dr Tore Strohmeier, Dr Jon
Svendsen, Dr Mette Termansen, Dr Brenda Walles, Dr Gary Wickfors, and Dr Tom
Ysebaert.

We are grateful to the colleagues of the Yellow Sea Fisheries Institute in Qingdao,
China, for the Chinese translations of the abstracts.

We also thank Wageningen Marine Research, the Netherlands, for sponsoring
the workshop. Special thanks to the Institute of Marine Research, Norway, the
University of Applied Science Vlissingen, the Netherlands; Wageningen Marine
Research, the Netherlands; and DTU Aqua, Denmark, and many of the authors
institutions to facilitate the open access availability of the book. We thank
Alexandrine Cheronet and Judith Terpos from Springer Nature for their help in
publishing the book.

Yerseke, The Netherlands Aad C. Smaal
Monte de Caparica, Portugal Joao G. Ferreira
Halifax, NS, Canada Jon Grant
Nykgbing Mors, Denmark Jens K. Petersen

Bergen, Norway @ivind Strand



General Introduction

The application in an ecological context of the economic and sociocultural concept
of goods and services has been developed as a response to environmental degrada-
tion and the need to pay more attention to ecosystem functions and biodiversity in
international policy. Loss of natural values due to human activities was recognised
already long ago as a drawback not only for environmental quality but also for eco-
nomic and social welfare. In the traditional economic theory, these were defined as
(negative) external effects. In the course of the twentieth century, research started to
quantify environmental impacts in economic terms, to include impacts in market
decisions. This turned out to be complicated because environmental impacts were
difficult to quantify and it was criticised because of market imperfections. It was
recognised that more attention needed to be given to ecosystem functions in order
to link economy and ecology (de Groot 1987). Ecosystem functions can be consid-
ered as the basis for the goods and services the ecosystems deliver to society. These
ecosystem functions can be defined as ‘the capacity of natural processes and com-
ponents to provide goods and services that satisfy human needs, directly or indi-
rectly’ (de Groot et al. 2002). In this definition, ecosystem functions are explicitly
coupled to human needs, rather than internal ecological processes, implying that
‘ecosystem functions provide the goods and services that are valued by humans’
(Fig. 1).

Meanwhile methodology has further been developed to express the goods and
services in monetary values (Costanza et al. 1997; Pimentel and Wilson 1997).

The concept of ecosystem functions has been used as a basis for policy develop-
ment. In the Convention on Biological Diversity (CBD), agreed upon at the Earth
Summit in Rio, 1992, the ecosystem approach was adopted as a basis for interna-
tional policy. It stands for a holistic approach in environmental policy, including
environmental, economic, and social impacts of developments on the short and long
terms. At the Johannesburg World Summit, 2002, the ecosystem approach was
endorsed as a basis for the CBD. So the ecosystem approach stands for the ecosys-
tem functions as a basis for ecosystem goods and services. As stated by Beaumont
et al. (2007) the ecosystem goods and services concept provides a method to ensure
the integration of environmental, economic, and social demands and pressures.

Xiii
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effectiveness
Ne——

Fig. 1 Framework for the integrated assessment and valuation of ecosystem functions, goods, and
services. (de Groot et al. 2002)

Goods and services are defined as ‘the direct and indirect benefits people obtain
from ecosystems’ (Beaumont et al. 2007).

Assessing ecological processes and resources in terms of the goods and services
translates the complexity of the environment into a series of functions. The concept
has been further developed in the framework of the Millennium Ecosystem
Assessment (MEA 2005). In the MEA approach, ecosystem goods and services are
divided into provisioning, regulating, supportive, and cultural services, where sup-
portive stands for habitats and genetic diversity. Many studies have been carried out
on quantification of the ecosystem goods and services in the project The Economics
of Ecosystems and Biodiversity (TEEB 2010). It is a global initiative focused on
‘making nature’s values visible’. Its principal objective is to mainstream the values
of biodiversity and ecosystem services into decision-making at all levels. It aims to
achieve this goal by following a structured approach to valuation that helps decision-
makers recognise the wide range of benefits provided by ecosystems and biodiver-
sity, demonstrate their values in economic terms, and, where appropriate, suggest
how to capture those values in decision-making (www.teebweb.org).

The ecosystem goods and services concept is promoted as a basis for decision-
making that now has a methodology to include not only an integrated approach to
human impacts on the environment but also to evaluate the services that ecosystems
provide for human use. This can be considered as a paradigm shift in environmental
management. From a focus on adverse impacts, now ecosystem functions and their
benefits for society can be analysed, quantified, and evaluated in more detail. This
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is of particular relevance for bivalve aquaculture. Farming of bivalves is an exten-
sive type of aquaculture as the natural environment generally provides feed, seed,
and space. Bivalve farming makes use of nature but also depends on nature. The
close link between bivalve culture and nature has posed questions about possible
negative impacts. In fact, these questions are dominant topics in many public debates
all over the world. It is about impacts on habitats, landscape, sediment, carrying
capacity, and other users, resulting in competing claims. Yet the ecological role of
bivalves in the ecosystem provides a suite of goods and services to society. This has
not yet been addressed in scientific literature in a comprehensive way. Reviews are
available on specific ecosystem functions that exemplify the relevance of the con-
cept (Coen et al. 2011; Ferreira and Bricker 2015; Petersen et al. 2015). Yet many
questions remain to be addressed. A part of these deals with the discussion on the
goods and services concept in broader sense, such as the debate about valorisation
in monetary units (see TEEB 2010).

The aim of this book is to review and analyse the goods and services of bivalve
shellfish. Given the debate about the different types of goods and services and their
content (Haines-Young and Potschin 2017), we included bivalve habitats in the sec-
tion on regulation and did not address a separate section on supportive functions.
So, the papers have been ordered as provisioning, regulating, and cultural services,
and there is a separate section on the assessment of services.

Wageningen Marine Research and Aquaculture Aad C. Smaal
and Fisheries group, Wageningen

University and Research

Yerseke, The Netherlands

aad.smaal @wur.nl
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Chapter 1
Introduction to Provisioning Services

Jon Grant and @ivind Strand

Abstract Food provisioning is a prominent feature of marine bivalve production,
applicable worldwide since ancient times. Easy accessibility of this food source and
high nutritional value make bivalves a possible driver in human evolution. In this
section bivalve meat production is addressed, as well as other provisioning services
including pearls and bio-active compounds. In both bivalve aquaculture and fisher-
ies, harvest and production for meat provisioning must be balanced against carrying
capacity and its implications for other services including water quality maintenance
and habitat structure. Provisioning of meat through aquaculture can be improved via
hatchery and breeding advances, a necessity in the changing ocean climate.

Keywords Human health - Evolution - Production

Provisioning of bivalves as food is perhaps the ‘original’ ecosystem commodity
derived from the ocean, going back to the earliest humans. Indeed, the ‘Aquatic Ape
Hypothesis® links us directly with an ocean origin and dependence on bivalves
(Morgan 1982). The specific consequences of fatty acid intake through bivalve con-
sumption are thought to be critical in the evolution of the human brain (Crawford
2002). Bivalves remain tremendously popular as seafood, procured by hand in shal-
low water and cooked with the simplest of methods. Their position low in the food
chain with no addition of feed and medicine makes bivalve aquaculture eminently
future-proof. Interestingly, there is a caste system among bivalves, with oysters per-
ceived as having more cachet than lowly mussels. The concept of white tablecloth
dining goes hand in hand with oysters on the menu in France, although perhaps the
southern US tradition of an oyster with hot sauce between crackers provides an
alternative model. Regardless, bivalves are one of the few seafoods that are
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purchased and sometimes eaten live, and thus embody fresh seafood. Their legendary
reputation, particularly of oysters, is further enhanced with promises of aphrodisiac
properties.

Bivalve fisheries have a similar long tradition with the prominence of regions
such as the Limfjorden in Denmark, Zeeland Delta in the Netherlands and
Chesapeake Bay in the USA, famed for mussels and oysters respectively. Some
aspects of the fishery have become controversial due to fishing methods including
dredging for scallops and suction dredging for clams. Removal of bivalve popula-
tions through fisheries has consequences for the provisioning of protein, but also for
the removal of their many other services, a major theme of this book.

As with fisheries, bivalve aquaculture was developed initially for its provisioning
potential. However, as detailed in other chapters, cultured bivalves provide a myriad
of different services such as mitigation of eutrophication, and there are reasons to
grow them besides food. An interesting aspect of suspended bivalve aquaculture is
the way that it expands the habitat of the cultured species well beyond its natural
benthic occurrence. A variety of production models have been developed at farm
scale and beyond to predict biomass outcomes of farming. They have subsequently
been extended to economic returns on farm yields. The deployment of these models,
verified through individual growth rates and production statistics, has contributed to
the success of bivalve culture worldwide. Moreover, integration of carrying capacity
into these models is a means of forecasting maximum production before growth
becomes self-limiting through food depletion.

An important caveat to bivalve production is the health benefit of low fat, high
protein meat, rich in marine lipids and minerals. Bivalves do not receive the same
attention as finfish regarding health consciousness in the media, but bivalve tissue is
well known for its food value.

Like other marine products, bivalves provide a wide array of natural products
based on both meat and shell. Joining the host of other marine organisms yielding
potential therapeutants, bivalves contain both anti-microbial and anti-cancer candi-
dates among other compounds. Beyond the value of soft tissue, in the tropical oyster
Pinctada maxima pearl culture is far more valuable than oyster meat. Other uses for
shell range from paving material to mother of pearl for inlays in furniture and musi-
cal instruments.

Although juveniles for many species of cultured bivalves are obtained from wild
spat, the potential for improvements in growth rate and disease resistance via selec-
tive breeding are well known. Systemic bivalve diseases, perhaps best known in the
Eastern oyster Crassostrea virginica, have decimated wild populations, and resis-
tant stocks are an important tool in recovery. Triploidy is an important approach to
introductions of alternative species. In cold waters, growth rates of cultured animals
are slow to the detriment of profitability, and hatchery production is being estab-
lished even for species with abundant spatfall. The necessity of breeding for poten-
tial climate resistance has become urgent with the impact of ocean acidification on
early life history stages.

In this section, authors take a diverse view of these topics, and provide an account
of the state of the art in the many direct beneficial uses of the Bivalvia.
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Chapter 2
Global Production of Marine Bivalves.
Trends and Challenges

J. W. M. Wijsman, K. Troost, J. Fang, and A. Roncarati

Abstract The global production of marine bivalves for human consumption is
more than 15 million tonnes per year (average period 2010-2015), which is about
14% of the total marine production in the world. Most of the marine bivalve pro-
duction (89%) comes from aquaculture and only 11% comes from the wild fishery.
Asia, especially China, is by far the largest producer of marine bivalves, account-
ing for 85% of the world production and responsible for the production growth. In
other continents, the production is stabilizing or decreasing (Europe) the last
decades. In order to stimulate growth, sustainability (Planet, Profit, People) of the
aquaculture activities is a key issue. Environmental (Planet) aspects for sustainable
aquaculture include the fishery on seed resources, carrying capacity, invasive spe-
cies and organic loading. Food safety issues due to environmental contaminants
and biotoxines should be minimized to increase the reliability of marine bivalves
as a healthy food source and to stimulate market demands. Properly designed mon-
itoring programs are important tools to accomplish sustainable growth of marine
bivalve production.
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2.1 Introduction

Food production has been recognised as one of the most direct provisioning ecosystem
functions of marine environments (Costanza et al. 1997). Food production of marine
ecosystems comprises various types of organisms of which macroalgae, fish, crusta-
ceans and molluscs are the most important. The increase of marine food production has
been recognised as an important solution to fulfil the increasing protein demands of the
growing world population in the future (Naylor et al. 2000). The total global food pro-
duction of marine ecosystems in the period 2009 to 2014 was 104.3 million tonnes per
year and consisted of wild capture (80.4 million tonnes per year) and marine aquacul-
ture (23.9 million tonnes per year) (FAO 2016a, b). Marine bivalves account for about
14% of the global marine production (tonnes) in this period. Most of the marine bivalve
production (89%) comes from aquaculture, with a total economic value of 20.6 billion
USS$ per year. Only 11% of the marine bivalve production comes from the wild fishery.
However, the seed resources that form the basis for aquaculture production are often
fished or collected from natural stocks as well. Due to decreasing seed resources and
environmental issues with the seed fishery, more and more of the seed resources for
marine bivalve aquaculture are produced within land-based hatcheries. The direct cap-
ture production of marine bivalves remained relatively constant since the 1970’s
(1.78 million tonnes per year), but the aquaculture production of marine bivalves
increased from 1.18 million tonnes per year in the period 1970-1974 to 13.47 million
tonnes per year in the period 2010-2015.

The total market value of marine bivalves is about 23 billion US$ per year
(2010-2015), however, the full economic value is much higher due to the economic
benefits from secondary products and services (e.g. shucking and packaging houses,
transport, manufacture of prepared products and retail sales) (Schug et al. 2009).
The value of the production in terms of US$ kg~! is depending on the market
demands and the supply of the specific species.

Marine bivalves are appreciated by consumers due to their nutritional benefits as
well as their taste. Bivalves are healthy sources of energy and protein, rich in vita-
mins (A and D) and essential minerals (iodine, selenium calcium), low in fat and a
good source of omega-3 fatty acids with well-established health benefits (Orban
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et al. 2002; Schug et al. 2009; EFSA 2014). Selenium for example is an essential
trace element that is required by the human body for proper functioning of the thy-
roid gland, and may help protect against free radical damage of the tissue. Most of
the dietary human intake of selenium occurs via plants (Brazil nuts) and seafood
(Ariard et al. 1993; Kristan et al. 2015). There is evidence that selenium deficiency
may be related to a variety of degenerative diseases (Reilly 1998). However, it is also
known that there is also a narrow concentration window between essentiality and
toxicity of selenium for humans (Kristan et al. 2015). The unavoidable presence of
environmental contaminants, such as mercury and biotoxins in bivalves could also
result in a risk to the health of consumers (Sadhu et al. 2015; Visciano et al. 2016).
Regular monitoring programs, therefore, are essential to prevent food safety issues.

Marine bivalves are also a sustainable type of food production. As herbivores,
they are low in the trophic chain. The trophic position of marine bivalves like mus-
sels, oysters, clams and cockles is 2 (herbivores), while the average trophic position
of the total marine capture fishery is 3.1 (Duarte et al. 2009).

In contrast to the intensive fish aquaculture, bivalve aquaculture is an extensive
form of aquaculture while the bivalves feed on algae that occur naturally in the
ecosystem and no additives such as vitamins and antibiotics are added. The produc-
tion relies merely on the natural productivity of marine phytoplankton, either in the
form of living algae or as detritus, transported to the bivalves by water flow e.g.,
currents and tidal exchange. Bivalves can enhance primary production by increased
nutrient recycling (Prins and Smaal 1994). At high stocking densities, however, the
bivalves can result in overgrazing and thereby reduce primary production (Smaal
et al. 2013b; Filgueira et al. 2015). Management by farmers is an important factor
whereas the farmers will try to maximise their profits within their aquaculture sites.
This is done by growing the bivalves at specific locations where the conditions for
growth and survival are maximized (Capelle 2017). Numerous management activi-
ties are possible among which active removal of predators (Calderwood et al. 2016)
and thinning-out and sorting the bivalves to optimise growth efficiency and shape.
The moment of harvesting is also decided by the farmers, based on the quality of the
bivalves but also on market prices.

Since aquaculture of marine bivalves takes place in natural environments, it often
results in conflicts with other functions such as nature conservation, recreation, eco-
nomic development, etc. Also the fishery on marine bivalves might result in con-
flicts since natural stocks that are an important food source for fish and birds are
removed from the system (Ens et al. 2004; Ens 2006). Moreover, the fishery with
dredges is a bottom disturbing activity that might impact the seafloor integrity. Also
aquaculture often depends on the wild fishery for the seed resources (Smaal and
Lucas 2000).

For aquaculture purposes, bivalves and associated organisms are often translo-
cated between sites and ecosystems which has resulted in introduction and spread-
ing of (invasive) exotic species (Minchin and Gollasch 2002; Wolff 2005). Proper
management of bivalve transports are important to reduce environmental impact.

In this paper an overview is given of the trends in global production of marine
bivalves based on FAO data. The production figures for different continents are
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discussed and compared with each other. As case studies, the trends and developments
in China — by far the largest producer of marine bivalves — and Europe are pre-
sented. In China, the production of marine bivalves is still increasing tremendously
due to the increasing protein demand of the growing population. In Europe, how-
ever, the total production is decreasing the last decades due to various reasons such
as competing claims on space, diseases and carrying capacity issues. For both case
studies an overview is presented of the trends and developments of production,
import and export and legislation. Finally, in this paper, special attention is paid to
stock assessment of marine bivalves since this provides essential information for
sustainable management of natural stocks in order to reduce environmental impact
of the fishery on marine bivalves. This is based on a case study of the stock assess-
ment for natural bivalve species in the Wadden Sea, The Netherlands.

2.2 Global Trends

In the FAO Global Fishery and Aquaculture Statistics database a total 79 marine
bivalve species are listed as cultured and 93 species are listed as captured species.
They can be grouped into four major groups: clams, oysters, mussels and cockles.
Clams and oysters are the major species groups that contribute 38% and 33%,
respectively, to the global production. Scallops account for 17% and mussels for
13% of the global production. The global production of marine bivalves is more
than 15 million tonnes per year (data FishStat FAO 2010-2015) (Fig. 2.1). More
than 85% of the total marine bivalve production in comes from Asia (Fig. 2.2). As a

8 | = Capture
O Aquaculture

15

Production (Mton)
10

O-A

1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015
Year

Fig. 2.1 Evolution of the total global production (million tonnes per year) of marine bivalves by
the fishery and aquaculture. (Data from FAO FishStat (1970-2015))
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result the production in Asia, specifically China, largely dominates the patterns and
trends in the world production.

The total production of marine bivalves is the result of a complex interaction
between the market demand and the production capacity of the system. If the market
demand increases, this will be a trigger to increase production. However, the pro-
duction will be limited by the carrying capacity of the system. There are different
types of carrying capacity that could potentially limit the production: physical, pro-
duction, ecological and social carrying capacity (Inglis et al. 2000; Gibbs 2009;
Smaal and Van Duren 2019).

The bivalve production in Asia is increasing on average with 0.42 million tonnes
per year since 1990. The majority of the production in Asia comes from clams
(5.4 million tonnes in 2015) and oysters (ca 5.1 million tonnes in 2015). The pro-
duction of scallops and mussels in 2015 was 2.3 and 1.1 million tonnes, respec-
tively. Production in Asia is dominated by the production in China (more than 90%
of the marine bivalve production in Asia). Other marine bivalve producing countries
of importance in Asia are Japan (0.75 million tonnes per year), Republic of Korea
(0.4 million tonnes per year) and Thailand (0.23 million tonnes per year). The major
reason for the increase in marine bivalve production in China is the increased
demand for proteins from the growing population and the increased standard of liv-
ing in China. As a result, social and ecological carrying capacity are no major issues
yet. Spatial and production carrying capacity limitations might be occurring locally
since the availability of suitable productive sites can sometimes be limiting. The
wild fishery on marine bivalves in China is not specifically documented in the
Fishstat database. Japan is the most important country in Asia in terms of the fishery
on marine bivalves, mainly scallops, with an average yearly production of 0.38 mil-
lion tonnes in the period 2010-2015. In Indonesia the fishery on blood cockles
produce on average about 74 thousand tonnes per year (2010-2015).

North and south America is responsible for 9% of the global marine bivalve pro-
duction. Most of the aquaculture production is in Chile (mussels and scallops), Peru
(scallops), the United States (American and Pacific cupped oysters, hard clams) and
Canada (mussels). The wild fishery is mainly practiced in the United Stated of
America on scallops, hard clams and surf clams, with a mean total production of
about 510 thousand tonnes per year (2010-2015). Also in Canada there is a wild
fishery (ca 92 thousand tonnes per year) mainly on Atlantic deep-sea scallops. The
total production in north and south America increased from about 1 million tonnes
per year in the period 1995-2000 to about 1.3 million tonnes per year in the period
2010-2015. This increase is mainly due to the increase of aquaculture production.
Clams used to be the most important species but the production is slightly decreas-
ing since 1988. This is mainly due to a decrease in wild catches of clams in the
United States from about 450 thousand tonnes per year in 1985 to a total production
of 250 thousand tonnes per year at present (2010-2015). From 2000 the mussel-,
but also the scallop production is increasing in the Americas. The increase in mussel
production is mainly due to an increase in the aquaculture production in Chile with
a tenfold increase in this century from 23 thousand tonnes in 2000 to a current
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production of about 244 thousand tonnes per year (2010-2015). In the United States
of America, the wild fishery on oysters decreased from 200 thousand tonnes in the
early 70’s of the last century to a production of about 59 thousand tonnes per year
in the period 2010-2015. The aquaculture production of eastern oysters increased
from about 106 thousand tonnes per year in the period 1995-1999 to a total produc-
tion of 142 thousand tonnes per year at present (2010-2015).

In Europe, responsible for 5.5% of the world production of marine bivalves, the
production has decreased since 1998. This decrease is mainly due to a decrease in
mussel production by aquaculture activities from about 600 thousand tonnes per
year in 1998 to about 465 thousand tonnes per year in the period 2010 to 2015. The
production of bottom culture mussels in the Netherlands is responsible for part of
this reduction since the production in the Netherlands decreased from 113 thousand
tonnes in 1998 to 46 thousand tonnes per year in the period 2010-2015. The produc-
tion is limited by a reduction in physical space due to competing claims with nature
conservation and occasional recruitment failures. Production of oysters, clams and
scallops in Europe is much lower than the mussel production. The oyster production
decreased from 150 thousand tonnes in 1998 to about 94 thousand tonnes per year
(average 2010-2015), with the largest production in France (ca 78 thousand tonnes
per year). In Ireland, however, the production of oysters is increasing. Almost 25%
of the marine bivalve production in Europe, yearly about 205 thousand tonnes per
year, comes from the fishery. The highest capture production is in the UK (scallops
and cockles), Denmark (blue mussels), France (scallops) and Italy (venus clams).

The production in Africa and Oceania is less than 1% of the world production. In
Oceania mussels, mainly produced in New Zealand, are by far the most important
bivalve species, with a total production of about 94 thousand tonnes per year (2010—
2015). In Australia there is additionally some production of flat and cupped oysters.
The fishery on marine bivalves is very limited in Oceania. In Africa, there is some
fisheries (ca 2 thousand tonnes per year) on carpet shells and cupped oysters in
Tunisia and Senegal. Mussels are cultured in South Africa with a total production of
800 tonnes per year. The low production in Africa is low due to the limited market
demands. The local community has no tradition in consuming bivalves, since it is
often difficult to keep the healthy sanitary conditions.

2.3 China

2.3.1 Agquaculture Production in China

Aquaculture production of China is the highest in the world (61.5 million tonnes
in 2015). The total output of marine aquaculture in China in 2015 was 29.5 mil-
lion tonnes and consists of marine bivalve production of 12.4 million tonnes,
macroalgae production of 13.8 million tonnes, fish production around 1.6 million
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Fig. 2.3 Changes in mariculture production (million tonnes per year) in China. (Data from FAO
FishStat (1950-2015))

tonnes' and other organisms (e.g. molluscs, crustaceans, echinoderms) about
1.7 million tonnes (FAO FishStat). Marine bivalves represented 42% of the total
mariculture production in China in 2015. The production increased from an aver-
age of 51 thousand tonnes per year in 1950-1959 to 335 thousand tonnes per year
in 1975-1979, 7.3 million tonnes per year in 2000-2004 to 12.4 million tonnes in
2015 (Fig. 2.3). Besides marine bivalves, macroalgae are also responsible for the
enormous growth in marine aquaculture production in China since 1990 (Fig. 2.3).
The major shellfish cultured in China include 8 categories (oysters, clams, scal-
lops, mussels, razor clams, cockles, sea snails and abalones) and 48 species (Tang
et al. 2016), among which oysters, clams and scallops yield more than 1 million
tonnes annually, and the production of mussels and razor clams fall between 0.5
to 1 million tonnes each year.

2.3.2 Trends and Developments

Bivalve aquaculture has a long history in China, the record of oyster farming can be
traced back to 2400 years ago, in the ancient book “Pisciculture” written by Fan Li,
a famous politician, strategist, Taoist and Economist. In the 1950s and 1960s of the
twentieth century, the main species of Chinese bivalve culture were oyster and mus-
sel. The major farming methods were tideland cultivation and natural sea area nurs-
ing (Liu 1959).

'In the China Fishery statistical yearbook a production of 1.3 million tonnes fish is reported for
2015.
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In the beginning of 1970s, the technologies for seed production of mussel in
hatcheries and natural sea seed collection made great progress, which promoted the
rapid development of mussel culture industry. In 1977, the national mussel farming
area was more than 2000 ha, and the annual production exceeded 60,000 tonnes,
about 200 times and 75 times respectively compared to those in 1970. In late 1970s,
the success in artificial breeding of cockles Tegillarca granosa, and Sinonovacula
constricta, clams Ruditapes philippinarum and Cyclina sinensis laid the foundation
for development of the large-scale culture of these species. In the early 1980s, the
breakthrough of artificial breeding in hatcheries and natural sea seed collection of
Chlamys farreri, had led to the rapidly development of the scallop culture at indus-
trial level. Particularly, the introduction of bay scallop Argopecten irradians from
Atlantic coast in 1982 brought a prosperous stage for Chinese scallop aquaculture
development.

New Eco-farming aquaculture modes such as integrated aquaculture of shellfish
and seaweed in shallow-sea, and pond farming of shrimp-shellfish, has contributed
greatly to the development of modern Chinese marine aquaculture. In recent years,
China has carried out research on varieties of shellfish selective breeding. Until to
2015, 18 new varieties of shellfish were determined by genetic and selective breed-
ing, including oysters, scallops, hard clams, abalone, pearl oyster and manila clam,
which had been certificated by the national new variety committee in China.
Shellfish farming methods now include maritime longline culture (northern China)
and raft culture (southern China), mud flat farming, bottom sow farming, and pond
culture. Integrated aquaculture of shellfish-fish, shellfish-shrimp and shellfish-
seaweed has become the new trend for mariculture development in China.

From 2005 to 2014, the bivalve culture production maintained an overall growth.
During these 10 years, production of scallops, clams, oysters and mussels increased
by 80.4%, 40.8%, and 30.0% and 19.3%, respectively. Shellfish prices showed over-
all rise during the last 10 years with inter-annual fluctuations. In 2015, the domestic
shellfish wholesale price data shows that, the average price of live oysters was
increased from 0.87 US$/kg to 0.98 US$/kg, an increase of approximately 12.1%.
The average price of live razor clam, from the same period last year, increased from
3.99 US$/kg to 4.09 US$/kg, an increase of slightly 1.9%. Scallop adductor muscle
average price, reduced by 7.8% from 3.50 US$/kg to 3.23 US$/kg in the same
period last year; the average price of fresh clams decreased from 1.16 US$/kg to
1.13 US$/kg compare to the same period last year, down by 2.6%.

2.3.3 Import and Export

In 2014, scallops, oysters and mussels were the major imported and exported mol-
luscs, with the net import and export being 33.3 thousand tonnes and 32.1 thousand
tonnes, respectively. The scallops, oysters and mussels import were 29.0 thousand
tonnes, 2.6 thousand tonnes and 1.6 thousand tonnes, respectively, and the export of
these 3 bivalve species were 29.2 thousand tonnes, 1.3 thousand tonnes and
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1.5 thousand tonnes for each. The annual import and export volume were 135.7 and
453.0 million US dollars respectively. From 2008 to 2014, China imported shellfish
mainly from the United States, Japan, North Korea, South Korea, France and New
Zealand, and the shellfish exported went to United States, South Korea, Hong Kong,
Macao and Australia. In 2014, the Chinese imports of oysters, scallops and mussels
were mainly from France, Japan and North Korea, while the export of these species
went to Hong Kong, the United States and South Korea. Data from China Customs
show that from January to October 2015, China’s shellfish export amount and rev-
enue was 219 thousand tonnes (1.87% increase compared to the same period in
2014) and 1.38 billion US$ (1.11% decrease compared to the same period in 2014).

2.3.4 Legislation

The impact of marine bivalve culture to the environment is expected to be relatively
small. This is mainly due to the filtering capacity, removing particles from the water
column. Moreover, no additives (food, antibiotics, etc.) are added to the system.
Nevertheless, there are many laws and regulations related to mariculture in China
(Table 2.1). Besides the state-level management, protection and zoning regulations,
there are also provincial level laws and regulations on natural resources exploitation
and development. For instance, “Marine Functional Zoning of Shandong Province”
has clearly clarified the scope and area that can be applied for aquaculture. Since
2007, the Ministry of Agriculture Fisheries Bureau executed the functional zoning
for shellfish mariculture in Guangdong Province and 11 other areas. Reference from
the relevant provisions of the EU, the Ministry announced the “Requirements for
shellfish mariculture regional zoning”, which defined the 3 categories of shellfish
products according to the content of Escherichia coli (MPN/100 g) in meat and juice
in the shellfish. For category one, the Escherichia coli content should be no more

Table 2.1 Relevant legislation concerning marine shellfish production in China

“Law on the Administration of Sea Area Use of the People’s Republic of China”, 2002
“Law on Marine Environmental Protection of the People’s Republic of China”, 2000

“Fisheries Law of the People’s Republic of China”

“Standard for Seawater Quality of the People’s Republic of China” (GB3097-1997), 1997
“National Marine Functional Zoning (2011-2020)”, 2012

“Regulations of Marine Environmental Protection of Shandong Province”, 2004

“Regulations on the Administration of Sea Area Use in Shandong Province” 2004

“Marine Functional Zoning of Shandong Province”, 2012

“Requirements for Shellfish Mariculture Regional Zoning”
“Law of Quality and Safety of Agricultural Products of People’s Republic of China”
“Provisions on the Administration of Aquaculture Quality”

“Provisional Regulations on Supervision and Management of Shellfish Production Environment”

“Provisions on the Hygiene Management of Exporting Shellfish”
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than 230 E. coli/100 g, bivalves can be put into the market directly; the second
category refers to the Escherichia coli content can be greater than 230 E. coli/100 g
and no more than 4600 E. coli/100 g, which can be put into the market directly without
raw food permit. Bivalves with Escherichia coli content more than 4600 E. coli/100 g
and no more than 46,000 E. coli/100 g are in the third category, which need to be
kept depurated until reached the standard in the second category before sales.

2.4 Europe

2.4.1 Aquaculture Production in Europe

In Europe, aquaculture production has remained relatively constant in the last years.
In 2015, the total output of European aquaculture was 3.0 million tonnes, of which
the majority (2.4 million tonnes) was marine production (FAO FishStat). The marine
aquaculture production was represented almost exclusively by fish production
(about 1.8 million tonnes) and bivalve production (about 598 thousand tonnes)
(FEAP 2016; FAO 2017). Culture of other marine organisms like macroalgae and
crustaceans is negligible in Europe (Fig. 2.4). The most important species (freshwa-
ter and marine) reared in Europe in 2015 are Atlantic salmon (1.6 million tonnes per
year), mussels (497 thousand tonnes per year), rainbow trout (290 thousand tonnes
per year), common carp (154 thousand tonnes per year), Pacific cupped oyster
(89 thousand tonnes per year), gilthead sea bream (79 thousand tonnes per year) and
European sea bass (68 thousand tonnes per year) (FAO 2017). Among the EU
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Fig. 2.4 Changes in mariculture production (million tonnes per year) in Europe. Macroalgae and
others are hardly visible. (Data from FAO FishStat (1950-2015))
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Member States, the largest producers of marine aquaculture products are Norway
(1.4 million tonnes, mainly Atlantic salmon), Spain (271 thousand tonnes per year),
United Kingdom (196 thousand tonnes per year), France (161 thousand tonnes per
year) and Greece (103 thousand tonnes per year). With regard to the aquaculture of
marine bivalves in the different countries, Mediterranean mussels accounted for
83.0% of the marine aquaculture in Spain whereas in France, the largest volumes
were produced by Pacific cupped oyster (46.6%), blue mussel (37.9%) and
Mediterranean mussel (8.8%). The growth of marine Aquaculture production in
Europe is mainly caused by the increase in fish culture (Atlantic salmon) since
1985-1990 (Fig. 2.4). The production of marine bivalves by European aquaculture
is decreasing from an average production of 661 thousand tonnes per year in the
period 1995-1999 to an average of 560 thousand tonnes per year in the period
2010-2014.

2.4.2 Trends and Developments

In Europe, bivalve aquaculture has ancient origins, both for oysters and mussels.
Images on archaeological findings (pots) date back the oyster farm to Roman times,
between the second and first century BC. In Italy, in the lakes Lucrino and Fusaro
(Campania Region) flat oysters were reared for the Roman nobles consumption. In
Spain, in the fourth century BC, the natives used to leave bivalve molluscs in large
deposits denominated ‘concheiros’; the first findings of bivalve culture were discov-
ered near to the Roman villages in the first century A.D. In France, the mussel culture
was practised in the intertidal zone since the thirteenth century using wooden stakes
called “bouchots”. This technique spread widely along the French Atlantic coastline
over the nineteenth century, while Northern European countries (the Netherlands,
Ireland and the United Kingdom) developed bottom culture plots where juveniles
were spread over the plots in shallow water, generally in bays or in sheltered areas on
the ground. The French “bouchot” system, currently still in use, consists of ropes
carrying young mussels placed on vertical poles and then, as the mussels grow, they
move onto the pole where they will grow until they reach their commercial size. In
the Middle Ages, oyster culture was widespread in the Sea of Taranto (Puglia Region,
Italy). Under the kingdom of Ferdinand IV of Bourbon, around 1764, oysters contin-
ued to be farmed in the Fusaro Lake. In the sixteenth century, in Spain, people com-
ing from Portugal began to gather mussels, clams, and cockles in the ria of Arosa
(NW Spain). At the turn of the nineteenth century, flat oyster culture was well devel-
oped especially in the Bay of Arcachon (France), reaching 15-20,000 tonnes per
year between 1908 and 1912. In 1979 the disease caused by the exotic parasite
Bonamia ostreae broke down the productions (Buestel et al. 2009). Between 1971
and 1973, after the depletion of the Portuguese oyster (Crassostrea angulata) deci-
mated by several successive diseases, several hundred tonnes of Crassostrea gigas
were imported from Canada and the species became established and an abundant
spat was settled in Marennes-Oleron (France). In the Mediterranean, flat oysters
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were cultured until 1950 when high mortalities strongly reduced productions due to
a disease caused by the protozoan, Marteilia refringens.

In the Netherlands, due to numerous conflicts in the nineteenth century among
fishermen for the open access to fish blue mussels (Mytilus edulis) and flat oysters
(Ostrea edulis) in the delta region in the southwest of the Netherlands, the rearing
system changed and mussel and oyster fishermen could rent exclusive access rights
to plots in the sea. This plot system facilitated the beginning of bottom culture of
blue mussel and flat oyster because only the person who rented the plot draw the
benefits from the harvest. In 1952, plots to grow mussels could also be leased in the
shallow Wadden Sea in the north of the Netherlands and this led to the development
of a second region where blue mussel was cultured.

Mussels became important in Spain when farmers started culturing them in the
beginning of the twentieth century. In longline systems, mussels are cultured on
ropes that remain suspended in the water from a long line composed of buoys,
whereas oysters are introduced in trays or “poches”, attached to the rope. The long
lines can be semi-submerged, submerged or buoyant depending on the farming
environment. “Bateas mussel rafts” are largely employed in Spain. Rafts are com-
posed of a solid structure from which the mussels hang in the water. In the bottom
mussels system, predominantly used in the Netherlands, Germany, Ireland and the
UK, large flat boats equipped with 2 to 4 dredges, fish juvenile mussels from natural
beds which then are relayed in sheltered areas for further growth until they reach the
commercial size. Currently, the Pacific cupped oyster is the most widely reared
oyster species in Europe thanks to its fast growth, adaptability to different settings
and improving breeding lines in the hatchery. Since 2008, high mortalities have
been recorded in many European countries due to herpesviruses affecting larvae,
spats and juveniles of cupped oysters highlighting the emergence of a global prob-
lem involving not only the European countries, but also New Zealand and Australia.
Concerning clams (Ruditapes decussatus, Tapes philippinarum), the farming began
in the 1980s, when harvesting wild stocks by hand or by dredging was discouraged
in order to protect resources. Currently, clam farming depends mainly on natural
recruitment and reproduction in hatchery. Spat is grown in nursery areas or tanks
and seeded in shallow areas managed by fishermen’s cooperatives.

2.4.3 Import and Export

Data from EUMOFA Report 2016, based on the elaboration of Eurostat data, show
that in 2015, EU imports of mussels totalled 200,000 tonnes, the lowest volume in
the past 6 years, 10,000 tonnes less than the average import volume from 2010-
2014. France, the EU’s largest market, recorded stable imports in 2015 when com-
pared with the 2010-2014 average, while Italy, the second largest importer,
demonstrated a remarkable increase in import volumes (+28%) compared with the
average volume imported in the 2010-2014 period. Portugal recorded a significant
growth of the import as well. Otherwise, import to all other EU markets declined
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rather sharply: the Netherlands (—49%), the UK and Germany (—19% each), and
Spain and Belgium (—10% each). This reduction in imports can be explained by the
economic crisis as well as the increase in prices (average price from US$ 10.30 per
kg in 2010 to US$ 15.40 per kg in 2015). European bivalve export amounted at
20,000 tonnes (+9% respect to 2014) and 172 million US$ (+24% respect to 2014).
EU self-sufficiency for this commodity fell to 61%. The EU consumption of mus-
sels registered a slightly fluctuating trend from 2005 to 2014, with the apparent
consumption moving from 1.36 kg per capita in 2005 to 1.27 kg per capita in 2014.
Chile and New Zealand are the two main suppliers of mussels to Europe, providing
the market with frozen and conserved products. Intra-EU trade is well developed
with a value around half the total value of the EU supply. There are major trade
flows from Spain, the Netherlands and Denmark (wild mussels in the case of
Denmark) to Belgium, France and Italy. The European consumption of scallop in
2014 was almost at the same level as in 2005. Its peak of 0.63 kg per capita was
registered in 2010, and a 4% decrease was recorded between 2013 and 2014, due to
the reduction in catches in the United Kingdom and France of 11% and 29%,
respectively. Since 2005, consumption of clam has remained stable at an average of
0.35 kg per capita (EUFOMA 2016).

2.4.4 Legislation, Environmental Issues

In the European Union, in 1979, the “Shellfish Water Directive 79/923/EEC” con-
cerning the quality of shellfish waters to protect populations from the harmful con-
sequences resulting from the discharge of polluting substances into the sea, was
enacted. This legislation has laid down and updated official controls for monitoring
bivalve production and relaying areas (Table 2.2). The authorities, based on faecal
indicator organisms (E. coli), determine the classification of a production area and
the treatment required in growing areas during the production cycle and for the end-
product. The classification marks three classes: Class A (<230 E. coli/100 g), mol-
luscs can be harvested for direct human consumption; Class B (90% of samples
must be <4600 E. coli/100 g; all samples must be less than 46,000 E. coli/100 g),
molluscs can be sold for human consumption after purification in an approved plant,
or after re-laying in an approved Class A re-laying area, or after an EC-approved
heat treatment process; Class C (<46,000 E. coli/100 g), molluscs can be sold for
human consumption only after re-laying for at least 2 months in an approved re-
laying area followed, where necessary, by treatment in a purification centre, or after
an EC-approved heat treatment process. The European Food Safety Authority Panel
on Biological Hazards has reviewed the hazards and has also determined the need
to restrict shellfish harvesting from areas contaminated with faecal pollution.
Molluscs must not be subject to production or collected in prohibited areas. In 2010,
the EU Commission Regulation was enacted to identify the presence of OsHV-1
pvar associated with the massive mortality in oysters in order to reduce the spread
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Table 2.2 Relevant legislation concerning marine shellfish production in Europe

“Regulation (EC) NO 178 of the European Parliament and of the Council laying down the
general principles and requirements of food law, establishing the European Food Safety
Authority and laying down procedures in matters of food safety”, 2002

“Commission Decision establishing special health checks for the harvesting and processing of
certain bivalve molluscs with a level of amnesic shellfish poison (ASP) exceeding the limit laid
down by Council Directive 91/492/EEC”, 2002

“Regulation (EC) No 852 of the European Parliament and of the Council on the hygiene of
foodstuffs”, 2004

“Regulation (EC) No 853 of the European Parliament and of the Council laying down specific
hygiene rules for on the hygiene of foodstuffs”, 2004

“Regulation (EC) No 854 of the European Parliament and of the Council laying down specific
rules for the organisation of official controls on products of animal origin intended for human
consumption”, 2004

“Commission Regulation (EC) No 2073 on microbiological criteria for foodstuffs”, 2005

“Commission Regulation (EC) No 2074 laying down implementing measures for certain
products under Regulation (EC) No 853/2004 of the European Parliament and of the Council
and for the organisation of official controls under Regulation (EC) No 854/2004 of the European
Parliament and of the Council and Regulation (EC) No 882/2004 of the European Parliament
and of the Council, derogating from Regulation (EC) No 852/2004 of the European Parliament
and of the Council and amending Regulations (EC) No 853/2004 and (EC) No 854/2004”, 2005
“Commission Regulation (EC) No 1664 amending Regulation (EC) No 2074/2005 as regards
implementing measures for certain products of animal origin intended for human consumption
and repealing certain implementing measures”, 2006

of the virus to uninfected regions. According to the regulation, disease control mea-
sures must be implemented. This includes the establishment of containment areas
and the restriction of movement from these areas if OsHV-1 pvar is identified.

2.5 Stock Assessment

Culture of some marine bivalve species is dependent on fishery on wild stocks. Seed
is for instance collected using spat collectors, or fished in the natural environment.
Culture of such species (e.g. blue mussels (Mytilus edulis) and Pacific cupped oys-
ters Crassostrea gigas) is therefore dependent on the availability of natural stocks.
The natural stocks of most bivalve species show large fluctuations from year to year,
depending on the success of natural spatfall. Moreover, the spatial heterogeneity is
high because many species occur locally within dense beds. Stock assessments are
of key importance for fisheries regulation and management and provide essential
information for impact assessment studies.

We illustrate the role of stock assessment with the case study of blue mussels in
the Dutch part of the Wadden Sea. The Netherlands is, after Spain and France the
third producer of mussels in Europe, with a total production of about 63 million kg
per year (1990-2015). In contrast to the suspended culture in Spain, in the
Netherlands the mussels are mainly cultured on-bottom at designated culture plots
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that are located in the Wadden Sea and in the Oosterschelde. The mussels are
cultured by about 50 companies, operating 60 vessels (Capelle 2017). The mussel
culture depends largely on natural seed resources. Mussel seed is dredged from
naturally occurring subtidal mussel beds in the Wadden Sea in Autumn and Spring.
From there they are translocated to the culture plots in the Wadden Sea and the
Oosterschelde where they are kept for 1-3 years until they reach consumption size.
The mussels are harvested mainly in Summer and Autumn and sold at the auction in
Yerseke. From there they are processed and distributed over Europe (mainly
Belgium, France, the Netherlands, Germany).

Since 1992 the natural mussel stock in the subtidal areas of the Wadden Sea is
assessed annually from two different surveys. A quantitative survey in early Spring
and a qualitative survey in Autumn (Van Stralen et al. 2016, 2017). In Autumn, the
mussel seed fishery is exclusively allowed in subtidal areas that are designated as
being unstable due to starfish (Asterias rubens) predation and exposure to unfavour-
able hydrodynamic conditions. In other words, in areas where the seed beds are
likely to disappear before, or in the course of, the following winter. Designation of
areas as stable or instable was made based on survey results since 1992 and expert
judgement of fishermen and fisheries inspectors (Smaal et al. 2014). To determine
the amount of mussels to be fished during the autumn fisheries in these instable
areas, an estimate of the total stock of seed mussels is made in late summer or early
autumn. A qualitative assessment of starfish abundance gives insight in the likeli-
hood of particular beds disappearing before winter, which is used in the fisheries
plan to identify beds to be fished first. In early spring a second stock assessment is
carried out, with the primary purpose to prepare the fisheries permit for the spring
fisheries, and with the secondary purpose to be able to assess effects of changes in
the fisheries policy and management. Where the autumn assessment is a qualitative
survey, the spring assessment is set up as a quantitative survey in which not only
mussels but all species of bivalves, starfish and crabs are recorded. This dataset
gives insight in distribution patterns of mussels and other bivalves, fishery impacts,
as well as the main benthic predators, and is therefore of key importance in studies
on effects of fisheries and changes in fisheries and nature policy (Smaal et al. 2013a).

The autumn assessment is carried out with a mussel dredge. Historical informa-
tion as well as observations by fisheries inspectors and fishermen is used to deter-
mine the areas with a high encounter probability. Using the mussel dredge, operated
by a commercial mussel fisheries vessel, the bed contours and kilograms per square
meter are estimated. The total seed mussel stock, as well as the exploitable stock
size in areas open to the fishery in autumn is estimated based on the dredge data and
expert judgement.

The spring assessment is carried out with a suction dredge. For stations with a
water depth over 10 meters a towed bottom dredge is used. Both sampling gears fish
along a track with known length (ca 150 m) and surface area. The sampling loca-
tions are distributed along a stratified regular sampling grid where the distance
between stations is smaller in areas with a high encounter probability. The encoun-
ter probability is estimated based on the autumn survey, the autumn fishery
(gps-data of the fishing vessels), historical information and observations by fisheries
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inspectors and fishermen. During the Spring survey (March—April) 400-600 locations
are sampled within a period of 3—4 weeks. The samples are sieved over a mesh of
5 mm, and all species of shellfish, crabs and starfish are counted and weighed per
station (total wet weight). The total stock is calculated as the sum of all stations:
biomass (wet weight) per square meter per station multiplied by the surface area the
sampling station is representative for (which is determined by the stratum).

The amount of wild sublittoral mussels in the western Wadden Sea (Spring sur-
vey) is presented in Fig. 2.5 (bars). The lines indicate the total amount that has been
harvested for grow-out on mussel culture plots in spring and autumn. As can be seen
from this figure, in some years more seed has been fished than found during the
spring survey. This is due to a new recruitment during the summer months, after the
spring survey and spring fisheries and before autumn fisheries of the same year.

Due to competing claims with shellfish-eating birds, one of the nature conserva-
tion goals in the Wadden Sea, a transition from bottom fisheries to seed collection
using suspended seed collectors (SMCs) has taken place within the mussel culture
since 2010. According to an agreement between the mussel producers’ organiza-
tion, NGO’s and the Dutch government, a gradually increasing portion of the stable
areas are closed for fishing. The area available for SMCs is proportionally increased.
The total harvest of the SMCs in the Wadden Sea increased from 1.3 Mkg in 2009
to 15.2 Mkg in 2016 (Capelle and Van Stralen 2017). The SMCs resulted in a more
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Fig. 2.5 Total wild stock of mussels in the sublitoral part of the western Wadden Sea (spring sur-
vey) and the total gross amount seed fished (Spring and Autumn) of that year. To calculate the
Gross amount 40% debris and associated fauna is assumed for mussel seed and 25% for adult
mussels. It is also assumed that the seed will gain 20% in weight between survey and fishery
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stable supply of mussel seed for the mussel farmers, making them less depending on
the fluctuations in natural spatfall on the bottom. Data from the stock assessments
are an essential tool for the (evaluation of the) management decisions.

2.6 Conclusions

Food production is an important provisioning ecosystem function of marine
bivalves. The global production is growing, although this growth is mainly caused
by the increase in aquaculture production in Asia, in particular China. The bivalve
farming has already become a considerable scale industry in China and has pro-
vided high quality proteins for humans. The production in North and South America,
however, is stabilizing since 2000 and the production in Europe is decreasing.

It is expected that the global production of marine bivalves, particularly in Asia,
will continue to grow in the future in order to fulfil part of the protein demand of the
growing world population, especially since bivalves are a sustainable form of pro-
tein production. The expected growth in production of marine bivalves will come
mainly from an increase in aquaculture production since it can be foreseen that the
production from wild catches is relatively limited and will probably only decrease
in the future. Sustainability (People, Profit, Planet) is an important factor for a fur-
ther increase in marine bivalve production. Bivalve aquaculture is depending to a
large extent, if not completely, on natural ecosystems, which are in many cases
nature conservation areas. Removal of seed resources and microalgae as food source
for the bivalves can, in some areas, result in competing claims with other ecosystem
values.

Stock assessments are of primary importance in determining sustainable seed
supply. The case study Wadden Sea shows that annual monitoring of bivalve stocks,
resulting in long-term time series, is important for the year-to-year management of
bivalve stocks since it gives insight in the population dynamics as well as potential
ecological impacts of fisheries and aquaculture targeted on marine bivalves. This
can also be applied to other regions where aquaculture is depending on wild stocks.

With increasing emphasis on sustainability, the balance between aquaculture
development and ecology/environment has become a new requirement and chal-
lenge in both research and commercial aspects. The development of a sustainable
bivalve aquaculture will promote employment in the coastal fishing zones support-
ing diversification in areas linked to changes in the fisheries sector. It could be of
great socio-economic importance because it would allow the recovery and enhance-
ment of traditional activities related to the region. New opportunities for local man-
agement of commercial fishing may open up to guarantee the characteristics of the
product being of great interest to the consumer.
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Chapter 3
Provisioning of Mussel Seed
and Its Efficient Use in Culture

P. Kamermans and J. J. Capelle

Abstract Mussel culture largely depends on seed and feed from the natural
environment. This paper focusses on seed provisioning and efficient use of these
resources in mussel production. Approaches and technologies for seed supply and
efficient use of seed in mussel production are described for the different culture
techniques. This includes potential interactions and conflicts with the natural envi-
ronment. Three methods are used to provide seed: wild harvest, use of suspended
collectors and hatchery production. Harvest of wild seed from seaweed (in New
Zealand) or natural beds is still a major source for culture in some areas, costs are
low but provisioning is often unreliable. Most research concerning spat collection
deals with comparison of different types of suspended collectors, settlement cues
and problems with biofouling. Hatchery seed is more expensive, but hatcheries pro-
vide the opportunity for selective breeding and triploid production giving the prod-
uct an added value. The challenge is to bring hatchery production costs more in line
with the actual sale value of mussel seed. Monitoring genetic diversity can give
insight in whether collector seed or hatchery seed growth and survival is negatively
affected by reduced diversity. Grow-out occurs in bottom culture, bouchot culture
and off-bottom longline and raft culture. In bottom-culture, the focus is on develop-
ing better seeding techniques, predator control and optimizing culture practices
such as timing of relay, substrate use and harvest. For bouchot culture, technical
developments are directed to mechanical methods to increase efficiency in size
grading, restocking, harvesting and processing. Innovation in growing-out tech-
niques for longline and raft culture are directed towards the investigation of optimal
stocking densities, and on material type and configuration of farms. Production effi-
ciency increases from bottom culture to bouchot culture, to rope and raft culture and
are related to the sources of mortality and differences in growth rate. Growth rate of
mussels is higher in off bottom culture than in on bottom culture and higher when
submerged than in intertidal. Mussels from the Perna genus are found to have a
higher growth rate but a lower production efficiency than mussels from the Mytilus
genus. Efficient use of seed in mussel culture should aim at a reduction of mussel
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losses and an increase in growth rates. Important tools are adjusting seeding
densities in relation to system design, reducing seeding stress, predator control and
applying thinning out or relay.

Keywords Mussels - Seed - Culture - Efficiency

3.1 Mussel Aquaculture Production

Mussels are found in large quantities in coastal areas all around the world. Mussels,
often organized in patches or in beds, are easily collected and have been an impor-
tant protein source (an ecosystem good) for mankind since prehistoric times
(Erlandson 1988). Mussels are commonly cultured, all that is needed is protection
against dislodgement, by using sheltered sites or attachment substrate and protec-
tion against predation, supply of oxygen and seston, which is sufficient in most
coastal environments. Mussel culture is carried out according to a variety of tech-
niques, often developed in the course of centuries and adapted to the local culture
environment. Mussel culture is based on seed and nourishment from the natural
environment. This paper focusses on seed provisioning and efficient use of this
resource in mussel production.

Global mussel culture mainly concerns two genera (Mytilus and Perna) and 9 spe-
cies (Mytilus edulis, Mytilus galloprovincialis, Mytilus californianus, Mytilus platen-
sis (also called M. chilensis), Mytilus unguiculatus, Mytilus planulatus, Perna
canaliculus, Perna perna and Perna viridis). In addition, a small production of
Aulacomya atra and Choromytilus chorus takes place in Chile and Argentina. Mussel
production comprises around 1.8 million tonnes with a value of 2.7 billion US dollars
(average of 2010-2015, FAO statistics). In 2015, the largest production took place in
Asia (1.05 million tonnes), followed by Europe (0.50 million tonnes), the Americas
(0.25 million tonnes), Oceania and Africa (0.08 million tonnes) (FAO statistics,
www.fao.org). The main mussel producing countries are China in Asia, Spain in
Europe, Chile in the Americas, New Zealand in Oceania and South Africa in Africa
(Table 3.1). Production in China, Chile and New Zealand started in the seventies of
the last century and showed a rapid increase (Fig. 3.1). This levelled off for New
Zealand around 2005 and continues to increase in China. In Chile production declined
fast around 2011, mainly due to problems with toxic algae (Reguera et al. 2014).

3.2 Culture Techniques and Innovations

Mussels culture is based on recently settled individuals called spat, or juveniles
called seed. This resource is collected in different ways depending on the local cir-
cumstances and grow-out methods. In general, three methods are used to harvest
spat or seed: wild harvest, use of suspended collectors and hatchery production



3 Provisioning of Mussel Seed and Its Efficient Use in Culture

29

Table 3.1 Mussel aquaculture production (tonnes) in 2015 per species and per country (FAO

statistics, www.fao.org)

Species Country Tonnes
Mpytilus e dulis France 61,000
Netherlands 54,100
Canada 22,725
United Kingdom 20,112
Ireland 16,015
Germany 10,875
Norway 2731
United States of America 1788
Sweden 1525
Denmark 1229
Iceland 140
Senegal 16
Namibia 10
Argentina 6
Argentina 6
St. Pierre and Miquelon 3
Mpytilus galloprovincialis China 845,038
Spain 225,308
Italy 63,700
Greece 18,628
France 14,100
Bulgaria 3373
Portugal 1315
South Africa 950
Croatia 746
Slovenia 573
Albania 295
Russian Federation 207
Montenegro 189
Ukraine 70
Romania 35
Turkey 3
Mpytilus californianus Mexico 270
Mpytilus platensis Chile 208,707
Argentina 6
Mpytilus plan u latus Australia 3679
Mpytilus unguiculatus Korea, Republic of 53,536
Perna perna Brazil 18,364
Venezuela, Boliv Rep of 1

(continued)
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Table 3.1 (continued)

Species Country Tonnes
Perna viridis Thailand 118,775
Philippines 15,949
India 8700
Malaysia 1673
Cambodia 1500
Singapore 906
Perna canaliculus New Zealand 76,811
Aulacomya atra Chile 1068
Argentina 4
Choromytilus chorus Chile 1581
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Fig. 3.1 Mussel aquaculture production (tonnes) in Chile, New Zealand and China (FAO statis-
tics, www.fao.org)

(Fig. 3.2). The majority of the grow-out occurs in bottom culture, bouchot culture
and off-bottom longline and raft culture (Fig. 3.2).

Each technique to acquire seed has different costs. In general, the least labour-
intensive method (wild harvest or fishing) has the lowest cost. Fished seed is mostly
used in low-effort grow-out such as bottom culture. However, dredging for seed can
result in overexploitation. In New Zealand, this made the industry look for alterna-
tives (Jeffs et al. 1999). Longline and raft culture use collected seed. The system to
collect seed is usually the same as what is used for grow-out to make it cost effi-
cient. The most expensive method to acquire seed is hatchery production
(Kamermans et al. 2013). This is currently only used in longline culture.
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Fig. 3.2 Overview of culture techniques used for mussel production at different environments and
for different resources (SMC = Seed Mussel Collectors, NZ = New Zealand)

3.2.1 Bottom Culture

Mussel bottom culture is typically practised on shallow mudflats in areas where
there are extensive naturally occurring mussel seed beds (Fig. 3.3d). In the
Netherlands, Germany, UK and Ireland, seed fished from natural beds is the main
source for bottom culture (Kamermans and Smaal 2002).

Mussel seed from wild beds are relayed on bottom plots (lease sites) where the
mussels are maintained until harvest. Bottom culture is an extensive culture where
the mussels are still, to a large extent, subjected to, and dependent on the environ-
ment. The Netherlands are the centre of the bottom culture industry in Europe. In
the 1970s most of the hand labour was mechanized leading to bulk production of
mussels, limited by external factors such as seed availability and culture area. From
the 2000s onwards, system innovation took place resulting in the deployment of
seed mussel collectors (SMCs, Fig. 3.2). The first tests with seed mussel collectors
started in 2000 (Kamermans et al. 2002) and the method showed a rapid develop-
ment. In 2016 the total yield was about 20,000 tonnes (Capelle 2017). The main
drivers for system innovation through SMCs were: (i) to safeguard a steady supply
of seed, (ii) to become more sustainable by reducing bottom dredging, and (iii) pres-
sure from green NGOs.

Mussel farmers in the Netherlands are in a transition process from fishing seed
from natural beds to harvesting seed with collectors. A stepwise approach is taken:
every 2 years a decision on reduction of seed fishing and expansion of the area
reserved for seed collection is made based on the annual yield of the collectors. The
shift from fishing to using collectors results in a higher mussel biomass in the sys-
tem, because areas with natural beds are no longer fished and spat survival is
enhanced on the collectors. However, competition for food (phytoplankton) between
the extra mussel biomass and natural bivalve populations may result in overgrazing
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Fig. 3.3 Mussel culture methods: (a) seed fishery, (b) seed mussels collectors, (¢) hatchery pro-
duction, (d) bottom culture, all in The Netherlands, (e) Bouchot culture in France (https://report-
erre.net/Les-moules-du-Mont-Saint-Michel-etouffent-la-baie-magnifique), (f) raft culture in Spain
and (g) longline culture in New Zealand. Source of pictures: Jacob Capelle (a and d), Aad Smaal
(e) and Pauline Kamermans (b, ¢, f, and g)
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and possibly affect the production capacity. This can have consequences for the
yields of cultured bivalves and for organisms that depend on bivalve stocks for their
food such as birds. A recent study used time-series data analysis and model calcula-
tions to estimate effects on production capacity (Kamermans et al. 2014). In addi-
tion, different indicators, such as meat content and growth rates of bivalves for
assessment of changes in production capacity for bivalve shellfish were investi-
gated. Kamermans et al. (2014) concluded that when all reserved space for SMCs is
exploited at the envisioned end of the transition, expected effects on total bivalve
biomass production will be less than or proportional to the increase in biomass of
seed from SMC, depending on the area. In some areas, survival of wild, unfished
beds is quite limited, due to predation.

The development of new technology that came with SMCs, increased the costs
for the resource and will require innovations in other forms, notably an increase in
production efficiency (Capelle 2017). Several research projects have been initiated
to investigate this topic. Focus is on developing better seeding techniques (Capelle
et al. 2014, 2016), predator control using starfish mops (Calderwood et al. 2016) or
crab pots (Calderwood et al. 2015) and optimizing culture practices such as timing
of relay, substrate use (Christensen et al. 2015) and harvest (Newell et al. 1998;
Ferreira et al. 2007; Newell 2007).

3.2.2 Bouchot Culture

Bouchot culture (pole culture) is conducted exclusively in France, in areas with flat
intertidal mudflats and a relatively large tidal range (Fig. 3.3e). In bouchot culture,
mussel seed is collected on ropes, that are placed in horizontal racks in the water
column when larvae are present. The ropes are then wound around poles in the
intertidal zone for grow-out. Bouchot culture dates back to the thirteenth century
and the principles and methods remain largely unchanged. Technical developments
are very much restricted to mechanical methods to increase harvest efficiency.
Amphibious vehicles are used to harvest the bouchots by means of a cylinder that
can be lowered over the poles and scrapes off the mussels (Prou and Goulletquer
2002). Processing, size grading and restocking is also mechanized. Spatial conflicts
on bivalve culture with other users is limiting the expansion of bouchot culture in
France and has stimulated the development of longline cultures (Prou and
Goulletquer 2002).

3.2.3 Raft and Longline Culture

In bays with deep waters and bays with rocky shores, rafts and longlines are more
commonly used for the grow-out of mussels (Fig. 3.3f, g). Originally developed in
the Mediterranean, large-scale raft culture is conducted primarily in Spain, and in
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more recent times, extensively at the northwest coast of Spain, where local upwell-
ing results in a high food availability (Figueiras et al. 2002). In raft culture, mussels
are grown on ropes hanging from rafts. In rope or longline culture mussels are
grown on ropes attached to floating buoys at the water surface or submerged buoys.
Longline culture is globally the most used culture method for mussels. Countries
where high biomasses of mussels are produced on longlines are New Zealand,
China, Italy and Chile. Culture practices can be summarized as (1) obtaining seed,
(2) stocking and growing on rope, (3) restocking after thinning out and outgrow to
consumption size. Major issues in off-bottom culture is resource requirement, den-
sity dependent growth and losses and biofouling. Self-thinning occurs when bio-
mass increased through growth and food or space becomes limited (Fréchette and
Lefaivre 1995; Guinez 2005).

Seed for off-bottom culture is obtained mainly with seed collectors. However,
when natural settlement is scarce other methods are used. For example, in New
Zealand the spat for long-line culture is collected on Ninety Mile Beach in the far
North of the North Island, where seaweed covered with recently settled natural spat
washes upon a beach. Spat density varies from 200 to 2 million per kg of macroal-
gae. It is then transported to the culture areas in Coromandel on the North Island and
Marlborough Sounds on the South Island (Jeffs et al. 1999).

Most research concerning spat collection deals with settlement cues, comparison
of different types of collectors, and problems with biofouling. Understanding the
impact of temperature on the rate of larval development is key to predicting the tim-
ing of settlement and optimizing mussel seed collection (Filgueira et al. 2015;
Jacobs et al. 2014). However, other factors, such as food availability and quality, are
important too (Bos et al. 2006; Philippart et al. 2012). Settlement is significantly
higher on rough compared to smooth surfaces (Gribben et al. 2011). The most effi-
cient type of SMC has a large surface area, and there is also thought to be a negative
relationship between growth and density (e.g. Celik et al. 2016). Identification and
quantification of the presence of mussel larvae is important for optimising the use
of suspended seed collectors. With this information timing of deployment can be
optimised. Abalde et al. (2003) used mouse monoclonal antibodies to identify M.
galloprovincialis larvae. The recent development of another identification method
involving molecular tools can speed up processing of samples (Ranjith Kumar et al.
2015). After settlement, mussels can show gregarious behaviour on the collector
ropes which is influenced by temperature or food availability (e.g. Aghzar et al.
2012). Failure of the collectors, other than insufficient availability of larvae, is
mainly due to biofouling. For example, in Canada, the vase tunicate Ciona intesti-
nalis reduces mussel production (Ramsay et al. 2008).

Recently, the focus of research on spat collectors extends towards interactions
and conflicts with the natural environment. For example, carrying capacity (see
box 1) and genetic diversity are a concern. Larrain et al. (2015) showed that blue
mussels in southern Chile, raised from wild-caught seed obtained from relatively
few collection sites, have lower genetic diversity than in other countries, and limited
genetic differentiation among locations. Transplants of seed from other areas can
result in mortality due to adaptation problems (Kautsky et al. 1990). Mussel seed
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has a high adaptive capacity (Widdows et al. 1984; Stirling and Okumus 1994), but
this varies among sources (Tremblay et al. 2011). Thus, adaptation capacity depends
on the genetic composition of the stock and local environmental conditions.

Hatchery production of mussels (Fig. 3.3) is not as common as hatchery produc-
tion of oysters and clams. One of the reasons why hatchery production of mussel
seed is less developed for mussels than for other bivalves is that demand for the
industry has been limited until now and that very large-scale production is required
to make hatchery seed competitive with wild seed. However, commercial hatcheries
that produce mussel spat are present (Kamermans et al. 2013). Optimisation of
hatchery production is an ongoing process. For example, a recent study by Gui et al.
(2016) showed that gill filaments in small Perna canaliculus are not fully developed
and capture particles between 15-25 pm, while the filaments in bigger mussels are
able to capture bacteria-sized particles around 2 pm. This type of information can
be used to select the best algal diet for each life stage.

Generally, mussel hatcheries are only feasible when the price of the product
allows it and when alternative sources of seed are scarce or unreliable. A pre-
feasibility study for the installation of a Chilean mussel seed hatchery showed that
seed production in a hatchery was not profitable due to both the low price of Chilean
mussels in national and international markets and the high cost of production,
mainly associated to the production of microalgae as feed for the larvae (Carrasco
2015). Seed from hatcheries is more expensive, but hatcheries provide the opportu-
nity for selective breeding. Researchers in New Zealand have developed a selective
breeding programme for the Greenshell™ mussel (Perna canaliculus) (Camara and
Symonds, 2014). Innovative tools, such as cryopreservation that enables genetic
material from selected stock to be stored, are being developed (Gale et al. 2014;
Wang et al. 2014). Another advantage of hatchery production is the ability to pro-
duce triploids. Recently spawned mussels cannot be sold due to insufficient meat.
Triploids are non-maturing mussels which have the advantage that they can be sold
year-round. Two EU projects (BLUE SEED and REPROSEED) looked into hatch-
ery production for mussels in Europe, including triploid production and the use of
recirculation systems (Kamermans et al. 2013; Blanco and Kamermans 2015).
Recently, a new project was started in Scalloway, Shetland, to test the commercial
feasibility of producing mussel spat.

Kamermans et al. (2013) identified some areas where changes could be made to
bring hatchery production costs more into line with the potential sale value of mus-
sel seed: (i) use low-tech algal culture; (ii) restrict activities to the natural season
and take seed into the field at the smallest size possible; (iii) scale up culture vol-
umes during this restricted period of activity. In addition, production of higher
added-value products, such as triploids or selective breeding for specific traits, is
needed. Otherwise, the production of seed by hatchery techniques will be not be
profitable in most cases compared with the cost of obtaining the wild counterparts.

Grow-out with hatchery seed is uncertain when it comes to the origin of the har-
vested strain. This can be the initially seeded hatchery material or wild recruits.
Diaz-Puente et al. (2016) used multiplexed microsatellites to trace back the



36 P. Kamermans and J. J. Capelle

individual origin of a batch of harvested mussels and showed that 98.3% of the adult
harvest came from the original hatchery full-sib family while only 1.7% of the mus-
sels were recruited from the wild. A microsatellite genetic analysis of M. edulis on
the west coast of Canada showed significant reduced genetic diversity in cultured
populations compared to the wild population (Gurney-Smith et al. 2017). According
to the authors, this is partially due to small effective breeding groups during hatch-
ery propagation, creating genetic drift over successive generations. These results
indicate the need for pedigree programs. The European network GENIMPACT
evaluated genetic impact of aquaculture activities on native populations. Beaumont
et al. (2006) concluded for mussels that it is essential to precisely characterize the
true distributions of M. edulis, M. galloprovincialis and their hybrids in all European
regions, but especially where mussel aquaculture takes place. Based on such a sur-
vey, a series of sites should be identified that are to be genetically monitored on a
regular basis to identify any changes in species composition over time. As far as we
are aware such monitoring has not started yet. Effects of climate change, such as
ocean acidification, may have a serious impact on larval production. A recent study
by Waldbusser et al. (2015) showed that larval shell development and growth in
Mpytilus galloprovincialis are dependent on aragonite saturation state, and not on
carbon dioxide partial pressure or pH. With increasing acidification the aragonite
saturation state decreases resulting in malformations and reduced growth of
D-larvae. Hatcheries have the possibility for chemical manipulation of the seawater
in larval tanks.

Innovation in grow-out techniques for longline and raft culture are mainly
directed towards the investigation of optimal stocking densities and farm configura-
tion. A few examples are: growing mussels without the need for thinning (Pérez-
Camacho et al. 2013), using size grading (Cubillo et al. 2012), stocking as a function
of food availability (Fréchette and Bacher 1998; Grant et al. 2008; Cranford et al.
2008; Strohmeier et al. 2005), and investigating the effect of spacing of mussel
ropes (Drapeau et al. 2006; Aure et al. 2007). Effect of the culture structures on food
provisioning to the mussels, can reduce mussel quality when scaling up (Rosland
et al. 2011). Innovation in raft design is directed to deal with harsh environmental
conditions, that results for example in submerged raft designs (Wang et al. 2015)
and in optimizing food availability by raft design and orientation (Newell and
Richardson 2014).

Biofouling on mussels grown on ropes or nets reduces mussel growth and quality
(Sievers et al. 2013). In Canada up to 50% mortality was observed under heavy
tunicate fouling (Locke and Carman 2009). Biofouling organisms that are causing
major problems are ascidians, especially Ciona intestinalis, but may also consist of
conspecific mussels or other species of mussels, for instance in New Zealand M.
galloprovincialis is causing large fouling problems on the more valuable P. cana-
liculus. Forrest and Atalah (2017) used a 4-year dataset to calculate that M. gallo-
provincialis cover caused a 5 to 10% decrease in annual yield of P. canaliculus.
Woods et al. (2012) reported an average of 54% biofouling organisms of the total
rope biomass after 6 months. The reseeding of ropes reduced the amount of biofoul-
ing to 15% of the total rope biomass 6 months later. Innovations to reduce fouling
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are directed at reducing settlement. This can be done for instance by occupying
100% of the rope with mussels, or by manual removal of fouling or by using anti-
foulants (Fitridge et al. 2012).

Space restrictions in the coastal zone and developments such as off-shore wind-
farms, have speeded up developments towards off-shore mussel farms (Buck et al.
2004; Plew et al. 2005; Brenner et al. 2007; Ferreira et al. 2009; Van den Burg et al.
2017). However, off-shore conditions are much more challenging, also from a regu-
latory perspective (Corbin et al. 2017) and is an important driver of innovation in
system design such as on the mooring of the systems (Ogmundarson et al. 2011),
material use (Buck 2007) float design and food availability (Stevens et al. 2008).

3.3 Efficient Use

Culture efficiency is defined as how many units of end product (marked sized mus-
sels) are harvested from one unit of resource (mussel seed). The index of culture
efficiency is the average physical product APP (Ferreira et al. 2007), the Harvest to
Seed Ratio (Newell 2007) or the relative biomass production (RBP) (Capelle et al.
2016). Efficient use is defined as by what means mussels growers can maximize
their culture efficiency. Culture efficiency is biologically defined by the dynamics of
growth and survival between resource and end product. There are several stages in
the mussel culture cycle where management measures are or can be taken to improve
growth and survival. These are: at seeding or stocking of seed, at relaying or thin-
ning out and by predator control.

Survival of cultured mussels is dependent on the environment and on stress expe-
rienced in culture. In bottom mussel culture, large losses were found associated with
seed handling (Calderwood et al. 2014; Capelle et al. 2016). Mussels are gregarious,
but high mussel densities will increase competition and may result in substantial
losses, that are witnessed in bouchot culture (Soletchnik et al. 2013), rope culture
(Fréchette and Bacher 1998; Lauzon-Guay et al. 2005), but also in bottom culture
(Capelle et al. 2014). In rope culture mussel losses can peak as a result of secondary
settlement, when mussels that were initially attached (primary settlement), detach
from the ropes in search for a different attachment substrate (South et al. 2017).

3.3.1 Stocking Density

Stocking mussels at optimal densities will enhance the culture efficiency. High mus-
sel densities will increase competition and might result in substantial losses in
bouchot culture (Soletchnik et al. 2013) and rope culture (Fréchette and Bacher
1998; Lauzon-Guay et al. 2005). Stocking in lower densities typically increases
efficiency in rope culture (Cubillo et al. 2012), as well as in bottom culture (Capelle
et al. 2016). Mussel size at stocking is an important parameter that effects culture
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efficiency: smaller mussels show higher losses (Lauzon-Guay et al. 2005), but have
a higher biomass production potential (Petraitis 1995). However, stocking in low
densities will expose more substrate for other species to settle on and enhances
biofouling (South et al. 2017; Cubillo et al. 2015). Furthermore, when costs are
considered higher biomass production at higher densities might compensate a
reduction in quality and survival (Pérez-Camacho et al. 2013; Capelle et al. 2017).
In several reports, mussel losses were attributed to seed handling. In bottom culture
these losses are density dependent and can be reduced by applying a more homoge-
neous seeding pattern (Capelle et al. 2014) and by limiting the handling time
(Calderwood et al. 2014). In rope culture, losses of 54% were observed within
1 month after stocking (South et al. 2017).

3.3.2 Relaying and Thinning Out

Selecting the best site, with high food availability, may substantially increase cul-
ture productivity in mussel bottom culture (Herman et al. 1999; Ferreira et al. 2007).
Feeding rates may increase up to a flow velocity of 0.8 m s=! (Widdows et al. 2002);
at a certain threshold, mussels may be dislodged, and as such, mussel farmers need
to optimize production within this range. In bottom mussel farming, relaying is
common practice. Mussels are often kept on sheltered plots over winter and relayed
to plots with good growing conditions in spring. Mussels might also be relayed from
intertidal plots to deeper plots, to stimulate survival and growth (Beadman et al.
2003). Mussels that are transplanted between areas may require physiological adap-
tations. Especially in the size of the gills that are used to capture particles and in the
size of the labial palps that are used to sort particles into edible and not edible
(Bayne 2004). In areas with high turbidity, gills are small and labial palps are large
(Theisen 1982). In mussels, an adaptation in the gill-to-palp ratio was observed after
transplantation to sites with different turbidity values (Essink and Bos 1985; Payne
et al. 1995). After a transplantation experiment between two systems in southern
England, it took 2 months for the mussels to adapt the gill-to-palp ratio to the new
environment (Widdows et al. 1984).

Ropes or nets have limited attachment area, hence mussels will start to fall off
when mussel densities are too high. Self-thinning occurs when mussel biomass
increases and space or food becomes limiting, causing a reduction in growth and
survival (Alunno-Bruscia et al. 2000; Guifiez et al. 2005). Manual thinning out on
ropes in raft culture in Galicia Spain occurs after 4-7 months of growing when the
mussels reach 4-5 cm (Cubillo et al. 2012). In the thinning process mussels are
detached from the ropes and re-socked in a lower density around a new rope. During
the thinning process size grading can take place that will result in a more uniform
mussel size at harvest and in less mussel discards (Pérez Camacho et al. 1991). The
thinning process in Spain was associated with mussel losses (Pérez Camacho et al.
1991, 2013).
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3.3.3 Predator Control

Mussels are not only providing goods for human consumption, but also for a range
of other species, some of which depend on them as a food source. Several manage-
ment measures to prevent predation in bouchot culture are described by Dardignac-
Corbeil (1975): (1) Crabs (Carcinus meanas, Maja brachydactyla) which predate
on the bouchot mussels, can be prevented by placing a sheet around the bouchots.
(2) Predation by birds (e.g. gulls or molluscivorous ducks) on mussels on bouchots
can be reduced by using nylon threads to prevent the birds landing. (3) When star-
fish and mollusc drilling snails (Nucella lapillus) are present in high densities and
predation levels are high they need to be manually removed.

Predation may exert a top down limitation on production. Especially, in bottom
culture, because mussel plots are accessible for benthic predators as well as for fish
and birds. Intertidal mussels are preyed upon by shore crabs and birds (oystercatch-
ers, herring gulls), while subtidal mussels are preyed upon by shore crabs, sea stars
and molluscivorous (diving) ducks. The number of sea stars on culture plots is
reduced by freshwater treatment and there is a selective fishery on sea stars with sea
star mops (Netherlands, United Kingdom, Germany, and Ireland) and purse-seines
(Denmark Petersen et al. 2016). Freshwater treatment is applied before seeding
when mussels are in the vessels’ hold; the process consists of the joint exposure of
mussels and associated sea stars to freshwater for several hours Mussels will keep
their shells shut, while sea stars are unable to protect themselves against osmotic
stress and will not survive. Sea star mops are made of fuzzy rope entwined around
small chains that are towed over the mussel plots, which ensnares the sea stars
thereby enabling removal. The efficiency of sea star removal by mops was estimated
in a case study in Belfast Lough in Northern Ireland. The results show a large varia-
tion in the catch efficiency (4—78%), while the mean sea star reduction applying this
method was 27% (Calderwood et al. 2016).

When Davies et al. (1980) tested the effect of exclusion of shore crabs in newly
formed intertidal mussel beds on a scale of 800 m?; they found that exclusion of
shore crabs resulted in a 400-500% increase in yield over a period of 2 years.
Experiments have been conducted on selective crab fisheries in a comparative study
on culture plots in the Wadden Sea, but no differences in survival between culture
plots where crabs were removed vs. where no crab fishery took place could be found
(Kamermans et al. 2010). Therefore, exclusion of shore crabs seems to be more
effective than a selective fishery.

Rope or net culture of mussels have the advantage above bottom culture that
benthic predators cannot reach the mussels directly. Predation by mobile predators
on mussels in raft or longline culture are therefore limited to molluscivorous birds
and fishes. However, predators with pelagic larvae can settle between the mussels.
Sea stars commonly settle in long-line farms and marine flatworms (Turbellaria or
Plathyhelminthes) can infest the mussels and cause substantial losses (Galleni et al.
1980; Robledo et al. 1994). Ducks such as eider ducks that primarily feed on mus-
sels can cause extensive damage to longline mussel cultures (Dunthorn 1971;
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Zydelis et al. 2009). In Maine (USA) mussels are protected by nets placed around
the mussel rafts (Newell and Richardson 2014). Mussel ropes and nets are very
attractive for a range of fish species (Segvié¢-Bubié et al. 2011). In the Mediterranean,
sea breams are considered a pest that is very difficult to handle and may require nets
as physical barriers (Prou and Goulletquer 2002).

3.3.4 Other Loss Factors

Sometimes environmental events result in mussel losses and the only option mussel
growers have are mitigation measures. Environmental factors such as harmful algal
blooms (HABs) (Peperzak and Poelman 2008) or diseases and parasites (mainly
limited to Myticola intestinalis in Mytilidea (Bower et al. 1994) and Bucephalus sp.
in Perna (da Silva et al. 2002), on bouchot mussels heat stress might increase losses
up to 70% (Soletchnik et al. 2013). Ice scour is a catastrophic event for intertidal
mussel populations (Donker et al. 2015) However, not all mussel losses can be
explained. In recent years, abnormal high mussel losses were observed at mussel
production sites in the Atlantic coast in France (2014-2016) and at the Oosterschelde
estuary in the Netherlands (2016). Mussel meat at sites with abnormal mortality
rates contained higher densities of granulomas, inflammatory inclusions at the
Atlantic coast in France, suggesting that the mussels experienced stress (Robert and
Soletchnik 2016). In a follow-up study, climatic events tied to climate change that
affected abiotic conditions, but also algal compositions and timing of blooms were
linked to higher mortality events, although a conclusion is still lacking (Travers
et al. 2016; Soletchnik et al. 2017). Elevation of atmosphere and sea surface tem-
peratures resulted in shifts of the geographical distribution of mussels to colder
areas (Berge et al. 2005) and catastrophic summer mortalities at intertidal sites due
to heating stress (Jones et al. 2010).

3.3.5 Differences in Efficiency Between Species and Culture
Methods

Reported culture efficiencies are shown in Table 3.2, expressed as Relative Biomass
Production (RBP): the biomass of harvestable product from one biomass unit of
seed. It appears from this table that bottom culture is the least efficient, which can
be explained by the high density dependent losses, predation pressure and dislodge-
ment vulnerability for the mussels in this type of culture. Major improvements are
expected in reducing handling stress and density dependent losses (Capelle et al.
2017). Production efficiencies of mussels from the Perna species are around 5 kg of
harvestable product from 1 kg of seed, despite having the largest growth rates. It
seems that survival rates for Perna mussels are lower than for other rope or raft
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grown mussel families, and are in fact comparable with mussel bottom culture. Note
that RBPs of Perna mussels are higher than for mussel bottom culture, caused by
faster growth rates of Perna mussels. It is reported that detachment from ropes is a
major problem during the grow out of Perna mussels (South et al. 2017; Petes et al.
2007). Bouchot culture is slightly more efficient than bottom culture but less effi-
cient than rope culture. This can be explained by the low growth rates which are
experienced in this type of intertidal culture, and the fact that bouchot mussels are
more vulnerable to benthic predators than rope cultured mussels. Raft culture of M.
galloprovincialis in Spain is a very effective culture. High yields are reached
because the culture starts with small seeds which increase in weight tenfold when
they are thinned out and the mussel seed is re-socked in a lower density over three
new ropes (Pérez Camacho et al. 1991).

3.4 Conclusions

The starting material for mussel culture is wild harvest of seed, use of SMC or
hatchery production. Fished seed is mostly used in bottom culture, while longline
and raft culture predominantly use seed collectors. Hatchery seed is only used in
longline culture. Most research concerning spat collection deals with comparisons
of different types of seed collectors, settlement cues and problems with biofouling.
Optimising the timing of deployment of the collectors and the timing of harvest can
increase the yield of seed collectors. Hatchery seed is more expensive, but hatcher-
ies provide the opportunity for selective breeding and triploid production giving the
product an added value. The challenge is to bring hatchery production costs more in
line with the potential sale value of mussel seed. Monitoring can give insight in
whether genetic diversity of collector seed or hatchery seed is negatively affected.

Efficiency in use of mussel seed shows large differences between species, regions
and culture techniques. Survival rates seem higher for mussels from the Mytilus
genus, than for mussels from the Perna genus. Several key processes were identified
that can explain these differences. Losses differ because of different predation pres-
sures or because of differences between substrate and the relationship between
food, space and density. Other sources of losses can be related to anomalous, envi-
ronmental events, such as storms or heat stress. Losses due to such events might
become more common in the near future, for example, with the effects of climate
change. Growth rates differ between species and between production systems. In
general, mussels form the Perna genus display higher growth rates than mussels
from the Mytilus genus. Rope and raft culture is more efficient in terms of yield than
bouchot, while bouchot seems a little more efficient than bottom culture.

For bottom culture, seed from SMCs has gradually become an important seed
source complementary to seed from wild harvest. However, seed is more expensive
from SMCs than from wild harvest and several research programs were carried out
towards methods to increase efficient use. Technical developments in off-bottom
culture mainly concern optimizing system designs and are particularly innovative in
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the way in which they relate system design to optimal feeding rates and dealing with
harsh hydrodynamic conditions. Spatial conflicts in traditional culture areas may
provoke the development of off-shore culture implying risk of exposure to hydrody-
namic stress.
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References

Abalde SL, Fuentes J, Gonzalez-Fernandez A (2003) Identification of Mytilus galloprovincialis
larvae from the Galician rias by mouse monoclonal antibodies. Aquaculture 219:545-559

Aghzar A, Talbaoui M, Benajiba M, Presa P (2012) Influence of depth and diameter of rope col-
lectors on settlement density of Mytilus galloprovincialis spat in Baie de M’diq (Alboran Sea).
Mar Freshw Behav Physiol 45:51-61

Alunno-Bruscia M, Petraitis PS, Bourget E, Fréchette M (2000) Body size-density relationship for
Mytilus edulis in an experimental food-regulated situation. Oikos 90:28—42

Appukuttan K, Nair TP, Joseph M, Thomas K (1980) Culture of brown mussel at Vizhinjam.
CMEFRI Bull 29:30-32

Aure J, Strohmeier T, Strand @ (2007) Modelling current speed and carrying capacity in long-line
blue mussel (Mytilus edulis) farms. Aquac Res 38:304-312

Aypa SM (1990) Mussel culture. Fisheries and Aquaculture Department, FAO, Rome

Bayne BL (2004) Phenotypic flexibility and physiological tradeoffs in the feeding and growth of
marine bivalve molluscs. Integr Comp Biol 44:425-432

Beadman HA, Caldow RWG, Kaiser MJ, Willows RI (2003) How to toughen up your mussels:
using mussel shell morphological plasticity to reduce predation losses. Mar Biol 142:487-494

Beaumont A, Gjedrem T, Moran P (2006) Genetic effects of domestication, culture and breeding
of fish and shellfish, and their impacts on wild populations. Blue mussel — Mytilus edulis and
Mediterranean mussel — M. galloprovincialis. In: Svasand TCD, Garcia-Vazquez E, Verspoor E
(eds) Evaluation of genetic impact of aquaculture activities on native populations: a European
network, pp 83-90. GENIMPACT final report (EU contract n. RICA-CT-2005-022802). http://
genimpact.imr.no/

Berge J, Johnsen G, Nilsen F, Gulliksen B, Slagstad D (2005) Ocean temperature oscillations
enable reappearance of blue mussels Mytilus edulis in Svalbard after a 1000 year absence. Mar
Ecol Prog Ser 303:167-175

Blanco Garcia A, Kamermans P (2015) Optimization of blue mussel (Mytilus edulis) seed culture
using recirculation aquaculture systems. Aquac Res 46:977-986

Boromthanarat S, Deslous-Paoli JM (1988) Production of Mytilus edulis L. reared on bouchots
in the Bay of Marennes-Orleon: comparison between two methods of culture. Aquaculture
72:255-263

Bos OG, Hendriks IE, Strasser M, Dolmer P, Kamermans P (2006) Estimation of food limitation of
bivalve larvae in coastal waters of North-Western Europe. J Sea Res 55:191-206

Bower SM, McGladdery SE, Price IM (1994) Synopsis of infectious diseases and parasites of
commercially exploited shellfish. Annu Rev Fish Dis 4:1-199

Brenner M, Buck BH, Kohler A (2007) New concept combines offshore wind farms, mussel culti-
vation. Glob Aquacult Advocate 10(1):79-81

Buck BH (2007) Experimental trials on the feasibility of offshore seed production of the mussel
Mytilus edulis in the German Bight: installation, technical requirements and environmental
conditions. Helgol Mar Res 61:87-101


http://genimpact.imr.no/
http://genimpact.imr.no/

3 Provisioning of Mussel Seed and Its Efficient Use in Culture 45

Buck BH, Krause G, Rosenthal H (2004) Multifunctional use, environmental regulations and the
prospect of offshore co-management: potential for and constraints to extensive open ocean
aquaculture development within wind farms in Germany. Ocean Coast Manag 47:95-122

Calderwood J, O’Connor NE, Sigwart J, Roberts D (2014) Determining optimal duration of seed
translocation periods for benthic mussel (Mytilus edulis) cultivation using physiological and
behavioural measures of stress. Aquaculture 434:288-295

Calderwood J, O’Connor NE, Roberts D (2016) Efficiency of starfish mopping in reducing preda-
tion on cultivated benthic mussels (Mytilus edulis Linnaeus). Aquaculture 452:88-96

Camara M, Symonds J (2014) Genetic improvement of New Zealand aquaculture species: pro-
grammes, progress and prospects. N Z J Mar Freshw Res 48:466-491

Capelle JJ (2017) Production efficiency of mussel bottom culture. Wageningen University,
Wageningen, p 240

Capelle JJ, Wijsman JWM, Schellekens T, van Stralen MR, Herman PMJ, Smaal AC (2014) Spatial
organisation and biomass development after relaying of mussel seed. J Sea Res 85:395-403

Capelle JJ, Wijsman JWM, van Stralen MR, Herman PMJ, Smaal AC (2016) Effect of seeding
density on biomass production in mussel bottom culture. J Sea Res 85:395-403

Capelle JJ, van Stralen MR, Wijsman JWM, Herman PMJ, Smaal AC (2017) Population dynam-
ics of subtital mussels (Mytilus edulis) and the impact of cultivation. Aquac Environ Interact
9:155-168

Carrasco AV (2015) Pre-feasibility study for the installation of a Chilean Mussel Mytilus chilensis
(Hupé, 1854) seed hatchery in the lakes region, Chiles. Fish Aquac J 3:102

Ceccherelli VU, Barboni A (1983) Growth, survival and yield of Mytilus galloprovincialis Lamk.
on fixed suspended culture in a bay of the Po River Delta. Aquaculture 34:101-114

Celik MY, Karayiicel S, Karayiicel I, Eyiiboglu B, Oztiirk R (2016) Settlement and growth of the
mussels (Mytilus galloprovincialis, Lamarck, 1819) on different collectors suspended from an
offshore submerged longline system in the Black Sea. Aquac Res 47:3765-3776

Christensen HT (2012) Area-intensive bottom culture production of blue mussels, Mytilus edulis
(L.), PhD dissertation, DTU aqua (Danmarks Tekniske Universitet), Denmark

Christensen HT, Dolmer P, Hansen BW, Holmer M, Kristensen LD, Poulsen LK, Stenberg C,
Albertsen CM, Stgttrup JG (2015) Aggregation and attachment responses of blue mussels,
Mpytilus edulis — impact of substrate composition, time scale and source of mussel seed.
Aquaculture 435:245-251

Corbin JS, Holmyard J, Lindell S (2017) Regulation and permitting of standalone and co-located
open ocean aquaculture facilities. In: Aquaculture perspective of multi-use sites in the open
ocean. Springer, Dordrecht, pp 187-229

Cranford PJ, Li W, Strand @, Strohmeier T (2008) Phytoplankton depletion by mussel aquaculture:
high resolution mapping, ecosystem modeling and potential indicators of ecological carrying
capacity. Ecological carrying capacity in shellfish aquaculture. ICES CM, pp 1-5

Cubillo AM, Peteiro LG, Fernandez-Reiriz MJ, Labarta U (2012) Influence of stocking den-
sity on growth of mussels (Mytilus galloprovincialis) in suspended culture. Aquaculture
342-343:103-111

Cubillo AM, Fuentes-Santos I, Labarta U (2015) Interaction between stocking density and settle-
ment on population dynamics in suspended mussel culture. J Sea Res 95:84-94

da Silva PM, ARM M, Barracco MA (2002) Effects of Bucephalus sp. (Trematoda: Bucephalidae)
on Perna perna mussels from a culture station in Ratones Grande Island, Brazil. J Invertebr
Pathol 79:154-162

Dardignac-Corbeil M-J (1975) La culture des moules sur bouchots. Science et Péche 244:1-10

Dare PJ, Edwards DB (1976) Experiments on the survival, growth and yield of relaid seed mussels
(Mytilus edulis L.) in the Menai Straits, North Wales. J Cons Int Explor Mer 37:16-28

Davies GP, Dare PJ, Edwards DB (1980) Fenced enclosures for the protection of seed mussels
(Mytilus edulis L.) from predation by shore crabs (Carcinus maenas L.). Fisheries research
technical report, 56

Diaz-Puente B, Mifiambres M, Ros6n G, Aghzar A, Presa P (2016) Genetic decoupling of spat ori-
gin from hatchery to harvest of Mytilus galloprovincialis cultured in suspension. Aquaculture
460:124-135



46 P. Kamermans and J. J. Capelle

Donker JJA, van der Vegt M, Hoekstra P (2015) Erosion of an intertidal mussel bed by ice- and
wave-action. Cont Shelf Res 106:60-69

Drapeau A, Comeau LA, Landry T, Stryhn H, Davidson J (2006) Association between longline
design and mussel productivity in Prince Edward Island, Canada. Aquaculture 261:879-889

Dunthorn A (1971) The predation of cultivated mussels by eiders. Bird Study 18:107-112

Erlandson JM (1988) The role of shellfish in prehistoric economies: a protein perspective. Am
Antiq 53:102-109

Essink K, Bos AH (1985) Growth of three bivalve molluscs transplanted along the axis of the Ems
estuary. Neth J Sea Res 19:45-51

Ferreira JG, Hawkins AJS, Monteiro P, Service M, Moore H, Edwards A, Gowen R, Lourenco
P, Mellor A, Nunes JP, Pascoe PL, Ramos L, Sequeira A, Simas T, Strong J (2007) SMILE —
sustainable mariculture in northern Irish lough ecosystems — Assesment of carrying capacity
for environmental sustainable shelfish culture in Carlingford Lough, Strangford Lough, Belfast
Lough, Larne Lough and Lough Foyle. IMAR - Institute of Marine Research, p 100

Ferreira J, Sequeira A, Hawkins A, Newton A, Nickell T, Pastres R, Forte J, Bodoy A, Bricker S
(2009) Analysis of coastal and offshore aquaculture: application of the FARM model to mul-
tiple systems and shellfish species. Aquaculture 289:32-41

Figueiras F, Labarta U, Reiriz MF (2002) Coastal upwelling, primary production and mussel
growth in the Rias Baixas of Galicia. In: Sustainable increase of marine harvesting: fundamen-
tal mechanisms and new concepts. Springer, Dordrecht, pp 121-131

Figueras A (1990) Mussel culture in Spain. Mar Behav Physiol 16:177-207

Filgueira R, Brown MS, Comeau LA, Grant J (2015) Predicting the timing of the pediveliger stage
of Mytilus edulis based on ocean temperature. J] Molluscan Stud 81:269-273

Fitridge I, Dempster T, Guenther J, de Nys R (2012) The impact and control of biofouling in
marine aquaculture: a review. Biofouling 28:649-669

Forrest BM, Atalah J (2017) Significant impact from blue mussel Mytilus galloprovincialis bio-
fouling on aquaculture production of green-lipped mussels in New Zealand. Aquac Environ
Interact 9:115-126

Fréchette M, Bacher C (1998) A modelling study of optimal stocking density of mussel popula-
tions kept in experimental tanks. J Exp Mar Biol Ecol 219:241-255

Fréchette M, Lefaivre D (1995) On self-thinning in animals. Oikos 73:425-428

Gale SL, Burritt DJ, Tervit HR, Adams SL, McGowan LT (2014) An investigation of oxidative
stress and antioxidant biomarkers during Greenshell mussel (Perna canaliculus) oocyte cryo-
preservation. Theriogenology 82:779-789

Galleni L, Tongiorgi P, Ferrero E, Salghetti U (1980) Stylochus mediterraneus (Turbellaria:
Polycladida), predator on the mussel Mytilus galloprovincialis. Mar Biol 55:317-326

Garen P, Robert S, Bougrier S (2004) Comparison of growth of mussel, Mytilus edulis, on long-
line, pole and bottom culture sites in the Pertuis Breton, France. Aquaculture 232:511-524

Grant J, Bacher C, Cranford PJ, Guyondet T, Carreau M (2008) A spatially explicit ecosystem
model of seston depletion in dense mussel culture. J] Mar Syst 73:155-168

Gribben PE, Jeffs AG, de Nys R, Steinberg PD (2011) Relative importance of natural cues and sub-
strate morphology for settlement of the New Zealand Greenshell™ mussel, Perna canaliculus.
Aquaculture 319:240-246

Gui Y, Zamora L, Dunphy B, Jeffs A (2016) Understanding the ontogenetic changes in particle
processing of the greenshell™ mussel, Perna canaliculus, in order to improve hatchery feeding
practices. Aquaculture 452:120-127

Guifiez R (2005) A review on self-thinning in mussels. Revista de Biologia Marina y Oceanografia
40:1-6

Guinez R, Petraitis PS, Castilla JC (2005) Layering, the effective density of mussels and mass-
density boundary curves. Oikos 110:186—-190

Gurney-Smith HJ, Wade AJ, Abbott CL (2017) Species composition and genetic diversity of
farmed mussels in British Columbia, Canada. Aquaculture 466:33-40

Herman P, Middelburg J, Van de Koppel J, Heip C (1999) Ecology of estuarine macrobenthos. Adv
Ecol Res 29:195-240



3 Provisioning of Mussel Seed and Its Efficient Use in Culture 47

Idhalla M, Nhhala H, Kassila J, Ait Chattou EM, Orbi A, Moukrim A (2017) Comparative
production of two mussel species (Perna perna and Mytilus galloprovincialis) reared on an
offshore submerged longline system in Agadir, Morocco. Int J Sci Eng Res 8:1

Jacobs P, Beauchemin C, Riegman R (2014) Growth of juvenile blue mussels (Mytilus edulis) on
suspended collectors in the Dutch Wadden Sea. J Sea Res 85:365-371

Jeffs AG, Holland RC, Hooker SH, Hayden BJ (1999) Overview and bibliography of research on
the greenshell mussel, Perna canaliculus, from New Zealand waters. J Shellfish Res 18:347-360

Jones SJ, Lima FP, Wethey DS (2010) Rising environmental temperatures and biogeography:
poleward range contraction of the blue mussel, Mytilus edulis L., in the western Atlantic.
J Biogeogr 37:2243-2259

Kamermans P, Smaal AC (2002) Mussel culture and cockle fisheries in The Netherlands: finfing a
balance between economy and ecology. J Shellfish Res 21:509-517

Kamermans P, Brummelhuis E, Smaal A (2002) Use of spat collectors to enchange supply of
seed for bottom culture of blue mussels (Mytilus edulis) in the Netherlands. World Aquacult
33:12-15

Kamermans P, de Jong ML, van Hoppe M (2010) PRODUS 1 d: rendement MZI zaad op percelen:
effect van wegvissen van krabben — perceelproef 2009. IMARES, Yerseke, Report C075/10

Kamermans P, Galley T, Boudry P, Fuentes J, McCombie H, Batista F, Blanco A, Dominguez L,
Cornette F, Pincot L (2013) Blue mussel hatchery technology in Europe. In: Advances in aqua-
culture hatchery technology. Elsevier, New York, pp 339-373

Kamermans P, Smit CJ, Wijsman JWM, Smaal AC (2014) Meerjarige effect-en productiemetingen
aan MZI's in de Westelijke Waddenzee, Oosterschelde en Voordelta: samenvattend eindrapport.
IMARES. Report C191/13

Kautsky N, Johannesson K, Tedengren M (1990) Genotypic and phenotypic differences between
Baltic and North Sea populations of Mytilus edulis evaluated through reciprocal transplanta-
tions. I. Growth and morphology. Mar Ecol Prog Ser 59:203-210

Larrain MA, Diaz NF, Lamas C, Uribe C, Jilberto F, Araneda C (2015) Heterologous microsatellite-
based genetic diversity in blue mussel (Mytilus chilensis) and differentiation among localities
in southern Chile. Lat Am J Aquat Res 43:998

Lauzon-Guay J-S, Dionne M, Barbeau MA, Hamilton DJ (2005) Effects of seed size and density
on growth, tissue-to-shell ratio and survival of cultivated mussels (Mytilus edulis) in Prince
Edward Island, Canada. Aquaculture 250:652—-665

Locke A, Carman M (2009) Ecological interactions between the vase tunicate (Ciona intestina-
lis) and the farmed blue mussel (Mytilus edulis) in Nova Scotia, Canada. Aquat Invasions
4:177-187

Newell CR (2007) Case study 1 — factors which influence mussel production on bottom leases. In:
SMILE - Sustainable Mariculture in northern Irish Lough Ecosystems — Assesment of carrying
capacity for environmental sustainable Shelfish culture in Carlingford lough, Strangford lough,
Belfast lough, Larne lough and lough Foyle. IMAR - Institute of Marine Research, p 100

Newell CR, Richardson J (2014) The effects of ambient and aquaculture structure hydrodynamics
on the food supply and demand of mussel rafts. J Shellfish Res 33:257-272

Newell CR, Campbell DE, Gallagher SM (1998) Development of the mussel aquaculture lease
site model MUSMOD@: a field program to calibrate model formulations. J Exp Mar Biol Ecol
219:143-169

Ogmundarson 0, Holmyard J, Pérdarson G, Sigurdsson F, Gunnlaugsdéttir H (2011) Offshore
aquaculture farming — report from the initial feasibility study and market requirements for the
innovations from the project. Icelandic Food and Biotech, Reykjavik

Payne BS, Miller AC, Jin L (1995) Palp to gill area ratio of bivalves: a sensitive indicator of
elevated suspended solids. Regul Rivers Res Manag 11:193-200

Peperzak L, Poelman M (2008) Mass mussel mortality in The Netherlands after a bloom of
Phaeocystis globosa (prymnesiophyceae). J Sea Res 60:220-222

Pérez Camacho A, Gonzdlez R, Fuentes J (1991) Mussel culture in Galicia (N.W. Spain).
Aquaculture 94:263-278



48 P. Kamermans and J. J. Capelle

Pérez-Camacho A, Labarta U, Vinseiro V, Fernandez-Reiriz MJ (2013) Mussel production man-
agement: raft culture without thinning-out. Aquaculture 406:172—179

Petersen AJK, Gislason H, Fitridge I, Saurel C, Degel H, Nielsen CF (2016) Fiskeri efter sgstjerner
i Limfjorden. Fagligt grundlag for en forvaltningsplan. Institut for Akvatiske Ressourcer,
Danmarks Tekniske Universitet

Petes LE, Menge BA, Murphy GD (2007) Environmental stress decreases survival, growth, and
reproduction in New Zealand mussels. ] Exp Mar Biol Ecol 351:83-91

Petraitis PS (1995) The role of growth in maintaining spatial dominance by mussels (Mytilus
edulis). Ecology 76:1337-1346

Philippart CJ, Amaral A, Asmus R, van Bleijswijk J, Bremner J, Buchholz F, Cabanellas-Reboredo
M, Catarino D, Cattrijsse A, Charles F (2012) Spatial synchronies in the seasonal occurrence
of larvae of oysters (Crassostrea gigas) and mussels (Mytilus edulis/galloprovincialis) in
European coastal waters. Estuar Coast Shelf Sci 108:52-63

Plew DR, Stevens CL, Spigel RH, Hartstein ND (2005) Hydrodynamic implications of large off-
shore mussel farms. IEEE J Ocean Eng 30:95-108

Prou J, Goulletquer P (2002) The French mussel industry: present status and perspectives. Bull
Aquac Assoc Can 102:17-23

Qasim S, Parulekar A, Harkantra S, Ansari Z, Nair A (1977) Aquaculture of green mussel Mytilus
viridis L.: cultivation on ropes from floating rafts. Indian J Mar Sci 6:15-25

Ramsay A, Davidson J, Landry T, Stryhn H (2008) The effect of mussel seed density on tunicate
settlement and growth for the cultured mussel, Mytilus edulis. Aquaculture 275:194-200

Ranjith Kumar R, Vijayan K, Thomas P, Mohamed K, Gopalakrishnan A (2015) Identification of
brown mussel (Perna indica) larvae using molecular tool. Indian J Fish 62:128-131

Reguera B, Riob6 P, Rodriguez F, Diaz PA, Pizarro G, Paz B, Franco JM, Blanco J (2014) Dinophysis
toxins: causative organisms, distribution and fate in shellfish. Mar Drugs 12:394-461

Robert S, Soletchnik P (2016) Réseau national d’observation de la moule bleue, MYTILOBS/
Campagne 2015

Robledo J, Caceres-Martinez J, Sluys R, Figueras A (1994) The parasitic turbellarian Urastoma
cyprinae (Platyhelminthes: Urastomidae) from blue mussel Mytilus galloprovincialis in Spain:
occurrence and pathology. Dis Aquat Org 18:203-210

Rodhouse PG, Roden CM, Hensey MP, Ryan TH (1985) Production of mussels, Mytilus edulis, in
suspended culture and estimates of carbon and nitrogen flow: Killary Harbour, Ireland. J Mar
Biol Assoc U K 65:55-68

Rosland R, Bacher C, Strand @, Aure J, Strohmeier T (2011) Modelling growth variability in
longline mussel farms as a function of stocking density and farm design. J Sea Res 66:318-330

gegvié—Bubic’ T, Grubisi¢ L, Karaman N, Ti¢ina V, Jelavi¢ KM, Katavi¢ I (2011) Damages on
mussel farms potentially caused by fish predation — self service on the ropes? Aquaculture
319:497-504

Sievers M, Fitridge I, Dempster T, Keough MJ (2013) Biofouling leads to reduced shell growth and
flesh weight in the cultured mussel Mytilus galloprovincialis. Biofouling 29:97-107

Smaal AC (2002) European mussel cultivation along the Atlantic coast: production status, prob-
lems and perspectives. Hydrobiologia 484:89-98

Soletchnik P, Robert S, Le Moine O (2013) Suivi expérimental de la croissance de la moule,
Mytilus edulis, sur les bouchots des Pertuis Charentais entre 2000 et 2010. Etude des perfor-
mances de croissance en liens avec 1’environnement des €levages. http://archimer.ifremer.fr/
doc/00120/23097/

Soletchnik P, Le Moine O, Polsenaere P (2017) Evolution de I’environnement hydroclimatique du
bassin de Marennes-Oléron dans le contexte du changement global. http://archimer.ifremer.fr/
doc/00387/49815/

South PM, Floerl O, Jeffs AG (2017) Differential effects of adult mussels on the retention and fine-
scale distribution of juvenile seed mussels and biofouling organisms in long-line aquaculture.
Aquac Environ Interact 9:239-256

Stevens C, Plew D, Hartstein N, Fredriksson D (2008) The physics of open-water shellfish aqua-
culture. Aquac Eng 38:145-160


http://archimer.ifremer.fr/doc/00120/23097/
http://archimer.ifremer.fr/doc/00120/23097/
http://archimer.ifremer.fr/doc/00387/49815/
http://archimer.ifremer.fr/doc/00387/49815/

3 Provisioning of Mussel Seed and Its Efficient Use in Culture 49

Stirling H, Okumus T (1994) Growth, mortality and shell morphology of cultivated mussel (Mytilus
edulis) stocks cross-planted between two Scottish Sea lochs. Mar Biol 119:115-123

Strohmeier T, Aure J, Duinker A, Castberg T, Svardal A, Strand @ (2005) Flow reduction, seston
depletion, meat content and distribution of diarrhetic shellfish toxins in a long-line blue mussel
(Mytilus edulis) farm. J Shellfish Res 24:15-23

Theisen BF (1982) Variation in size of gills, labial palps, and adductor muscle in Mytilus edulis L.
(Bivalvia) from Danish waters. Ophelia 21:49-63

Travers M-A, Pepin J-F, Soletchnik P, Guesdon S, Le Moine O (2016) Mortalités de moules bleues
dans les Pertuis Charentais: description et facteurs li€s—MORBLEU. http://archimer.ifremer.
fr/doc/00324/43539/

Tremblay R, Landry T, Leblanc N, Pernet F, Barkhouse C, Sévigny J-M (2011) Physiological and
biochemical indicators of mussel seed quality in relation to temperatures. Aquat Living Resour
24:273-282

van den Burg S, Kamermans P, Blanch M, Pletsas D, Poelman M, Soma K, Dalton G (2017)
Business case for mussel aquaculture in offshore wind farms in the North Sea. Mar Policy
85:1-7

Waldbusser GG, Hales B, Langdon CJ, Haley BA, Schrader P, Brunner EL, Gray MW, Miller CA,
Gimenez I (2015) Saturation-state sensitivity of marine bivalve larvae to ocean acidification.
Nat Clim Chang 5:273-280

Wang H, Li X, Wang M, Clarke S, Gluis M (2014) The development of oocyte cryopreservation
techniques in blue mussels Mytilus galloprovincialis. Fish Sci 80:1257-1267

Wang X-x, Swift MR, Dewhurst T, Tsukrov I, Celikkol B, Newell C (2015) Dynamics of submers-
ible mussel rafts in waves and current. China Ocean Eng 29:431-444

Widdows J, Donkin P, Salkeld PN, Cleary JJ, Lowe DM, Evans SV, Thompson PE (1984) Relative
importance of environmental factors in determining physiological differences between two
populations of mussels (Mytilus edulis). Mar Ecol Prog Ser 17:33-47

Widdows J, Lucas JS, Brinsley MD, Salkeld PN, Staff FJ (2002) Investigation of the effects of
current velocity on mussel feeding and mussel bed stability using an annular flume. Helgol
Mar Res 56:3-12

Woods CM, Floerl O, Hayden BJ (2012) Biofouling on Greenshell™ mussel (Perna canaliculus)
farms: a preliminary assessment and potential implications for sustainable aquaculture prac-
tices. Aquac Int 20:537-557

Zydelis R, Esler D, Kirk M, Sean Boyd W (2009) Effects of off-bottom shellfish aquaculture
on winter habitat use by molluscivorous sea ducks. Aquat Conserv Mar Freshwat Ecosyst
19:34-42

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://archimer.ifremer.fr/doc/00324/43539/
http://archimer.ifremer.fr/doc/00324/43539/
http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Chapter 4
Bivalve Production in China

Yuze Mao, Fan Lin, Jianguang Fang, Jinghui Fang, Jiaqi Li, and Meirong Du

Abstract Bivalve is the main species of mariculture in China. In 2015, bivalve
production was about 12.4 million tonnes, accounting for more than 66% of China’s
total mariculture production. The first record of shellfish culture in China, about
oyster culture, can be tracked back to 2000 years ago. The large-scale aquaculture
started in the 1950s with the breakthrough in seed breeding techniques for Tegillarca
granosa and Ruditapes philippinarum. Subsequently, with the promotion of seed
breeding and artificial seed collection for mussels, scallops and oysters, the bivalve
aquaculture industry has rapidly developed. In the twenty-first century, the scale of
bivalve farming is constantly expanding, with increasing culture species and yield.
The length of the coastline of China is about 18,000 km comprising 11 coastal
provinces (Liaoning, Hebei, Tianjin, Shandong, Jiangsu, Shanghai, Zhejiang,
Fujian, Guangdong, Guangxi and Hainan provinces), all suitable for bivalve culture.
Due to the significant difference in climate, the distribution of bivalve species is
obviously regional. The major culture methods in China are longline culture (major
species oysters, scallops, mussels, etc.) and bottom culture (clams). In this paper,
we will describe the process of the longline cultured bivalve (Pacific oyster
Crassostrea gigas and thick shell mussel Mytilus coruscus), and the bottom cultured
ones (Manila clam Ruditapes philippinarum and cockle clam Tegillarca granosa).
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4.1 Overview of the Bivalve Production

The historical evidence of bivalve culture in China can be traced back to 2000 years
ago, but the large-scale mariculture of bivalves was extensively practiced since the
1950s. The annual production of mariculture in China was about 10,000 t in 1950
and oyster was the major culture species then.

In the following 20 years, mussel and kelp had joined the oysters to make up the
most cultured species in China. However, the bivalve seeding mainly comes from
wild breeding in this period. After the 1950s, Chinese government and scientists
paid great efforts on artificial breeding and natural collection of clam seeds such as
cockle Tegillarca granosa, razor clam Sinonovacula constricta, clams Ruditapes
philippinarum and Cyclina sinensis. In the 1970s, the mussel farming industry grew
rapidly according to the persistent exploration of mussel hatchery and wild seed
collection techniques. The farming area for mussels exceeded 2000 hectares and the
annual production approached 60 kt in 1977, marking the rise of the Chinese shal-
low sea bivalve culture industry.

In the early 1980s, when the artificial breeding of scallops became mature and
applicable in hatcheries (especially for the imported species bay scallop Argopecten
irradians), together with the wild seed collection and improved longline culture
technologies, scallop mariculture has greatly expanded. With the development of
feeding eco-physiology, bivalve aquaculture industry gradually stepped into a new
era in the fields of natural seed collection, seed breeding in hatchery, and variety of
culture methods such as longline, sea ranching and pond culture.

Since 1990, mariculture (main categories: molluscs (bivalves and gastropods),
algae, crustaceans, fish and others) in China has experienced a stage with flourishing
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Table 4.1 The production of molluscs from 2006-2015 in China in tons * 10000 (10%)

Year

Species 2006 2007 12008 |2009 2010 2011 2012 |2013 |2014 |2015

Total 1113.6 1993.8 | 1008.1| 1053.0  1108.2| 1154.4 | 1208.4 | 1272.8 | 1316.6 | 1358.4
Oyster 389.2 13509 | 3354 3504 | 3643 375.6 | 3949 | 4219 4352 4573
Clam 301.9 |295.7| 305.8 | 319.2 | 3539 361.3 | 373.5 | 3854 396.7 @ 400.9
Scallop 114.9 | 116.5| 113.7 | 127.7 | 140.7 | 130.6 | 142.0 | 160.8 | 164.9 | 178.5
Mussel 746 | 449 480, 63.7| 702 70.7 764 747 80.6 84.5
Razor clam 679 | 66.7, 742 684 714 745 72.0 72.1 78.7 79.4
Cockle 316 | 280 290 27.7| 31.0| 293 27.8 33.7| 353 36.4
Sea snail 249 | 259| 225, 204 208 203 21.4 213 233 24.3
Abalone 22 2.5 3.3 4.2 5.7 7.7 9.1 11.0 115 12.8
Pen shell 1.8 1.2 1.1 1.5 3.1 3.0 1.5 1.7 1.8 1.8
Others 104.6 | 615 750 69.8| 47.1| 812 89.7 90.2 | 88.5 82.3

development (FAO 2014; Bureau of Fisheries, Ministry of Agriculture 2016). Until
2015, the cultured mollusc production is about 13.6 Mt., accounting for 72.4% of
the total mariculture production (Bureau of Fisheries, Ministry of Agriculture 2016),
and is about 4.4 times of that in 1995 (3.1 Mt), 48.9 times of that in 1975
(277,538 tonnes) The annual production of cultured bivalves in 2015 is around
12.4 Mt., accounting for about 91.2% of the total annual mollusc yield. Table 4.1
showed the annual production of cultured molluscs from 2006 to 2015.

Nowadays, the bivalves cultured in China has rose from around 10 species to
approximately 70 since the 1960s (Tang et al. 2016), and among them two species,
bay scallop (A. irradians) and Yesso scallop (Patinopecten yessoensis), were suc-
cessfully introduced and applied in commercial scale production. The most produc-
tive bivalves include oysters (Crassostrea gigas, C. rivularis and C. plicatula);
scallops (Chlamys farreri, P. yessoensis, A. irradians and C. nobilis); clams
(Meretrix meretrix, Ruditapes philippinarum and Mactra veneriformis), razor clams
(Sinonovacula constricta and Solen grandis), cockles (Scaphaributica subcrenata,
Scapharca broughtonii and Tegillarca granosa), mussels (Mytilus galloprovincialis,
M. coruscus and Perna viridis) and etc.

4.1.1 Production Distribution

China’s coastline is about 18,000 km, crossing the tropics, subtropical and temper-
ate zones, Different climatic zones and eco-environment provide varieties of sur-
vival and reproduction condition for various bivalve species (Fig. 4.1).

The major cultured bivalves and gastropods include scallops, abalones, mussels,
sea snails and manila clam in Liaoning province along the North Yellow Sea coast.
The sea ranching and longline culture of Japanese scallop P. yessoensis and mudflat
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Fig. 4.1 Major culture shellfish species and production percentage in coastal provinces in China

culture of R. philippinarum are the major farming methods for aquaculture indus-
tries here.

Bohai Bay, Liaodong Bay and Laizhou Bay are the major aquaculture areas
along the Bohai Sea coast with the major cultured species being mudflat shellfish
such as clams, razor clams, conchs, oyster and cockle. Changdao Islands, located
crossing the boundary of the Yellow Sea and Bohai Sea, are the high yield area for
abalone (Haliotis discus hannai), Scallop (C. farreri and P. yessoensis) and cockle
(S. broughtonii).

High diversity of mariculture species has been well practiced in Shandong
Peninsula with various culture methods such as bottom, pond and longline culture.
Mostly popular cultivated species includes abalone (Holiotis discuss hannai), scal-
lop (C. farreri), Pacific oysters, manila clam (R. philippinarum), snails (Bullacta
exarata), razor clam (S. constricta) and cockle (S. broughtonii). The seaweed-
bivalve polyculture and Integrated Multi-Trophic Aquaculture (IMTA) of seaweed,
bivalves, fish and sea cucumber have been conducted in Sanggou Bay for decades,
leading the development of eco-farming in the world.
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Haizhou Bay is located between southern Shandong peninsula and north of
Jiangsu province, which is productive in blue mussel (M. galloprovincialis) and
mudflat bivalves; the intertidal bottom clam culture and shallow sea longline culture
are the major culture modes.

Culture species in Zhejiang and Fujian provinces include clams, Fujian oyster
(C. angulata), abalone, mussel, conch and others. Pond culture of clams in Zhejiang
province is well known in China, even in the world. The abalone culture has become
popular in Fujian province in the last decade, which also promoted the culture of
seaweed as feed for abalone. Meanwhile, the seed breeding of Manila clam in ponds
gradually became one of the most important industries for local communes in Fujian
province. In 2013, the total seed production of Manila clam (with shell length about
1 cm) in Fujian province was 7952 tons, which has fulfilled more than 80% of the
seed demand for Manila clam farming in China. Moreover, the Manila clam is also
farmed with shrimp, fish and crab in pond IMTA systems; this mode has been well
practiced at commercial scale in the above two provinces.

Guangdong and Guangxi provinces are located along the coast of South China
Sea. Major culture species here are Hong Kong oyster (C. hongkongensis), pearl
oyster (Pinctada martensii), scallops (C. nobilis) and clams. The mariculture of
pearl oyster is the traditional industry but recently has suffered a depression; the
causes are supposed to be the stress from both climate change and human activities.
The production of seawater pearl oyster has dropped from 38.6 tons in 2000 to
3.6 tons in 2015 (Zhu et al. 2019).

Hainan Island is located between tropic and subtropic zones, and the major cul-
tured species include scallops (C. nobilis), sea snails (Babylonia areolata), green
mussel (P. viridis), pearl oyster (P. martensii), oyster (C. hongkongensis) and
others.

4.2 Bivalve Seed Production

Bivalve breeding technology is the basis of large-scale bivalve farming in China.
After the 1950s, China has conducted artificial breeding on mud flat species such as
T. granosa, S. constricta, R. Philippinarum and Cyclina sinensis, and successfully
established the artificial breeding techniques. In the 1970s, the indoor hatchery
technology and wild seed collection of mussel had been well practiced. In the early
1980s, artificial breeding, wild seed collection and longline culture technology of
scallop gradually matured. Especially in 1982, the introduction of the bay scallop
(A. irradians) greatly promoted China’s scallop aquaculture, and contributed to the
formation of several latest culture modes such as the alternative culture of seaweed
and scallop and the polyculture of scallop, seaweed and shrimp. New culture modes
and technology effectively promoted the development of China’s marine aquacul-
ture industry, and formed China’s third wave of large scale mariculture activity. At
present, there are two major seed production methods of bivalves in China, one is
factory hatchery and the other is eco-hatchery in earth pond. The following
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introduces these two methods with representative species, Pacific oyster (C. gigas,
factory) and Manila clam (R. philippinarum, earth pond), respectively.

4.2.1 Artificial Breeding of Pacific Oysters

The oyster is a worldwide commercial bivalve with diverse species, wide distribu-
tion and high adaptability. China’s oyster farming can be traced back 2400 years to
the ancient book “Pisciculture” written by the famous politician, strategist, Taoist
and Economist FAN Li (Liu 1959). The production of oysters has ranked first posi-
tion in a variety of cultivated bivalves in China. Natural seed collection was the
major means for seed production before the 1980s, and was then replaced by the
artificial seeding technique. In Shandong and Liaoning province the reproductive
season continues from May to August, while in Zhejiang coastal region the repro-
ductive time is in June and July (Gao et al. 1982; Wang and Wang 2008).

Taking the Pacific oyster (C. gigas) as an example, the seed breeding process was
introduced below:

Bivalve farming covers the life cycle from larvae to adult, mainly including seed
production and commercial size production (Fig. 4.2). Seed production is of vital
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importance for the sustainable development of bivalve farming. The major methods
are seed production in hatchery, semi-artificial seed breeding in ponds, wild seed
collection and intermediate nursery in ponds or shallow seas.

4.2.1.1 Choice and Conditioning of Broodstock

The choice of broodstock oysters is of vital importance because high quality germ-
plasm is fundamental to producing excellent offspring (Sui et al. 1997). Each year
in March—April, oysters with shell length greater than 12 cm will be selected from
phytoplankton-rich waters as broodstock and moved to the hatchery. After surface
attachments and creatures have been removed, broodstock oysters will be trans-
ferred to the indoor tank of the hatchery for conditioning with a density of 35-50 ind./
m?. During the conditioning period, microalgae, such as diatoms (Phaeodactylum
tricornutum, Nitzschia closterium and Chaetoceros muelleri), Chrysophyta
(Isochrysis galbana and Dicrateria zhanjiangensis), Chlorophyta (Chlorella vul-
garis and Platymonas hegolandica) are the major feed for broodstock oysters with
feeding density about 200,000 cell/ml in 24 h. The conditioning water temperature
is gradually increased from the beginning by 1 °C per day, and maintained stable at
around 20 °C until ready for spawning (Yang et al. 1995).

4.2.1.2 Hatching and Larval Rearing

When the broodstock oysters’ gonads mature, stimulation for spawning can be con-
ducted. After drying 610 h in shade, the broodstock is put into the floating cages
and placed into hatching tanks prepared for spawning. When the spawning egg den-
sity reaches 30-50 cells/ml, the spawning broodstock will be moved to another tank
for continuous spawning. Generally, with the water temperature about 20 °C, in
24 h or so, fertilized eggs can be hatched to veliger larvae (D-larvae).

4.2.1.3 Larval Rearing

Larval rearing refers to the process of the veliger larvae (D-larvae) growth to spat.
It takes about 7-9 days for veliger larvae grow to the umbo larvae, then about
19-22 days to grow into post larvae (eyespot larvae) and finally about 21-26 days
to finish metamorphosis and transform into spat. The larvae are cultured at a tem-
perature of 23-24 °C, and about 40%, 50% and 80% of water need be replaced daily
for D-larvae, umbo larvae and eyespot larvae stage respectively. Usually every
7-8 days the tank will be refreshed. After the last refresh, the substrate will be
placed in the tank for seed settlement. Chrysophyta are the best starting feed for
D-larvae. When shell length of the larvae reached greater than 130 pm, high concen-
tration Chlorophyta (Platymonas spp.) can be added to the feed. Feed density is
better at 20,000 cell/ml for D larvae stage, 30,000—40,000 cell/ml for the umbo
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Fig. 4.3 Substrate used in artificial breeding of oyster. (Photo from Mao)

larvae stage and 50,000 cell/ml for eyespot larvae stage per day. The best substrate
for oyster larvae is scallop shells. When the larvae shell length grows to more than
280 pm and eyespots emerge gradually, then substrates are gradually placed into the
settling tank with a density about 5000-6000 shells/m? (Fig. 4.3). When larvae
attach to substrate and finished metamorphosis, the amount of feeding needs to be
increased based on the feeding status of the spat. The feed is made up of diatom (P.
tricornutum, N. closterium), Chlorophyta (Platymonas spp., Chlorella spp.) and
Chrysophyta (/. galbana). Fifteen days after the settlement, spats can be moved to
outdoor ponds or the sea for nursery.

4.2.2 Artificial Breeding of Manila Clam (R. philippinarum)
in Ponds

R. philippinarum, which belongs to Veneridae, Ruditapes, is a species widely dis-
tributed in coastal areas of China and is highly productive in Shandong, Liaoning,
Zhejiang and Fujian coastal areas. Annual production of R. philippinarum (about
3.2 Mt) accounts for about 62.7% of mudflat bivalve production and about 24.3% of
total bivalve production in 2014 (Yan 2014).

The reproductive season of Manila clams varies in regions: from June to August
along Liaoning coast, in late May and late September along Shandong coast, and in
late September to November along Fujian coastal region. Appropriate reproduction
water temperature is at 20 °C. With a fecundity of about 2—6 million per clam per
year, Manila clam spawns 3—4 times during the reproductive season, and most
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spawning activity happens during the high tide and in the evening (Yan 2005; Zhang
et al. 2006). The process and methods of seed production of Manila clam in ponds
are as follows: Seed production pond is usually built in the intertidal zone near the
shore, with no flood or storm threats and sufficient water exchange. The most suit-
able region is in the sheltered area with sandy muddy sediment.

4.2.2.1 Construction of the Seed Production Pond

Specified area for seed production ponds are varied from 1-100 ha and rectangle
ponds are recommended. With water depth of 1.5-2 m, the pond wall height should
be at least 1 m above the maximum tide level. A gate is used to control the water
exchange. The number, size and location of gates should be determined according
to the topography, area, flow direction, water flux and other related aspects.
Generally, inlet gate and outlet gate should be built in pairs, the size of the gate
should be able to fill or drain the pond in one day during spring tides (Fig. 4.4).

The bottom of the pond should be flattened with a longitudinal ditch about 0.5 m
deep in the middle of the pond. A thin layer of fine sand with particle size about
1-2 mm should be laid on the pond bottom for spats and juveniles. A broodstock
support frame is designed for stimulating spawning of broodstock, which is built
close to the inside of inlet gate. The frame needs to be covered with netting in order
to support and prevent the broodstock clam from escaping into the pond. Size of the
support frame is varied with the pond size.

4.2.2.2 Preparatory Work Before Seed Production

Pond Cleaning: Clean the mud, stones and other debris, seaweed (Ulva spp.) and
other attachments in the pond.

Drying: Drain the water in the pond, flatten the pond bottom, disinfect and bleach
to improve substrate condition for helping spat settlement.

Cultivation algae: After disinfection and 7-10 days before the nursery stage,
30-50 cm of seawater filtered with nylon screen (ca. 50-5 pm) should be filled in
the pond. About 0.5—1 ppm urea, 0.25-0.5 ppm superphosphate and 0.1 ppm silicate
are added into the pond to promote the growth of phytoplankton.

4.2.2.3 Spawning

Gonadal status need to be identified before cleaning and temporarily reared.

Broodstock shellfish are usually to be placed in the support frame for temporary
rearing at a density of 300—600 kg/ha. The procedure of stimulating spawning
including drying the broodstock in the shade for 4-8 h and then exchange the pond
water with flow rate of 35 cm/s for 2-3 h. When the broodstock spawned, continu-
ing inflow is necessary for well fertilization and evenly distributed for fertilized
eggs. The suitable D-larvae density is 3—4 ind./ml.
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Fig. 4.4 Inlet gate with channel higher than water level; and outlet gate with channel lower than
water level. (From Mao)

4.2.2.4 Larval Rearing

Water supplement: about 10-20 cm water filtered with the screen will flow into the
pond daily during high tide in order to promote larvae growing and stabilize the
temperature and salinity of pond water.
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Fertilization: The density of phytoplankton in the pond should be maintained at
the concentration of 20,000—40,000 cell/ml for meeting the feeding demand of lar-
vae. To maintain such density, fertilizers should be applied according to the varia-
tion of phytoplankton concentration. About 0.5—1 ppm urea, 0.5 ppm superphosphate
and other nutrients should be added every 1-2 days. During D-larvae period, feed
density should be around 15,000 cell/ml, and increase to 30,000 cell/ml during
umbo larvae period. If the microalgae density is high enough, fertilize is not
necessary.

4.2.2.5 Spat and Juvenile Cultivation

Juvenile cultivation is a key stage of shellfish culture. The growth from spat to juve-
nile (about 1 cm in length) is an important stage in shellfish lifecycle. If right after
the settlement, the filter organ gill, water pipe and shell are not well formed for the
spat, mortality will be high and the survival rate is about 10%. At this point, mea-
sures such as suitable substrate selection, water quality management and sufficient
food supplement should be applied (Wang and Wang 2008).

4.3 Shellfish Longline Farming

Longline farming is one of the most common bivalve culture methods in China
(Fig. 4.5), the annual production of longline cultured bivalves exceeded 4 Mt. in
recent years. There are many species of longline cultured bivalves and gastropods,
such as scallops, oysters, mussels and abalone. Longline farming has a variety of
types according to different regions. Aquaculture technology has developed through
years, and currently the poly-culture of bivalves and seaweed (i.e. IMTA) has
become the latest eco-farming mode. With this method, bivalves and algae mutually
benefit, which achieves a double-win result with both ecological and economic
benefits.

Below, approaches to longline culture of two important taxa, oysters and mus-
sels, are discussed.

4.3.1 Oyster Farming

Oyster farming methods are mainly shallow sea longline farming in northern China
and mudflat farming in southern China. China’s oyster production ranked first in the
total production of shellfish and has been on rise continuously. Oyster yield reached
4.6 million tons in 2015, accounting for 33.7% of total bivalves output (Bureau of
Fisheries, Ministry of Agriculture). The major Chinese longline cultured oysters are
C. gigas, C. rivularis, C. plicatula, O. denselamellosa, and C. angulata. Among
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Fig. 4.5 Longline culture in China (above); Schematic diagram of longline culture in China
(below)

them, Pacific oyster (C. gigas) is mainly cultured in northern China, while the other
three species are mainly cultured in southern China. Below, we introduce the long-
line culture technology with the Pacific oyster as an example.

4.3.1.1 Pacific Oyster (C. gigas)

Pacific oysters have the advantages of high growth rate and high yield. The success-
ful artificial breeding of oysters has provided abundant seeds for large-scale
culture.

The main process of Pacific oyster longline culture is as follows:
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4.3.1.2 Area Selection

Sea area for Pacific oyster longline culture should be relatively calm, water depth at
low tide greater than 4 m, and water temperature above the freezing point in winter
and less than 30 °C in summer. Flow rate of about 0.3-0.5 m/s is appropriate for
oyster longline culture. The amount of phytoplankton in the sea area is generally no
less than 40,000 cells/L. Additionally the culture area should be far from where
mussels, sea squirts and other competitive species exist, and away from pollution
(Li 2006).

4.3.1.3 Facility Set Up

The direction of the longline stake rope should follow the current, and polyethylene
rope with a diameter of 2.4 cm is used as the stake raft rope. The raft rope length is
about 150 m in total, about 80—100 m of which is used for cultivation. There are
about 25 m at each end attaching to the fixed pile. The space between two consecu-
tive longlines is 7 m wide. Float number is gradually increased according to the
oyster growth. Polyethylene rope with 0.4 cm diameter and 3.0 m long is used for
hanging oyster, hanging space between each rope is about 1 m. When oyster is cul-
tured in a cage, the hanging space should be 1.2-1.5 m (Fig. 4.5).

4.3.1.4 Density and Scale

Oyster farming is mainly conducted in sheltered waters. The farming density and
farming scale is planned based on carrying capacity according to local environmen-
tal parameters (Fang et al. 1996). To prevent over farming, a better way is to imple-
ment shellfish-algae polyculture.

4.3.1.5 Harvest

The harvest of Pacific oysters is slightly different according to the situation in north
China. Some aquaculture areas have been harvested in November—December, some
areas with sufficient food supply and non-frozen winter usually harvest from
March—June in the following year (Lian and Mao 2010). At present, the harvest of
oysters is in a traditional and high labor cost way with manual operation. Nowadays,
researchers and enterprises are developing relevant mechanized harvesting means to
reduce the labor costs.
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4.3.2 Mussel Farming

Longline culture is the major mussel culture mode in China. Mussel species include
Mytilus galloprovincialis, M. coruscus and Perna viridis. M. galloprovincialis and
M. coruscus are mainly distributed in the Yellow Sea and the East China Sea, while
P. viridis is only found in the South China Sea. At present, the majority of mussel
seed comes from natural sea area collection, and a small amount from artificial
breeding. Below, the culture method of thick shell mussel is described as an
example.

4.3.2.1 Thick Shell Mussel (Mytilus coruscus)

M. coruscus are the representative mussel species as their higher market price. The
raft culture of M. coruscus is introduced as an example at a typical area in Shengsi,
Zhejiang.

The main process of Thick shell mussel longline culture is as follows:

4.3.2.2 Area Selection

Mussels are usually cultured in sheltered areas with sand and mud sediment.
Sufficient water exchange, abundant natural phytoplankton and detritus, and a water
depth between 5-20 m at low tide are preferred conditions. M. galloprovincialis and
M. coruscus can survive in a condition with salinity between 18-34 psu and tem-
perature between 0-29 °C (temporary frozen period in winter).

4.3.2.3 Facility Set Up

Longline raft set up for mussel is similar to that of Pacific oyster. The major differ-
ences are in the longline and float distances. The raft rope length is about 63 m in
total, raft is set every 17 m along the rope. There are about 25 m at each end attach-
ing to the fixed pile. The space between two consecutive longlines is 7 m wide.
Length of the longline is about 65 meter, the cultured thick shell mussels are attached
to a rope hanging every 4 m on the longline and is attached to a float; Distance
between each longline is about 17 m and 7 longlines forms a culture unit, with an
area about 6667 m?, culturing a total of 105 ropes of thick shell mussel (Fig. 4.6).

4.3.2.4 Nursery Facility

During the breeding, the thick shell mussel seed will be sorted several times. When
seed leaves the nursery, the seed will be put into net bags for intermediate cultiva-
tion. After the seed grows to about 0.5-1.0 cm in length, farmers will conduct the
second resocking into polyethylene mesh.
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Fig. 4.6 Facility of thick shell mussel longline culture (a, Schematic; b, Field photograph)

Packing mesh and tying rope: Seed packing mesh should be woven with polyeth-
ylene. The length of the package mesh should be 30-50 cm longer than the breeding
rope. The initial package is 30 cm wide and 0.5-1.0 cm aperture mesh, and latter
package is 40 cm wide and 1.5-2.5 cm aperture mesh.

Normally, rubber or polyethylene ropes are used as the nursery and culture ropes
for mussel farming in China, while for thick shell mussel, hemp rope is usually
applied as the culture rope, with the diameter around 2.0 cm and length between
2.5-3.0 m (Fig. 4.7a). At present, the widespread use of a self-dissolving material is
conducive to the growth of mussels with less labor and financial cost. The sock-type
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Fig. 4.7 Culture ropes and bagging the juvenile mussel (a the Rope; b bagging juvenile mussel; ¢
shematic of the bags)

bag will automatically break when the mussels attach to the breeding rope. The
sock-type bag is usually made with paper-like material, the width of the bag is about
20-25 cm and the length is a bit shorter than the culture rope. The juvenile mussels
are filtered through a sieve with a diameter of 2-3 cm to ensure they are separated
sufficiently. When putting juvenile mussel into the bag, farmers usually place 30-50
individuals every 10 cm along the net, when all the individuals are placed, rolling
the net and attach it to the culture rope with some thin hemp ropes to make the bag
(Fig. 4.7b, ¢), each culture rope will be attached to a float during the culture period
(Fig. 4.6).

Hanging rope: Generally, polyethylene rope with a diameter of about 5 mm is
used for hanging mussels. To prevent the rotation of the device, paired hanging rope
can be applied.

4.3.2.5 Harvest of Mussels

Mussels are usually harvested twice a year, during early summer and early winter,
when the shell height reached about 6-7 cm. Now the thick shell mussels are har-
vested in a semi-mechanized way (Fig. 4.8). Harvested mussels are usually sorted
and cleared for further processing.

4.4 Bivalve Bottom Culture

Bivalve bottom culture is another major method in China. Mudflat bivalves, such as
clam, razor clam and arc shell, are the main bottom culture species. In 2015, 3 spe-
cies mentioned before produced more than 5 Mt. of shellfish, accounting for more
than 1/3 of the total shellfish production. Mudflat shellfish farming has developed
rapidly in recent years, the price showed a trend of continuous increasing, and has
become major species in Chinese market.
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Fig. 4.8 Harvesting of the thick shell mussel

General methods to bottom culture of two important taxa, Manila clam and
cockle clam, are discussed below.

4.4.1 Manila Clam Farming
4.4.1.1 Mudflat Modification

The mudflat is usually modified to suitable condition before the clam culture. By
applying bottom plowing and sediment drying to clean the dead shells and loosen
the sediment, the humus in the sand is decomposed and then washed away by
seawater.

4.4.1.2 Seed Source

Major sources include: Indoor artificial seed production, natural seeds collected
from Shandong and Liaoning province, artificial seed produced in ponds from
Fujian Putian city.
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4.4.1.3 Sowing

Seeds are sown in spring or autumn. Neap tide and sunny windless days are pre-
ferred for the dry release of seeds. Seed size from 3—10 mm can be sown; sowing
density is controlled at 1000-2000 ind./m? and distributed uniformly (Mitchell et al.
1992; Cigarria and Ferndndez 1998; Zhou et al. 1998). Seed around 10 mm have
better survival rate, growth rate and yield.

4.4.1.4 Subtidal Zone Culture (Water Depth Within 20 m)

Clams cultured in the subtidal zone have no exposure time, and are less affected by
high temperature, freezing and flood, which prolongs the effective feeding time.
The growth rate and relative fatness of clams are found increased by 67.9% and
26.9%, respectively, compared to the clams cultured in mudflats, and the survival
rate was above 80%. In the subtidal zone, shell growth rate of cultured Manila clams
is more than 4.0 mm/month and the culture cycle is shorted by 6 to 12 months com-
pare to the mudflat culture, which improves both product quality and commodity
value.

4.4.1.5 Predators

The major predators affecting Manila clam culture are shrimp and crabs, snails
(Rapanavenosa and Glossaulax didyma), sea anemones, starfish, fish (Acanthogobius
spp.), and birds (seagulls and sea ducks). In China, artificial catchment of predators
is the major way to protect the clams from being predated. The coverage of plastic
protective nets in the heavily damaged areas has greatly increased the survival rate
of cultured clams abroad (Cigarria and Fernandez 2000; Spencer et al. 1992).

4.4.1.6 Harvest
Manila clams are harvested throughout the year. In the intertidal zone, manual cap-

ture is the major method and smaller individuals will be left for continued growth.
In the subtidal zone the clams will be captured with motor boats.

4.4.2 Cockle Clam (T. granosa) Farming

T. granosa bottom culture can be divided into two ways: field farming and pond
farming.
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4.4.2.1 Field Farming

Field farming is popular in Guangdong and Fujian coastal regions, and refers to the
farming on non-water retained flat sediment. A common choice for farming sites is
on the inner soft mudflat in the intertidal zone. Such method benefits from construc-
tion convenience and sufficient water exchange, which is suitable for large-scale
farming. Field farming area can reach up to 50-60 ha. Selected areas are divided
into several square or rectangular zones according to topography and marked with
bamboo or sticks. Shallow channels are constructed between each square for water
outlet and prevention of clam seed escape. In some regions, the farm area is sur-
rounded by nets to protect clams from predators.

4.4.2.2 Pond Farming

Clam ponds are usually built in the mid tidal flushing area; in the low tide area the
pond walls are frequently eroded by tidal flow and in the high tide area water
exchange is insufficient (Mojica and Nelson 1993). Tidal cycles are used for water
level control in the pond, which leads to the comprehensive utilization of the tidal
zone. In addition, feeding time of cultured clams is prolonged according to the
retained water in the pond, higher survival and growth rate are expected. However,
the high labor cost for pond construction has limited the farm scale. And during low
tide the pond water become stagnant which it is unsuitable for high-density farming
(You et al. 2002). In winter, emphasis should be paid to the solidity of the pond
walls and to prevent the deposition of sludge. Sediment should be firm enough to
prevent water leakage.

Clam culture density varies greatly in different regions and is determined by
culture method and conditions. Farming density on mudflats can be estimated with
100-150 kg/ha production for large size clam individuals, that is, when harvested,
about 4.5 million individuals will be collected per hectare. Sowing is generally dur-
ing low tide on cloudy days and clam seeds are evenly distributed into the pond
(Fig. 4.9).

4.4.2.3 Aquaculture Management

Scatter: clam seeds are captured every 10 to 15 days with mesh drip bags and then
re-distributed to a larger farming area to adjust farm density for growth promotion.
During this process, competitive species and predators are removed, and the epi-
phytic organisms on clam shells are cleaned.

Salinity maintenance: during the rainy season, high precipitation may dilute the
seawater. To maintain a certain degree of salinity, if the proportion of seawater fell
below 5 psu for more than 3 days, 600 kg/ha of salt should be added to the pond
during low tide.
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Fig. 4.9 Pond farming in Zhejiang province (From Mao), in the picture, the pond is surrounded
by the channels with water, and when clam farming starts, the central pond will be submerged with
seawater

Aestivate and overwintering: in South China, the summer sunlight often over-
heats the retained surface water covering the clam field and leads to high mortality.
Therefore, in clam field farming, seawater retention should be avoided. In clam
pond farming, on the contrary, water storage should be increased to keep a certain
water depth and to avoid a sharp water temperature rise in the pond. Along the North
China coast, overwintering is the major concern. Clam farms are moved to the sub-
tidal zone to keep away from low surface temperature. Clam seed overwintering
ponds are usually built in the intertidal zone and overwintering migration should be
completed before October. Late transportation may increase the seed mortality due
to freezing. During the overwintering process, pond water depth is kept between
20-30 cm with no leakage allowed.

Predator capture: clam farms need to be inspected frequently. Predators such as
other clams (Musculus senhousia), starfish, crabs, fish (Acanthogobius spp.), red
snails (Rapana spp.) and others are cleaned manually. If necessary, mesh cover or
other methods can be applied to prevent clams from being preyed upon.

Harvest: The commercial specifications for cultured cockle clam are set as: shell
length > 2.5 cm and reach 200 ind./kg. It usually takes 2-3 culture years in South
China and 3—4 culture years in North China to satisfy commercial requirements.
Afterwards the net profit decreases due to lower growth rate. Generally, clams are
harvested in the winter fatness period with good taste. Southern harvest occurs from
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December until the following March; in the north it is from November to December.
After 3 years of farming, more than 20 tons of clams can be harvested from each
hectare.

4.5 Conclusions

In recent years, the species of cultured bivalve in China has been continuously
increased from 10 species in the 1950s to more than 70 species now. The bivalve
production has been gradually increasing. The bivalve aquaculture production in
2015 was 12.4 Mt., accounting for 66.0% of the total marine aquaculture
production.

Bivalve cultured in China have obvious geographical distribution characteristics,
among which clams and oysters are all over the country culture species.

Longline culture and bottom culture are the major methods of bivalve farming in
China. The main longline cultured bivalves include oysters, scallops, mussels, etc.;
bottom cultured ones include clams such as R. philippinarum and T. granosa.

Artificial breeding techniques of bivalves including oysters, clams and scallops
have been extensively applied in China, and has supplied the majority of the seed
sources of almost all the main cultured bivalves. Pacific oysters are the representa-
tive species of longline cultured bivalves; Manila clam R. philippinarum is the rep-
resentative species of bottom cultured bivalve.

Acknowledgements The authors are grateful to the reviewers for their valuable comments on the
manuscript. We also appreciate the support from Haifeng Jiao of Ningbo Academy of Oceanology
and Fishery for providing materials of thick shell mussel culture; This work was supported by
Nation Natural Science Foundation of China (NSFC)-Shandong Joint Fund for Marine Ecology
and Environment Science (U1606404), Central Public-interest Scientific Institution Basal Research
Fund, YSFRI, CAFS (20603022017002) and Central Public-interest Scientific Institution Basal
Research Fund, CAFS (No. 1620022017041).

References

Bureau of Fisheries, Ministry of Agriculture (2004-2016) China Fishery Statistical Yearbook.
Agriculture Press, Beijing

Cigarria J, Fernandez J (1998) Manila clam (Ruditapes Philippinarum) culture in oyster bags:
influence of density on survival, growth and biometric relationships. J Mar Biol Assoc U K
78:551-560

Cigarria AJ, Ferndndez JM (2000) Management of Manila clam beds: I. Influence of seed size,
type of substratum and protection on initial mortality. Aquaculture 182(182):173-182

FAO (2014) Fishery and aquaculture statistics [Global capture production 1950-2013] (FishStatJ).
In: FAO Fisheries and Aquaculture Department [online or CD-ROM]. Rome. Updated 2014.
http://www.fao.org/fishery/statistics/software/fishstatj/en

Gao YT, Xu GX, Fang JZ (1982) Preliminary investigation of the Pacific oyster natural reproduc-
tion. Mar Fish 3:110-114 (in Chinese)


http://www.fao.org/fishery/statistics/software/fishstatj/en

72 Y. Mao et al.

Li HL (2006) Farming technology of Crassostrea gigas. J Biol 41(4):50-51 in Chinese

Lian W, Mao YZ (2010) Aquaculture teachniques of Crassostrea gigas and common problems.
Mod Agric Sci Technol 5:302-303 (in Chinese)

Liu CG (1959) The earliest literature of aquaculture worldwide- scientific value of “Pisciculture”
by Fan Li. China Fish 22:45-46 (in Chinese)

Mitchell ME, Godcharles MF, Bullock LH, Murphy MD (1992) Age, growth, and reproduction of
jewfish Epinephelus itajara in the eastern Gulf of Mexico. Fish Bull 90:243-249

Mojica RM Jr, Nelson WG (1993) Environmental effects of a hard clam (Mercenaria mercenaria)
aquaculture site in the Indian River Lagoon, Florida. Aquaculture 113:313-329

Spencer BE, Edwards DB, Millican PF (1992) Protecting Manila clam (Tapes philippinarum) beds
with plastic netting. Aquaculture 105:251-268

Sui XL, Wang ZS, Ma T, Chen ZQ, Xu Q (1997) The main factors affecting on artificial seedling
rearing of Pacific Oyster (Crassostrea gigas). J Dalian Fish Univ 12(4):15-20 (in Chinese with
English abstract)

Tang QS, Han D, Mao YZ, Zhang WB, Shan XJ (2016) Species composition, non-fed rate and
trophic level of Chinese aquaculture. J Fish Sci China 23(4):729-758 (in Chinese with English
abstract)

Wang RC, Wang ZP (2008) Science of marine shellfish culture. Press in Ocean University of
China, Qingdao

Yan XW (2005) The culture biology and technology and selective breeding in Manila clam,
Ruditapes philippinarum. Institute of Oceanology, Chinese Academy of Science. Doctor, 206
(in Chinese with English Abstract)

Yan XW (2014) Current situation, problem and prospect of clam breeding industry [C]. Abstract
set from symposium exchange of “The ecological security of oceanography and limnology
under the global change”. Nanjing (in Chinese)

Yang AG, Niu XD, Shen JF, Sun SG (1995) Study on cultchless spat and culture techniques of
Pacific Oyster Crassostrea gigas. J Fish Sci China 3:29-35 (in Chinese with English Abstract)

You ZJ, Wang YN, Chen J (2002) Growth of Tegillarca granosa in the pond culture of Leqing Bay.
J Fish China 26(5):440—447 (in Chinese with English abstract)

Zhang YH, Yu ST, Zhu JX (2006) Experiment on the industrial seed rearing of Ruditapes philip-
pinarum. Shandong Fish 3:2-7 (in Chinese)

Zhou DT, Wang JR, Gao RC, Qiu WR (1998) A research on rotational culture of the Clam
Ruditapes Philippinarum and Porphyra in Open Bay. J Shanghai Fish Univ 7(4):306-310 in
Chinese with English abstract

Zhu C, Southgate P, Li T (2019) Production of pearls. In: Smaal A et al (eds) Goods and services
of marine bivalves. Springer, Dordrecht, pp 73-93

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Chapter 5
Production of Pearls

Changbo Zhu, Paul C. Southgate, and Ting Li

Abstract The pearl is known as the queen of jewels, and has been used for
adornment and as a symbol of material wealth throughout human history. Pearls are
formed by the secretion of nacre from epidermal cells within mollusc mantle tissue.
But particular conditions are required for loose natural pearls to form and this occur-
rence is rare. However, utilization of this process for cultured pearl production now
supports industries in more than 30 countries including China, Japan, Australia,
Indonesia, French Polynesia, Philippines, Cook Islands, Thailand, Malaysia, India,
Sri Lanka, Myanmar and Mexico, of which China has the largest production.
Analysis of FAO global statistics shows that in the past decade (from 2005 to 2014),
the average annual output of Chinese pearls was 3540 tonnes (t) valued at 15 million
USD. This output accounted for over 98% of global cultured pearl output, of which
freshwater pearls accounted for 99.5%. Japan has been the world’s major marine
pearl producer for over a century, and has developed advanced technology in pearl
oyster culture and pearl production. In the past decade, the average annual value of
marine cultured pearl production in Japan was 127 million USD, accounting for
51.6% of global pearl output value. Average annual production of marine cultured
pearls was 23 t in Japan, 18.6 t in China and 12.9 t in French Polynesia. Chinese
pearl production is typified by a high-yield, low-value industry structure. Overall,
global pearl production fell by 60% while output value fell by 39% over the past
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decade. Cultured pearl production typically includes five stages: oyster selection,
nucleus implanting, nurturing, harvesting and pearl processing, of which nucleus
implantation is the key step. Compared with other aquaculture sectors, pearl pro-
duction has a complex process and a relatively long farming cycle which make it
economically risky. Pressures to increase production, as well as external pressures
such as urbanization, have placed pressures on the pearling industry that require
appropriate management practices that support sustainable industry growth.
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5.1 History of Pearl Production

The pearl is known as the queen of jewels, a symbol of material wealth throughout
human history, yet one that is distinctively associated with modern civilization as
the only gem produced by mankind. Many ancient civilizations had their own myths
and legends about pearls, and showed great appreciation for them (Zhang and Fang
2003; Strack 2006). Before pearls were artificially cultured, they were collected
rarely and by chance from oysters gathers from their natural habitat for food, or for
the mother-of-pearl lining their shells that was used for decorative purposes (Strack
2008). Historical sources of pearls collected in this way included the Gulf of
Mannar, between India and Sri Lanka, the Bay of Bengal, the Egyptian coast
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Fig. 5.1 Pendants of pearl
Buddhas; blister pearls
produced on the inner shell
surfaces of freshwater
mussels. (Source:
Guangdong Ocean
University)

(Red Sea) and the Persian Gulf (Saudi Arabian coast) (Matlins 2001; Strack 2008)
where the economy was particularly dependent on pearl fishing prior to the twenti-
eth century (Carter 2005). The scene changed dramatically in the early 1900s when
natural pearl fisheries became increasingly exhausted and many countries that had a
long history of pearling became less significant in a world market that was increas-
ingly dominated by cultured pearls.

China was the first country to culture pearls and people in the Song Dynasty
(960-1279 AD) already knew how to grow blister pearls on the inner shell surfaces
of freshwater mussels (Xie and Min 2003). In the late thirteenth century (Ming
Dynasty) this primitive technique continued to be used to produce pearl Buddhas
(Fig. 5.1) that were sold in temple markets (Abbott 1972; Alagarswami 1987).
Modern round pearl cultivation owes its founding and status to development of the
Mise-Nishikawa-method in Japan in the early 1900s (Taylor and Strack 2008).
Commercial production of cultured marine pearls using this method was pioneered
by Kokichi Mikimoto (1859-1954). Considered a national hero in Japan, and the
‘father’ of modern cultured pearl production, Mikimoto opened a new era for pearl
cultivation (Alagarswami 1987; Wang et al. 1993) that today supports a global
multi-million-dollar industry, producing pearls in more than 30 countries and offer-
ing economic opportunities to coastal communities in less developed countries
(Southgate 2007). The major cultured pearl producing countries now include China,
Japan, Australia, Indonesia, French Polynesia, Cook Islands, Philippines, India, Sri
Lanka, Myanmar, Thailand, Malaysia and Mexico (Gervis and Sims 1992; Southgate
2007; Southgate et al. 2008a).

Japan was the world’s major cultured marine pearl growing country for over a
century, and developed advanced and systematic technology in pearl culture (Fassler
1992). The Japanese cultivated their first spherical marine pearls in 1907 (Wang
et al. 1993) using the Akoya pearl oyster (Pinctada fucata martensii) and Akoya
pearls have been mass-produced since 1945. Annual output reached its peak in
1966, with production of 127 tonnes (t) (Mizumoto 1979; Alagarswami 1987), but
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since then output has decreased substantially to a level of 20-25 t per year in 2014
(Southgate et al. 2008a; FAO 2016). Although Japan has made several refinements
to methods used for oyster husbandry and pearl production, the pearl cultivation
techniques used today differ little from those developed a hundred years ago (Taylor
and Strack 2008). Because of the monopolistic marketing and strict technology-
protection policy in the early years of Japan’s cultured pearl production, Japan still
remains the dominant force in today’s pearl industry (Gervis and Sims 1992; FAO
2016).

China was one of the first countries in the world to harvest and use marine pearls.
The earliest record of Chinese pearl collection dates back to 2200 BC, and from the
Han Dynasty (206 BC-220 AD) onward, the Chinese collected marine pearls in the
South China Sea. However, modern marine pearl culture (spherical pearl cultiva-
tion) only began in 1949, after the founding of the People’s Republic. It began to
flourish after successful artificial breeding of Akoya pearl oysters in 1965 and, by
the end of the 1990s, Akoya pearl production was greater than 20 t per annum (Wang
et al. 2007; Southgate et al. 2008a).

Other countries such as Indonesia, Australia, French Polynesia and the Cook
Islands, which have a relatively brief history of pearl cultivation, now play rather
significant roles in the world’s pearl market (Strack 2008). Indonesia and Australia
are the major producers of white ‘South Sea pearls’ from the silver or gold-lip
pearl oyster Pinctada maxima (Southgate et al. 2008a), that are the largest and
most valuable of culture pearls. Indonesia currently produces almost 4 t of cultured
pearls from P. maxima per annum. Smaller producers of cultured pearls from P.
maxima include Myanmar, Malaysia and Papua New Guinea, with China also hav-
ing success in developing round pearl culture using this species (Xie and Min
2003; Southgate et al. 2008a). French Polynesia, the Cook Islands and some other
Pacific island nations have produced ‘black’ South Sea pearls from the black-lip
pearl oyster, Pinctada margaritifera, since the mid-1970s (Southgate et al. 2008a).
Pearl culture has become a major export earner for both nations (McElroy 1990;
Gervis and Sims 1992), and is second in value only to tourism in French Polynesia.
Development of pearl oyster culture offers economic and livelihood opportunities
in smaller Pacific nations and research in the western Pacific, in particular, has
helped develop commercial pearl culture in smaller nations such as Fiji (Southgate
et al. 2008a).

China is by far the major producer of cultured freshwater pearls. Freshwater
pearl culture using natural pearl mussels was first demonstrated in Guangdong in
1958, and a significant breakthrough in the artificial breeding technology of
Unionidae mussels was later achieved in Zhejiang in late 1970s (Bai et al. 2014).
Since then, freshwater pearls have been produced on a large scale with annual out-
put of more than 300 t in 1984 overtaking that of Japan (Hua and Gu 2002; Bai et al.
2014). By the 1990s, China had over 1000 pearl mussel farms and annual output has
increased to over 2000 t within 40 years (Yang et al. 2003).
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5.2 Mother of Pearl

Almost all species of mollusc are capable of producing pearl-like objects, technically
termed “calcareous concretions” (McGladdery 2007). However, those of value and
of interest as gemstones are limited to those produced by species capable of secret-
ing nacre or mother-of-pearl (MOP), sometimes referred to as ‘mother-of-pearl
shell’. Two different groups of MOP shell are widely used for pearl cultivation: (1)
marine pearl oysters of the family Pteriidae; and (2) freshwater pearl mussels of the
families Unionidae and Margaritiferidae.

5.2.1 Marine Pearl Oyster

Several pearl oyster species from the family Pteriidae have been extensively exploited
for pearl production for over a century. From the genus Pinctada, important commer-
cial species include the Akoya pearl oyster Pinctada fucata/martensii, the gold or
silver-lip pearl oysters, Pinctada maxima, and the black-lip pearl oyster, Pinctada
margaritifera. While Pteria penguin and Pteria sterna are used for commercial pearl
production to a lesser degree (Southgate et al. 2008a; Wada and Temkin 2008). These
species support pearl production across a wide area of the Indo-Pacific including the
Pacific coast of Mexico. The culture methods used for these species are well estab-
lished (Southgate 2008; Southgate et al. 2008a) and the methods used for production
of their various pearl products are described by Taylor and Strack (2008).

Pinctada fucata/martensii: these oysters are best considered a ‘species complex’
(Wada and Temkin 2008) and are the most commonly utilized for commercial pearl
production. This species complex ranges from the Western Atlantic region
(Caribbean region, Gulf of Mexico), Western Pacific Ocean (Korea, Japan, southern
China and Australia) to the Indian Ocean, including the Red Sea and Persian Gulf
(Gervis and Sims 1992; Wada and Temkin 2008). Pinctada martensii (Fig. 5.2) is

Fig. 5.2 Specimen of Pinctada martensii (a) and Akoya pearls produced by P. martensii (b).
(Photo: Dahui Yu, South China Sea Fisheries Research Institute)


https://en.wikipedia.org/wiki/Pearl_oyster
https://en.wikipedia.org/wiki/Freshwater_pearl_mussel
https://en.wikipedia.org/wiki/Margaritiferidae

78 C.Zhu et al.

Fig. 5.3 Specimen of
Pinctada maxima (a) and a
gold South Sea pearl
produced by P. maxima
(b). (Source: Guangdong
Ocean University)

found in Japan and China; it is a variety of Pinctada fucata, one of the smallest
among pearl producing oysters, and is used in both Japan and China for the produc-
tion of Akoya pearls (Kripa et al. 2007; Southgate et al. 2008a).

Pinctada maxima: the largest pearl oyster species (Fig. 5.3) is used for produc-
tion of golden and silver South Sea pearls, mainly produced in Indonesia, northern
Australia, Philippines, Malaysia and Myanmar (Southgate et al. 2008a). This spe-
cies produces the largest and most valuable of cultured pearls (Fig. 5.3b).

Pinctada margaritifera: this is the second largest of the pearl oysters that has a
broad distribution across the Indo-Pacific, from the eastern Pacific Ocean to the east
coast of Africa and the Red Sea (Gervis and Sims 1992; Wada and Temkin 2008).
This species is particularly abundant in the atolls of Polynesia where it supports
significant production of ‘black’ or ‘Tahitian’ pearls in French Polynesia and the
Cook Islands. It is also cultured for commercial round pearl production in Fiji where
it produces a unique range of colours that is distinct from Polynesian pearls.

Pteria penguin: this species is commonly known as the winged pearl oysters or
penguin’s wing oyster (Fig. 5.4), is widely distributed in Southeast Asia, particu-
larly China, Japan, Thailand, Indonesia, The Philippines, Malaysia, and Australia.
The Japanese name for this species ‘mabé gai’ and it is traditionally used for half-
pearl or mabé production (Fig. 5.4b). Because of its anatomical structure, this
species is difficult to use for round pearl production and reports of successful round
pearl production from this species are limited (Liang et al. 2008; Xie et al. 2012).
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Fig. 5.4 Specimen of
Pteria penguin (a) and
half-pearl or mabé
produced by P. penguin
(b). (Source: Guangdong
Ocean University)

Fig. 5.5 Cultured round
and near-round pearls
produced from the
Rainbow-lipped pearl
oyster, Pteria sterna, in
Mexico. (Source: Douglas
McLaurin, Perlas del Mar
de Cortez, Mexico)

Pteria sterna: this species is restricted to the Gulf of California, Mexico (Urban
2000; Mao et al. 2004) and, like Pteria penguin, it was initially utilized for half-
pearl production (Ruiz-Rubio et al. 2006). However, the high quality of nacre pro-
duced by this species prompted research towards commercial production of round
and near-round pearls which was successful (Kiefert et al. 2004) and resulted in
some of the most colorful cultured pearls (Fig. 5.5).
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5.2.2 Freshwater Pearl Mussels

Freshwater pearl mussels can be cultured in freshwater ponds, rivers, or lakes. Over
98% of freshwater pearls are produced in China (FAO 2016), with the remainder
produced in Japan, Australia, America, Vietnam, and other countries (Yang et al.
2003). In China, there are more than 100 species of freshwater mussels, but only
about ten are used for commercial pearl production. They belong to the families
Unionidae and Margaritiferidae, and include Hyriopsis cumingii (Triangle sail mus-
sel), Cristaria plicata, Lamprotula leai, Lamprotula rochechouarti,and Margaritiana
dahurica (Bai et al. 2014). Among these, the most productive is Hyriopsis cumingii
(Fig. 5.6), followed by Cristaria plicata. In China, these two species are readily
obtained by pearl farmers, easy to operate, and in relative terms have a higher pearl
production rate and produce better quality pearls than other species (Xu et al. 2011).
Other than these endemic mussels, several species have been introduced to China
for pearl production including Hyriopsis schlegelii (native to Japan) which has a
strong nacre secretion ability, and Potamilus alatus (native to North America) which
can produce high quality black freshwater pearls. Hyriopsis schlegelii and
Margaritiana dahurica are the most commonly used mussels for pearl production
in Japan (Alagarswami 1970; Huang 2008).

Fig. 5.6 Specimen of the
Triangle sail mussel
Hyriopsis cumingii.
(Source: Hua and Gu
2002)
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5.3 Pearl Production

The pearl is unique, since it is the only gem formed inside a living organism. It
results from the secretion and deposition of nacre by the epidermal cells of mollusc
mantle tissue; the same process that is involved in shell formation. Pearls have the
same physical properties and composition of natural shell nacre, with calcium car-
bonate as the main component and pearl formation had thus been termed bio-
mineralization (Taylor and Strack 2008). Pearl cultivation is based on the natural
ability of the mantle tissue of the Pteriidae, Unionidae and Margaritiferidae to
secrete nacre, and technical intervention to provide a suitable substrate and environ-
ment for nacre secretion. Today’s cultured pearls can be divided into three major
categories:

1. half-pearls or mabé;

2. beaded ‘round’ cultured pearls, including most of the marine pearls; and

3. non-beaded freshwater cultured pearls, such as Biwa (Japanese freshwater)
pearls and Chinese freshwater pearls.

Half-pearl production involves adhesion of semi-spherical nuclei to the inner
shell surface of an oyster. The oyster is then placed back into its culture environment
and a period of 10—12 months is generally required for it to adequately cover the
nucleus with nacre to form the half-pearl (Ruiz-Rubio et al. 2006; Fig. 5.5b). It is
usual for multiple nuclei (usually up to five) to be implanted into one oysters (Ruiz-
Rubio et al. 2006; Kishore et al. 2015), and anesthetics are sometime used to relax
oysters prior to implantation (Kishore et al. 2015) to minimize oyster stress, and to
improve operator access to the inner shell surface for nucleus placement.

5.3.1 Production Cycle of Pearls

Production of beaded and non-beaded cultured pearls is more technically demand-
ing than half-pearl production and generally includes five major stages: oyster
selection, nucleus implantation, nurturing, harvesting, and pearl processing
(Fig. 5.7).

Oyster Selection Selection of suitable host oyster/mussel for pearl production.
There are two sources of mollusc stock for pearl production: (1) collection from the
wild, such as in Australia and French Polynesia; oysters are collected as adults or as
juveniles and grown to a size suitable for pearl production (Southgate 2008); and (2)
produce seed/spat (juveniles) through artificial propagation in a dedicated hatchery
facility or from ‘spat collection’ programs. The latter relies on deployment of appro-
priate substrates to the water column, at an appropriate time, to provide substrates
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Fig. 5.8 A pearl oyster farm in South China. (Source: Guangdong Ocean University)

for larval recruitment (Southgate 2008). Juveniles are then grown to a size suitable
for pearl production. At least a year and a half is needed for pearl oyster larvae to
grow to a size appropriate for pearl production (Yin et al. 2012). Freshwater mussels
are much faster growing than pearl oysters and become suitable for pearl production
within a year (Huang 2008). The aquatic environment for farmed molluscs must be
clean, have a suitable water temperature, and be free of harmful organisms with
minimal fouling and predation (Fig. 5.8).
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Nucleus Implantation This is the key step in cultured pearl production. In order to
grow marine pearls, a tiny piece of mantle tissue (called a graft, or ‘saibo’ in
Japanese), approximately 3 x 3 mm in size, is removed from a suitable donor oyster
and implanted with a spherical polished shell-bead or nucleus into the gonad of a
recipient or host oyster. For freshwater pearls to grow, a piece of mantle graft alone
serves the same purpose, so a nucleus is not a pre-requisite for pearl production.
There are still some technical difficulties associated with growing beaded pearls
within the visceral mass of freshwater mussels because of their physiological struc-
ture (Xie et al. 2015). A period of ‘conditioning’ or pre-operative treatment is often
needed to prepare oysters/mussels for implantation, and appropriate post-operative
husbandry reduces stress and helps maximise nucleus/graft tissue retention after
implantation (Taylor and Strack 2008; Liang et al. 2016). Survival rate and nucleus
retention rate of implanted oysters are strongly correlated with factors such as size
and age of oysters, size of nucleus and grafting method (Yukihira and Klumpp 2006;
Kripa et al. 2007; Liang et al. 2015).

Nurturing After the nucleus is inserted, implanted oysters/mussels need to be
carefully nurtured in a resting zone for at least 2 weeks, a critical period for mortal-
ity and nucleus rejection, then returned to the ocean in an area of calm water at a
depth of 2-3 m (Wang et al. 1993). Appropriate water temperature is critical for
survival of implanted oysters and optimal nacre secretion rate in P. maxima occurs
at 25-30 °C, when nacre is first secreted onto the nucleus from around 45 days after
operation (Liu et al. 2012). In P. margaritifera, graft tissue proliferates to create a
‘pearl-sac’ that completely covers the nucleus within 14 days of grafting, when the
epithelial cells responsible for nacre secretion are fully developed; however, first
nacre secretion onto the nucleus was not observed until 32 days after grafting
(Kishore and Southgate 2016). Nucleated oysters are generally cultured for a further
1-2 years before resulting marine pearls are harvested. A culture period of 1-5 years
is usually required for freshwater pearl production depending on culture method
and species (Xu et al. 2011; Yin et al. 2012; Lin et al. 2016a).

Harvesting in winter or when water temperature is relatively low, the nacre secretion
rate slows, resulting in a more detailed, smooth, and lustrous pearl surface. Thus
colder conditions are the best time to harvest pearls (Wang et al. 1993). Akoya and
South Sea pearls are grown within the gonad tissue of host oysters (Taylor and Strack
2008). They are grown one pearl at a time which limits the number of pearls at harvest.
Opysters that produce high quality South Sea pearls are often implanted with a new,
larger bead, then returned to the water for another 2-3 years of growth for the next
pearl producing cycle (Taylor and Strack 2008; Lin et al. 2016a). It is possible using
this method to produce up to four pearls from a single oyster and Kishore et al. (2015)
reported improvements in both pearl size and shape in ‘second-graft’ pearls produced
by P. margaritifera. Freshwater pearls are grown in the mantle, where up to 20 grafts
may be implanted within each of the two mantle lobes. On this basis, freshwater mus-
sels have a substantially higher pearl yield than marine oysters with usually more than
10 pearls harvested from one mussel (Lin et al. 2016b).
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Fig. 5.9 Akoya pearls before (a) and after (b) bleaching procedure. (Source: Guangdong Ocean
University)

Pearl Processing Due to variations in colour and the degree of surface defects,
more than 90% of cultured pearls cannot be used directly to produce jewelry or
other products (Huang 2008). However, raw pearls may have to be processed to
improve their quality to meet the standards of gem-quality merchandise, and pearl
enhancement is routinely used for Akoya pearls and freshwater pearls (Strack 2006).
Pearl processing techniques may include screening, degreasing, decontamination,
bleaching, whitening, colouring etc. (Tang et al. 2016). Pearl appearance and value
can be greatly improved by these technical procedures, which enhance colour and
surface texture (Fig. 5.9). While fine-quality cultured pearls (marine and freshwa-
ter) are selected to make jewelry, small non-beaded cultured pearls, which have lit-
tle value, may be processed into drugs and cosmetics (Yang et al. 2016).

South Sea pearls are generally not treated in their countries of origin and are
promoted as having minimal enhancement consisting of washing and polishing only
(Taylor and Strack 2008); however, South Sea pearls are treated by a number of
Japanese pearl companies (Strack 2006). As well as colour, pearl luster can be
enhanced by mechanical polishing and through the use of solvents and polishing
materials such as bees wax.

5.3.2 OQutput and Value

In the past decade, Japan, French Polynesia and China have been the three major
marine pearl producing countries, but over 98% of pearls produced worldwide are
freshwater pearls from China (Fig. 5.10). Annual output of Chinese pearls averaged
3540 t of which freshwater pearls accounted for 99.5%. Since 2007, China’s marine
pearl production declined significantly, from 34.5 t in 2006 to 3.7 t in 2014
(Fig. 5.11). Marine pearl output also decreased in Japan from 29 t to 20 t per year
over the same period, but increased in French Polynesia from 9 t per year to 15 t per
year (Fig. 5.11). The United States, Japan, Switzerland, Germany, Hong Kong,
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France, Britain, Belgium, Italy, Spain, Canada, India and Saudi Arabia are the
world’s largest pearl importers, ranked by volume (Lin 2004).

Japan was not only one of the largest pearl producers and exporters, but also the
largest importer and processing centre of pearls, playing a significant role as a dis-
tribution hub in the global pearl industry. In addition, Japan controls the world’s
leading technology in pearl oyster breeding and pearl production and processing
(Fassler 1992) and held about 51.6% of the world’s output value in the past decade.
The average annual value of pearl production was 127 million USD in Japan,
104 million USD in French Polynesia, and 15 million USD in China (Fig. 5.12).
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Although China is the largest producer and exporter of pearls, because the market
price of freshwater pearls is much lower than that of marine pearls, over 98% of the
world’s pearl production only corresponds to about 5% of the output value
(Fig. 5.12). The extremely unbalanced development between Chinese low-end pearl
production and high-quality pearl production has resulted in a high-yield, low-value
industrial structure. Overall, global pearl production fell by 60% (Fig. 5.10), while
output value fell by 39% over the past decade (Fig. 5.12).

5.4 Goods from Pearls

5.4.1 Types and Value

Based on their method of formation, pearls can be divided into natural (or wild)
pearls and cultured pearls. The value of a pearl is determined by a combination of a
number of characteristics including size, luster, color, amount of surface flaws, and
shape. Pearls are usually categorized into eight basic shapes: round, semi-round,
button, drop, pear, oval, baroque, circled and double-boulder (Pan et al. 1994).
Natural pearls form within oysters and mussels when nacre-secreting epithelial
cells are transferred into the viscera by ‘accidental’ means, and their continued
secretion of nacre forms a pearl over time (Taylor and Strack 2008). Transfer of
epithelial cells may result from the actions of predators or parasites, for example, or
from foreign materials that become lodged within oyster tissues. Formed without
human intervention, natural pearls take different shapes, and perfectly spherical
natural pearls are extremely rare, and highly valuable. Hundreds of pearl oysters or
mussels must be gathered and opened to find even one natural pearl; yet for many
centuries, this was the only way to obtain pearls, and the reason pearls were so
highly regarded in the past. Natural pearls can be distinguished from cultured pearls
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by X-ray that will reveal no nucleus or curved cavity structures in the centre of the
pearl, and a uniform, onion-like structure (Krzemnicki et al. 2010).

Cultured pearls result from a tissue implant and human intervention that utilizes
the ability of mollusc tissue to produce and secrete nacre. Marine cultured pearls
generally follow the shape of the implanted nucleus resulting in round or near-round
pearls. The output of ‘round’ marine pearls is relatively low, about 54 t per year
globally (Fig. 5.11). But marine pearls are much more valuable than freshwater
pearls, especially high quality South Sea pearls from Pinctada maxima (gold or
silver, 10-20 mm in diameter) and Tahitian ‘black’ pearls (9—20 mm in diameter)
(Southgate 2007). They are famous for their unique color and luster, and are the
largest, rarest, and most valuable cultured pearls in the pearl market. Freshwater
cultured pearls are rarely round, mostly pear-shaped or oval, and the overall quality
is poor. Generally, only 1-2 pearls meeting gem-quality standards can be obtained
from 100 raw freshwater pearls (Yang et al. 2003). Common natural colors of fresh-
water pearls are white, pink and purple, and some progress has been made towards
cultivating high-quality round freshwater pearls in China (Xie 2010; Xie et al. 2015;
Lin et al. 2016b).

5.4.2 Services

Decoration Pearls are the most versatile of gemstones, with three major functions
that have been developed over thousands of years. Pearls are used for decoration
like all the other gems, and infer a sense of status and material wealth. Pearls with a
special luster may become beautiful ornaments and have been used to decorate
items such as the crowns of monarchs as symbols of elegance and nobility. Pearls
and MOP shells may function as collector’s items as one of their services to humans;
this aspect is addressed in Duncan and Ghys (2019).

Medical and Biomedical Applications Pearls are used to produce medicine. The
history of pearl medicine in China goes back more than 2000 years (Pan et al. 1994).
Pearls are a product of the defense mechanism of organic immune systems, and
studies of their medicinal value have shown distinct anti-oxidant and anti-
inflammatory effects. Extracts from pearls have been used in variety of clinical
treatments for ulceration, cataracts, and tumours (Lin 2004; Zheng and Mao 2004).

The process of nacre formation or biomineralization progresses from secretion
of a fluid, through film formation and mineralization, to formation of the mature
nacre structure composed of sequential layers of aragonite tablets (Fougerouse et al.
2008). Improved understanding of this process, and the unique qualities of nacre,
have stimulated considerable interest in the potential biomedical applications of
nacre, including its possible use as a substitute for human bone and in bone repair
(Southgate et al. 2008b). For example, pearl oyster nacre has been shown to induce
mineralization by human osteoblasts (Lopez et al. 1992), to be cyto-compatible
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with human bone (Cognet et al. 2003), and to stimulate bone repair (Lamghari et al.
1999) and form a dual biomineralized unit (with bone) in sheep (Lopez et al. 2004).
Such research has potential for significant biomedical outcomes.

Body Care Pearls are also used in many body care therapies because they are rich
in elements that are beneficial to the human body, particularly the skin. Pearls con-
sist of calcium, over 20 different trace elements, more than 15 amino acids, alkaline
phosphates, and natural taurine (Huang 2008; Zhang et al. 2014), and meet impor-
tant health requirements. Pearls may be processed into powdered products for skin
whitening, and as calcium supplements (Yang et al. 2016).

Bioremediation Because of their high filtration rates and their ability to accumu-
late heavy metals, pollutants (including nutrients) and bacteria, pearl oysters and
mussels have considerable potential for bioremediation of polluted coastal environ-
ment (O’Connor and Gifford 2008). Marine pearl oysters are particularly well
suited to this role because their pumping and filtration rates are among the highest
reported for bivalve molluscs, and up to ~22 L per hour per oyster (Lucas 2008).
They are able to process large quantities of water, removing particulates and being
exposed to large quantities of pollutants. They also have a high requirement for
nitrogen and phosphorous and an ability to remove large quantities of these nutri-
ents from the water column (Gifford et al. 2005). Pearl oyster based ‘bioremedia-
tion’ also has advantages because oysters used in this way can still produce valuable
products (e.g. pearls and MOP), but they do not need to be a product suitable for
human consumption (O’Connor and Gifford 2008). The potential for such bioreme-
diation systems was demonstrated by Gifford et al. (2005) who reported that for
each tonne of Akoya pearl oysters harvested, 7.4 kg of nitrogen, 0.5 kg of phospho-
rous and up to 0.7 kg of metals were removed from the water.

Like other bivalves, pearl oysters/mussels have the ability to improve water qual-
ity by transforming suspended particulate matter (including microalgae) into faeces
and pseudofaeces through biodeposition, which is a very important component of
the biogeochemical processes of coastal ecosystems (Ferreira and Bricker 2016).
Biodeposition by shellfish is addressed in detail in other chapters of this book.

5.5 Problems and Perspectives

Pearl farming is a very challenging and labour-intensive activity. In general, post-
operative survival of nucleated oysters is less than 70% and, of these, 30-40% are
likely to reject the implanted nucleus, 20% will produce salable pearls, but only
5% will produce top quality gemstones (Fassler 1992; Norton et al. 1996). For
pearl production from P. margaritifera for example, it is generally accepted that
5% of the total pearl harvest will generate around 95% of farm profits (Haws 2002).
Compared with other aquaculture sectors, pearl production has a more complex
procedure and a longer farming cycle which increases economic risk. Urbanization
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and industrialization in traditional pearl farming areas, and stressed and
impoverished coastal environments have led to some serious problems and big
challenges for sustainable development of the pearl aquaculture industry. These
include reduced oysters supply to the industry, reduced growth rates and survival
and reduced pearl yield and quality. Increased reliance on hatchery-produced juve-
niles brings its own potential problems relating to artificial selection and inbreed-
ing. Striving for increased production has resulted in over-stocking of pearl farms
leading to a shortage of nutrients and ecological deterioration at the farm site that
increases the probability of epidemic disease outbreaks. Production pressures may
also encourage shortening of the pearl production cycle resulting in pearls with a
thin nacre covering that do not pass the product inspection standard. Finally, con-
sistent production of high quality pearls relies on the availability and skills of pro-
fessional pearl grafting technicians (Porter 1991; Fassler 1992). Expansion of pearl
farming in some areas has led to a shortage of well-trained technicians and the use
of inexperienced technicians or grafting by under-trained farmers. All the above
issues have the potential to affect pearl production and quality, as well as farm
profitability, and may explain the decline of pearl production in the past decade,
especially in China.

If we consider the present situation of China’s pearl industry as an example,
Liusha Bay was the main production base of Chinese marine pearls (Zhu et al.
2011) and, in 2010, accounted for over 80% of national production. Chinese Akoya
pearls, known as ‘Nanzhu’ in China, referred specifically to pearls produced from
Pinctada martensii in the Beibu Gulf area. Liusha Bay is located at the junction of
Xuwen County and the southwestern of Leizhou City sea area (20°22"-20°31'N,
109°55'E-110°1'E), in the southwestern part of Leizhou Peninsula in Guangdong
province. Liusha Bay is a semi-enclosed system with a total area of 69 km? an
annual average water temperature of 26.4 °C, and its natural geographical condition
is particularly suited for Pinctada oyster culture. It was historically the production
center of Akoya pearls in China, with a farming area of around 20 km?* However,
since 2000, the industry in Liusha has plunged into serious recession. In the late
1990s, a number of alternative aquaculture commodities and cultivation techniques
were introduced into Liusha Bay, including cage finfish culture and scallop
(Argopecten irradians concentricus) culture. Because of the relatively long farming
cycle of pearl culture, a complicated situation of multiple aquaculture structures
developed in Liusha Bay. In 2007-2008, a series of natural disasters made the situ-
ation even worse for pearl production in Liusha and a large number of traditional
pearl farmers diverted into cage fish culture, resulting in a dramatic increase in the
number of cages in Liusha Bay. As a result, the culture space for Pinctada martensii
was significantly reduced, and potential food resources for pearl oysters were
largely consumed by cultured scallops. Furthermore, the sediment environment
worsened, pearl oyster growth slowed and survival decreased (Luo et al. 2014). The
Nanzhu cultured pearl industry currently faces a major threat.

The pearl industry of the future will continue to face the dilemma of productivity
and reduced profitability, unless radical remedial measures are taken to improve the
culture environment and standards. Sustainable development of the pearl culture
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industry requires management measures that are guided by scientific development
relating to breeding and husbandry of pearl oysters and mussels, as well as product
processing, and marketing. In addition, appropriate management must also consider
social, economic, and environmental factors. Pearls should continue to shine in the
modern commodity market, and continue to decorate human civilization.
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Chapter 6
Biotechnologies from Marine Bivalves

Paola Venier, Marco Gerdol, Stefania Domeneghetti, Nidhi Sharma,
Alberto Pallavicini, and Umberto Rosani

Abstract Bivalve molluscs comprise more than 9000 extant species. A number of
them are traditionally farmed worldwide and are fundamental in the functioning of
benthic ecosystems. The peculiarities of marine bivalves have inspired versatile bio-
technological tools for coastal pollution monitoring and several new biomimetic
materials. Moreover, large amounts of sequence data available for some farmed
bivalve species can be used to unveil the organism’s responses to environmental fac-
tors (e.g. global climate change, emergence of new infectious agents and other pro-
duction problems). In bivalves, data from genomics and transcriptomics increases
more quickly than data from other omics, and permit new bioinformatics inferences,
real comparative genomics and the study of molecules suitable for biotechnological
innovations. Bivalves (and their microorganism communities) produce a variety of
bioactive peptides, proteins and metabolites. Among them, the numerous families of
antimicrobial peptides identified in the Mediterranean mussel likely contribute to its
vigour and could assist with the identification of molecular scaffolds for innovative
pharmaceuticals, nutraceuticals and constructs suitable for other applications.
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6.1 Introduction

Technologies based on the peculiarities of marine bivalves not only provide services
and products of current use but are expected to grow in the future, owing to the great
exploration power of current omics strategies (high-throughput production of differ-
ent sorts of molecular data aimed at the complete interpretation of biological struc-
tures, functions, and dynamics) and to the surprising advances of life sciences,
material and nanomaterial sciences and microelectronics engineering. Undeniably,
the growing number of bivalve-inspired innovations add value to animal species
already identified as fundamental components of marine benthic ecosystems and
regarded as a strategic food resource for the future (the European aquaculture pro-
duction of marine molluscs reached 572,957 tons, nearly 3.5% of the global amount,
with an estimated value of 972,987 USD in 2016) (FAO 2018).

6.2 Living Monitors and Source of Versatile Biotechnological
Tools

Since the mid “70s, filter-feeding bivalves such as mussels and clams started to be
used as pollution sentinels because they integrate in space and time the contaminant
mixtures present in the surrounding water and sediments, respectively (Goldberg
and Bertine 2000). Complementary to the analysis of toxicants in the soft tissues
(Guéguen et al. 2011; Melwani et al. 2014), various pollution biomarkers have been
developed and a number of them has been validated (Moore et al. 2006; Banni et al.
2007; Bolognesi and Hayashi 2011) and combined (Pytharopoulou et al. 2008;
Okay et al. 2016) to rank coastal sites according to the intensity of toxicant-induced
adverse effects.
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Table 6.1 Gene exp.ression Datasets Microarrays

datasets and ]?NA microarray Crassostrea gigas 833 200

platforms available for

selected marine bivalves Crassostrea virginica 668 30
Mytilus 480 202
galloprovincialis
Ruditapes 340 10°
philippinarum
Mpytilus californianus 196 52
Mytilus edulis 163 5°
Ruditapes decussatus 141 7
Mpytilus trossulus 122 28
Pinctada maxima 89 4
Pinctada fucata 34 3
Mercenaria mercenaria | 32 1
Chamelea gallina 32 1
Pinctada martensii 22 2

From Gene Expression Omnibus at Aug 2018 (www.ncbi.nlm.
nih.gov)

3GPL22172 probes from Crassostrea angulata, Crassostrea
ariakensis, C. gigas, C. virginica, M. californianus, Mytilus
chilensis, Mytilus coruscus, M. edulis, M. galloprovincialis, M.
trossulus and Venerupis (Ruditapes) philippinarum

°GPL3994 probes from C. gigas and C. virginica

Over time, the increasing availability of nucleotide sequence data inspired the
production of DNA microarrays, adaptable biotechnological tools made of spotted
DNA/cDNA or in situ synthesized oligonucleotides (Table 6.1). Such predefined
assemblies of molecular probes allow the multiple and quantitative assessment of
gene expression levels, among other purposes.

The hybridization of processed RNA samples on DNA microarray slides could
discriminate Mytilus mussels and Ruditapes clams sampled at different distance
from a petro-chemical district in the Venice lagoon area (Venier et al. 2006; Milan
etal. 2015), supporting the use of transcriptional profiles in environmental monitor-
ing and suggesting an innovative way to assess quality and the possible illegal origin
of traded stocks.

Tissue- stage- and sex-specific transcript profiles obtained by DNA microarrays
can assist management actions and sustainability plans in the farming of bivalves.
For instance, they have been used to understand the partial sterility of triploid oys-
ters and genes related to growth and reproduction (Dheilly et al. 2014; Guan et al.
2017; Tong et al. 2015) or the oyster response to pathogens and stress factors nega-
tively impacting the production rates (Venier et al. 2011; Anderson et al. 2015;
Romero et al. 2015; Pardo et al. 2016). Relevant to the growth of the pearl oyster
Pinctada fucata, gene expression profiles obtained during larval development high-
lighted new aspects of shell formation mechanisms (Liu et al. 2015).

Both high-throughput sequencing and a DNA microarray were used to investi-
gate the early mussel response to algal toxins with the aim of developing new
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monitoring tools for okadaic acid, a heat-stable phosphatase inhibitor causing
diarrhetic shellfish poisoning (Suarez-Ulloa et al. 2015). A total of “1,066,985”
nucleotide sequences (at 10.08.2018) and “3,478” GEO datasets (at 10.08.2018) are
available at NCBI for Bivalvia (10 Aug 2018) and the genomes of nine marine
bivalves (oysters: C. gigas, C. virginica, P. fucata martensii; mussels: Bathymodiolus
platifrons, M. galloprovincialis, Modiolus philippinarum, Limnoperna fortunei;
scallops: Mizuhopecten yessoensis; clam Ruditapes philippinarum) have been com-
pleted or drafted (Zhang et al. 2012; Takeuchi et al. 2012; Murgarella et al. 2016;
Mun et al. 2017; Sun et al. 2017; Wang et al. 2017a, b; Du et al. 2017).

Different from the DNA microarray analysis, high-throughput sequencing can
lead to gene discovery and to the validation of population genetics markers for
breeding programmes. The identification of single nucleotide polymorphisms
(SNPs, codominant-inherited molecular features very abundant in animal genomes)
in bivalves is just a preliminary step, before starting to validate their association
with valuable quantitatively inherited traits or with stress-responsive genes, and to
proceed with fine linkage mapping and population genetics analyses (Coppe et al.
2012; Ge et al. 2015; Nie et al. 2015; Dong et al. 2016; Fan et al. 2016; Wang et al.
2016a, b; Qi et al. 2017; Gutierrez et al. 2017; Azéma et al. 2017).

Although proteomics, metabolomics and epigenetics studies in marine bivalves
are at their onset (Gémez-Chiarri et al. 2015; Digilio et al. 2016; Dineshram et al.
2016; Vincenzetti et al. 2017), in the near future they could reinforce and widen the
existing assortment of bivalve services and products. In essence, the comprehensive
knowledge of the vital processes in marine bivalves is a fundamental research strat-
egy, consistent with the growth of a sustainable and innovative blue economy for the
future. To confirm the continuous attention to marine bivalves and their expanding
roles, they have been proposed in Northern Europe as living monitors of multidrug-
resistant Escherichia coli and other Enterobacteriaceae spp. (Grevskott et al. 2017).

In the following section, we present a paradigmatic case which illustrates how
the natural properties of bivalve byssus has guided the development of new materi-
als of practical use.

6.3 Byssal Threads and Adhesive Plaques as Archetypes
for New Biomimetics

Some freshwater and marine bivalves such as Dreissena polymorpha, Perna viridis
and Mytilus spp. anchor themselves to hard substrates by means of silk-like byssus
threads, having remarkable mechanical properties, and adhesive plaque proteins,
functioning as an underwater superglue.

Descriptions of the general structure and microscopical anatomy of mussel bys-
sus date back to 1711 and 1877, respectively, but only in the early 1950s investiga-
tions based on mechanical, chemical and enzymatic assays, histological and
histochemical techniques, polarized light and X-ray diffraction, paved the way to
bivalve-inspired materials for medical and non-medical applications (Fig. 6.1)
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Fig. 6.1 Graphical representations of mussel byssus threads (left, as reported in Deming 1999)
and anatomy of the byssus production in Mytilus (right, as reported in Smyth 1954). Gland tissue
cells, detectable in precise zones of the mussel foot, emit a thread-like protein secretion along the
foot groove whereas cells coating the foot groove secrete the protein components of the terminal
adhesive plaque (disk). The byssus thread is released when it occupies the whole groove length

(Brown 1952; Smyth 1954; Deming 1999; Lee et al. 2011; Kord Forooshani and
Lee 2017).

The proteinaceous byssus fibers comprise a proximal stem region, a mid-thread
region and the terminal adhesive plaque. Mussel byssogenesis occurs in the post-
larval stages within minutes by coordinated secretion and extracellular solidifica-
tion of a composite fluid released by three pedal glands into the distal depression
and ventral groove of the foot organ (Silverman and Roberto 2010; Priemel et al.
2017). More than ten types of secreted proteins compose the mussel byssus, includ-
ing fibrillar collagens, non-collagenous thread matrix proteins and polyphenolic
proteins of the thin cuticle surrounding the stretchy fibrous core and the adhesive
plaque. As a result of post-translational hydroxylation of tyrosine, L-3,4-
dihydroxyphenylalanine (L-DOPA) is a main component of the latter proteins, com-
monly named mussel foot proteins (Mfp, not to be confused with other proteins
with the same acronym) or mussel adhesive proteins.

The unusual resistance of such fibrous and adhesive structure against predators
and the mechanical force of waves and currents has considerably stimulated multi-
disciplinary investigations aimed to develop innovative biomimetic materials
(Degtyar et al. 2014; Reinecke et al. 2016; Priemel et al. 2017). In the byssus thread,
non-covalent protein—metal interactions stabilize the main constituent proteins and
contribute to their tensile strength and self-healing properties. In detail, the thread
core is made by bundles of collagenous proteins (preCols) having a central collagen
domain with a typical Gly-X-Y triple helical repeat and flanking domains. Among



100 P. Venier et al.

other features, all preCols have N- and C-termini enriched in histidine, the amino
acid most likely involved in coordination bonds with transition metal ions such as
Zn and Cu. In essence, highly directional and dynamic protein—metal coordination
bonds generate cross-linking and hierarchical structuring of byssal protein blocks,
with the metal site geometry and activity governed by local charges, helical dipoles
and other conformational protein elements. Rupture and rapid restructuring of coor-
dination bonds between histidine residues and Zn** sustain the self-healing of
byssus and, as expected, such self-healing can be inhibited by removing metal ions
with ethylenediaminotetraacetic acid or by lowering the pH, a condition known to
hamper histidine—metal bonding (Degtyar et al. 2014; Reinecke et al. 2016).

In the byssus plaque of Mytilus species, at least six Mfp rich in DOPA and cat-
ionic amino acids contribute with specialized roles to the adhesion in wet conditions
to hard substrates (Table 6.2). The catechol moiety of L-DOPA permits the forma-
tion of hydrogen bonds and the interactions with other aromatic rings and with posi-
tively charged ions such as Cu?*, Zn>*, Mn?* and Fe* among others. At sea water pH
(mildly basic), these chemical events result in stable coordination complexes (e.g.
DOPA oxidation coupled with the reduction of coordinated Fe** ions) and cross-
linking (e.g. catechols oxidized to quinones can react with various nucleophilic
groups and produce intermolecular/interfacial covalent bonds). After secretion, the
spontaneous DOPA-Fe cross-linking in the byssus coating acts like a protective
varnish as a result of attained hardness and extensibility. The local distribution of
different Mfp and the significant presence of positively charged ions in the byssus
plaque additionally stabilize its foamy structure and boost cohesive interactions
and, hence, enhance the strong (wet) adhesion to hard surfaces (Lee et al. 2011;
Reinecke et al. 2016; Kord Forooshani and Lee 2017; Priemel et al. 2017).

Using Mf3 as an example, the multiple alignment of 36 protein sequences avail-
able in GenBank highlights fully conserved amino acid residues and variable
sequence traits (Fig. 6.2).

In essence, the byssus threads and their terminal plaques have emerged as a
model for the development of self-healing polymers and water-resistant adhesive
materials (Holten-Andersen et al. 2011; Danner et al. 2012; Guerette et al. 2013;
Park et al. 2013; Liu et al. 2014; Fullenkamp et al. 2014; Schmidt et al. 2014; Wu
et al. 2014; Nichols 2015; Ryu et al. 2015; Grindy et al. 2015; Miller et al. 2015;
Tian et al. 2015; Krogsgaard et al. 2016; Liu et al. 2016; Xu et al. 2016; Zhang et al.
2017b; Waite 2017). In both cases, the coordination of metal ions plays a fundamen-
tal role; however, the occurring chemical events and final material properties depend
on metals and ligands, their molar ratio, pH and redox reactions. Actually, catechols
are regarded as suitable anchoring groups for surface modification, although their
metal-binding strength depends on the oxidation status. Other byssogenic bivalves
produce somewhat different foot proteins yet capable of strong adhesion, e.g. pvfp-1
from Perna viridis contains C(2)-mannosyl-7-hydroxytryptophan, Man7OHTrp,
instead of DOPA, and trimerized chains instead of monomeric chains (Hwang et al.
2012). Deep understanding of the complex chemico-physical processes underlying
the byssus formation as well as comparative data deriving from the omics technolo-
gies (Schultz and Adema 2017) should provide additional hints for a step-by-step
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Table 6.2 Some data on the mussel foot proteins (from Kord Foreooshani and Lee 2017)

Mip-1 Mfp-2 Mftp-3 Mfp-4 Mfp-5 Mfp-6
Molecular | 108? 42-47* 5-740 90-93¢ 8.9 11¢
weight
(Kda)
Isoelectric | 10.5 9.5 nd nd 9 9.5
point
Secondary | Very little | Highly No repeats; His-rich Just 2 closely | Rich in Tyr
structure repetitive | 30-35 variants | decapeptide | related (20 mol %)
motifs; 6 | rich in DOPA | tandeml y variants; rich | mostly not
mol % (>20to 28 repeated in DOPA (30 | converted in
Cys mol %): more than | mol%), DOPA (3
MFP-3f and | 36 times cationic ami mol %) and
Mfp-3s are no acids (27.7 |in Cys (11
rich in Gly mol %) and mol%); the
(25-29 mol phosphoserine | richest in
%), MFP-3f is (~4.8 mol%); | charged
highly hydrophilic aminoacids
hydrophililic; (23 mol%
MFP-3s is cationic, 16
polar but mol%
hydrophobic anionic)
Proposed | Protective | It is the It contributes | Exceptional | It contributes | It
role coating | most to adhesion at | binding to | to adhesion at | contributes
abundant | the plaque- transition the plaque- to adhesion
protein surface metal ions, | surface at the
(=25 wt | interphase functional | interphase plaque-
%); its bridge surface
disulphide between interphase;
bonds thread it likely
support (PreCol) controls the
plaque and plaque redox
integrity proteins chemistry
of DOPA in
the other
plaque
proteins

ain Mytilus edulis
in Mytilus californianus
‘from Lee et al. (2011)

development of useful novelties. As long as the new materials mimic natural sub-
stances and processes, they should have a great chance to be efficiently produced in
environmentally friendly conditions and to be biodegradable. The development of
wet adhesive materials using molluscan models could enable the development of
new surgical adhesives, artificial joints, contact lenses, dental sealants and hair and
skin conditioners (Wu et al. 2014; Nichols 2015; Ryu et al. 2015; Grindy et al. 2015;
Miller et al. 2015; Tian et al. 2015). Moreover, byssus-inspired bioadhesive
polymers, polymer blends and micro- or nano-structures have been proposed to
fabricate new drug delivery or diagnostic systems including the encapsulation of
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Fig. 6.2 Multiple alignment of amino acid sequences of 36 mussel foot proteins (Mfp 3). GenBank
accession number, consensus sequence and sequence logo (i.e. graphical representation of the
conservation extent of each protein residue) are reported
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therapeutic, prophylactic, diagnostic agents to deliver bioactive components
expected to be released upon contact with mucosal tissues of aquatic organisms.
One could also imagine the development of biodegradable and nutritionally attrac-
tive feed formulations containing biocidal or antibiotic compounds and/or microbes,
for the prevention and control of invasive non-indigenous species or for selective
nutritional feed ingredients for more efficient growth of farmed species (Ma et al.
2016; Wang et al. 2016a, b, 2017a, b; Li et al. 2017; Luo and Liu 2017; Zhang et al.
2017a). Patents describing byssus-inspired inventions are exemplified in Table 6.3.

Reversing the scope, new lubricant-infused coatings are now suggested as an
effective strategy to prevent the mussel adhesion and, hence, to mitigate marine
biofouling (Amini et al. 2017).

6.4 Antimicrobials and Other Bioactive Molecules
from Marine Bivalves Are Valuable Assets

The search of bioactive molecules of marine origin dates back to the past century
but continues to generate pharmaceutics of human use and new compounds (1340 in
2015) (Liu et al. 2009; Mayer et al. 2010; Garcia-Fernandez et al. 2016; Kwon et al.
2016; Anjum et al. 2017; Blunt et al. 2017; Kang et al. 2017).
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Table 6.3 Examples of patents describing byssus-inspired inventions (from Google patents)

Registration | Pubblication | Candidate
Patent date date Appointee Title
US5049504 30/05/1990 | 17/09/1991 | Genex Bioadhesive coding
Corporation sequences
US5202236 25/05/1990 | 13/04/1993 | Enzon Labs Inc. | Method of producing
bioadhesive protein
US6987170B1 09/08/2004 | 17/01/2006 | Battelle Energy | Cloning and expression of
Alliance, Llc. recombinant adhesive
protein Mefp-1 of the blue
mussel, Mytilus edulis
WO02005056708A2 | 09/12/2004 | 23/06/2005 | Spherics, Inc. Bioadhesive polymers
with catechol functionality
‘W02007002318A2 | 23/06/2006 | 04/01/2007 | Spherics, Inc. Bioadhesive polymers
CA 2864891A1 21/02/2013 | 29/08/2013 | Advanced Compositions and
Bionutrition methods for target
Corporation and | delivering a bioactive
others agent to aquatic organisms
US20160115196A1 | 28/05/2014 | 28/04/2016 | Ramot At Self-assembled micro-and
Tel-Aviv nanostructures
University Ltd.

Marine species including plants, animals and microorganisms (mostly uncultur-
able and unknown) are a rich source of gene-encoded products and metabolites
whose molecular moieties mediate biological activities potentially exploitable for
new inventions or for the repositioning/reinvention of known bioactive components
(pharmaceuticals and nutraceuticals, among others). For instance, inhibitors of pro-
teases and voltage-gated ion channels have been isolated from marine venomous
animals such as sea anemones and Conus snails and are currently studied for their
therapeutical and biotechnological potential (Liu et al. 2009; Garcia-Ferndndez
etal. 2016; Kwon et al. 2016). In the ‘90s, the cloning of the green florescent protein
from the jellyfish Aequoria victoria and production of mutants opened the way to
use these chromo proteins as probes in cell and tissue imaging (Prasher et al. 1992;
Verkhusha and Lukyanov 2004; Chen et al. 2013). Both discoveries have driven
significant advancements in the field of life sciences. In the discovery phase, the
bioactivity is often claimed following in vitro demonstration of antibacterial/ anti-
fungal/ antiviral, anti-proliferative and anti-tumor properties, although the latter
must be demonstrated in vivo with adequate study design and high costs. It should
be noted that different human ethnic groups have traditionally used molluscs and
mollusc extracts for their anti-inflammatory, immune-modulatory and wound heal-
ing properties. Molluscan species were estimated to be the source of more than
1145 products by 2014. Liprinol® and Biolane Seatone from the green-lipped mus-
sel Perna canaliculus exemplify marketed products of current use, the potent
analgesic ziconotide from Conus snails has been clinically tested and approved by
the Food and Drug Administration whereas other compounds are under trial (Ahmad
et al. 2018).
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Owing to their filtering activity, marine bivalves interact with putative pathogens
including bacteria and viruses, and, thus, are expected to possess effective defence
mechanisms. Nowadays, bioinformatic approaches accelerate the identification and
guide the functional characterization of bioactive molecules from non-model
bivalve species. In Mytilus galloprovincialis, the Mediterranean mussel, many fami-
lies of putative cysteine-stabilized antimicrobials have been described. Mytilins,
defensins, myticins and mytimycins were reported in the ‘90s (Hubert et al. 1996;
Charlet et al. 1996) whereas big defensins, mytimacins, CRP I and the linear myti-
calin peptides were more recently discovered (Gerdol et al. 2012; Gerdol et al.
2015; Leoni et al. 2017). Among all of them, myticin C displayed high gene tran-
script polymorphism, constitutive and microbe-inducible expression, chemokine-
like and antiviral activities. Although the action mode of myticin C is still unclear,
an engineered construct with superior antiviral activity has been developed
(Pallavicini et al. 2008; Novoa et al. 2016). As additional example, Mytichitin CB
from Mytilus coruscus is a chitotriosidase-like antimicrobial which displays anti-
fungal activity whose recombinant production should permit its full characteriza-
tion (Qin et al. 2014; Meng et al. 2016).

While no mussel antimicrobial peptide (AMP) has been commercially exploited
yet, some pilot studies have been carried out over the years, demonstrating the
potential biotechnological applications of engineered peptides. Indeed, synthetic
mytilin-derived peptides were capable or reducing mortality in virus-infected
shrimp (white-spot syndrome) (Dupuy et al. 2004). Interesting antiviral, antibacte-
rial and antiprotozoan activities also have been demonstrated for engineered defen-
sin and mytilin variants (Dupuy et al. 2004; Liu et al. 2010).

Additional bivalve molecules could be regarded as having therapeutic potential.
For instance, the mussel MytiLec-1 is a galactose-binding lectin able to inhibit the
growth of both Gram-positive and Gram-negative bacteria (Hasan et al. 2016) and,
at the same time, able to bind Burkitt’s lymphoma and breast cancer cells expressing
globotriose on their surface, significantly inducing apoptosis (Hasan et al. 2015;
Liao et al. 2016; Chernikov et al. 2017). These remarkable properties have led to the
computational design of an artificial p-trefoil lectin, named Mitsuba, capable of
recognizing globotriose-expressing cancer cells, as an initial step for the develop-
ment of effective MytiLec-1-based cancer treatment or diagnostics tools (Terada
et al. 2017).

Other molluscan lectins with biotechnological potential are two C-type lectins
from C. gigas (CgCLec-4, CgCLec-5), which exhibited anti-microbial (agglutinat-
ing) activity against bacteria and fungi (Jia et al. 2016). One extrapallial protein
(C1Q-domain containing protein) of the mussel hemolymph serum (MgEP) was
also demonstrated to act as an opsonin and to promote interactions between a sus-
pected Vibrio pathogen and Mytilus hemocytes (Canesi et al. 2016).

In addition to ethanolic extracts, hydrolysates obtained by enzymatic digestion
from bivalves and other marine invertebrates, revealed tens of antioxidant peptides
which could benefit health or be used to produce novel food products (Chai et al.
2017; Odeleye et al. 2016; Wu and Huang 2017). Almost certainly, there are many
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more bioactive mollusc/bivalve components yet to be investigated. Regardless of
the current state of knowledge of molluscan bioactives, we should never forget the
possibility of toxic substances co-occurring in the same biological matrix.

6.5 Conclusions and Perspectives

This paper has presented a historical and conceptual timeline of the products and
services provided by marine bivalve molluscs, focusing the attention to biotechno-
logical innovations for a sustainable future. Marine bivalves with their associated
microorganisms are central in the marine trophic networks, from the shoreline to the
deep ocean. Bivalve species are traditionally fished and farmed worldwide as sea-
food since ancient times whereas their use as water pollution sentinels was estab-
lished far more recently. Our time testifies great progresses in life sciences and,
accordingly, further research on marine bivalves will likely confirm them as rich
source of bioactive compounds and as interesting models for technological innova-
tions (Imhoff et al. 2011; Desriac et al. 2014; Newman 2016). Today, the CRISP/
CAS genome editing biotechnology represents a new revolutionary strategy also to
engineer and implement bivalve-inspired products (Mojica and Montoliu 2016;
Singh et al. 2018). As our knowledge base expands based on a multifaceted blue
economy, there is little doubt that discoveries in this field will lead to societal and
economic benefit in the near future.
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Part I1
Regulating Services



Chapter 7 )
Introduction to Regulating Services b

@ivind Strand and Joao G. Ferreira

Abstract Bivalves are foundation species with important regulating functions in
the ecosystem. This is due to their function as filter feeders, their capacity to extract
particles, to regenerate as well as store nutrients and — for the epibenthic bivalves —,
their capacity to form hard structures. These services can be applied in many ways
as is exemplified in this section. It seems likely that more applicable functions will
emerge from the studies reviewed in this section.

Keywords Eutrophication - IMTA - Nutrient cycling - Eco-engineering

The regulating services from bivalves originate from their effects and controlling
functions on ecosystem processes and natural cycles.

In natural habitats where bivalves dominate, they may control functions related
to

1. physical properties of bottom habitats e.g. reef building
2. geochemical processes in the sediment
3. benthos and its coupling to the pelagic environment

In bivalve aquaculture, regulating services are typically seen when large bio-
masses are grown for human consumption or in production for energy and feed. But
there is also a range of examples where services are shown from more extensive
culture initiatives related to enhancement and restoration of bivalve populations,
indigenous and invasive. In this chapter, the authors view regulating services from
bivalves for a large range of spatial scales, from intensive land-based culture sys-
tems to narrow embayments and open sea ecosystems.
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As most bivalves are efficient filter feeders on suspended particles, they may
exert substantial effects and control of primary production processes, and concen-
trations of particulate matter. Elevated concentrations of particles and thereby
turbidity caused by eutrophication often appears and is visible in densely inhabited
coastal areas. The control of such conditions by bivalves is a classic example often
promoted as a service regulating and mitigating eutrophication and other undesir-
able environmental conditions (Petersen et al. 2014). However, it may also be found
that consolidation of phytoplankton and particulate organic matter into waste par-
ticles (undigested as faeces and uningested as pseudofaeces) redirect part of the
undesired particle concentration which we wish to mitigate towards the benthic
food web, potentially causing problems. Depending on the type of environment and
dispersion pattern of particles, such biodeposition can cause hypoxic or anoxic bot-
tom conditions, which may require further mitigation. These associated biodeposi-
tion processes are often ignored. From a wider perspective, biodeposits are sites of
mineralization and