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Abstract

Aquaculture is one of the fastest growing global food animal production industries and, according to the
United Nations Food and Agriculture Organization (FAO), accounts for over 40 % of global seafood
consumption. This proportion is anticipated to grow in the coming decades as global capture fisheries
continue to stagnate and global demand for seafood continues to rise. As the significance of aquaculture
grows, the marine and brackish (‘mariculture’) subsector is of particular interest for analysis because of
its growing influence on the development of global aquaculture and its known negative impacts on marine

biodiversity and coastal health.

Based on known global data limitations and past experience with fisheries and aquaculture statistics
reported to the FAO, there is reason to independently verify the FAO’s current global database of
mariculture production statistics. Moreover, its low spatial and taxonomic resolution can create
uncertainties in analysis, management, and planning. We therefore re-estimated and GIS-mapped
historical mariculture production from 1950 to 2004 at a higher spatial and taxonomic resolution. Despite
this new compilation, some uncertainty remains in the accuracy of reported mariculture production
statistics at the country level, particularly in China. As such, mariculture statistics should still be used
with caution. Through analysis of mean trophic levels, this new global database confirms that we are

globally ‘farming up the foodweb’.

This new database was combined with the scenarios framework of the United Nations Global
Environmental Outlook (GEO-4) to reduce the uncertainty inherent in planning for, and anticipating the
effects of, mariculture production’s global development trajectory by 2030. Based on the GEO-4
framework and a method using segmented linear regressions, we developed four plausible narrative
storylines and model-based simulations of future mariculture, emphasizing the benefits and tradeoffs
along different pathway of future development. One important result is that taking immediate action
towards increasing ecological responsibility in mariculture production and development does not appear

to preclude meeting currently projected food fish demand in 2030.
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Preface

While the research design, data collection, compilation, analysis, and preparation of this thesis manuscript
was undertaken by the primary author, a number of colleagues have contributed to this work. A version of
Chapter 2, A Global Analysis of Mariculture Production: 1950-2004, will be prepared and submitted for
publication, with Dr. Daniel Pauly, my supervisor, and Dr. Jackie Alder, one of my committee members,
as coauthors. Both were essential in the development of the ideas behind the analysis design and Dr.
Alder provided vital input during the development of the mariculture database design, data collection, and
documentation stage of the research. A version of Chapter 3, Aquaculture’s Global Impact in the Decades
Ahead: Mariculture Development Scenarios, will also be prepared and submitted for publication, with

Daniel Pauly as my coauthor. Dr. Pauly contributed to the ideas behind the analysis design.
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Chapter 1

Introduction

1.1 Problem Statement

From the beginnings of our existence, we have drawn upon any number of natural resources to create both
tangible and intangible forms of wealth. This wealth is not only narrowly defined in economic terms: our
natural environment also provides ecosystem services that in turn make individuals or societies better off
(Daily and Ellison 2002). One such critical wealth-generating ecosystem service that helps us create a
better quality of life is the provisioning of food. In our quest for an ever-improved position within our
hierarchy of needs (Maslow 1943), we often believe that these environmental food services are somehow
free, infinite, and invulnerable. In reality, the scope and scale of our human activities, and our tendency to
rely on a short-term mindset, are damaging to our environment (Sumaila and Walters 2005). Increasingly,

this mindset is threatening the productive capacity of the environments on which we depend for food.

This threat is evident in the evolution of global capture fisheries to their presently exhausted state, and in
the increasing reliance placed on resource-intensive forms of aquaculture, both expected to fill our food
fish supply gap and to meet the growing worldwide consumption demand for fish (Ye 1999; FAO 2009b).
Projected increases in the demand for fish cannot be met by increased supply from capture fisheries alone
(FAO 2004). Aquaculture has played an increasing role in providing fish' for human consumption for
centuries. Once a minor contributor to global fisheries production, today both the freshwater and marine
sectors of this practice reportedly provide nearly half of the 115 tonnes of fish we consumed worldwide in
2008 (FAO 2010c). Aquaculture, therefore, plays a pivotal role in whether the projected increases in

global seafood demand will be met in the future.

The role of aquaculture has changed dramatically since the first documented production of herbivorous
pond fish in China over 3000 years ago (Ling 1977). While the freshwater sector continues to provide
over half of the total global aquaculture supplies of food fish, since 1970, aquaculture has witnessed a
threefold increase in the production and economic value of industrial-scale and intensively-reared marine
and brackish, or mariculture, species (FAO 2009b). These species fetch a high price in international

markets, but the effects of their rearing practices can be detrimental to the health of coastal ecosystems

! “Fish’ is used to collectively refer to finfish, mollusks, crustaceans, and other farmed aquatic animals, but excludes aquatic
plants (FAO 2008a).



and their people (Trujillo 2007), as well as to capture fisheries (Pullin et al. 1992; Wu 1995; Primavera
1997; Naylor et al. 1998, 2000; Goldburg 2008). As mariculture production continues to increase
worldwide, these negative trends may be further exacerbated in the future and could seriously
compromise the productive capacity of global fisheries, particularly if policy measures towards more

widespread sustainable mariculture development are not implemented.

Globally, consumers, NGOs, policy-makers and industry alike are demanding mariculture solutions that
are environmentally sustainable. This is manifest in increased consumer demand for sustainable products
in developed countries, increased advocacy for, and implementation of, ‘best practices’ and sustainable
use management policies, and changes in industry practice towards more environmentally benign
production systems. Implementing these changes is no quick or easy task. Moreover, this task is
intrinsically difficult for one key reason: the uncertainty arising from relying on inadequate information
on global fisheries trends and issues. Global datasets for aquaculture are known to be of the poorest
quality among agricultural food systems (FAO 2008b) and existing global production statistics remain at

a spatial scale that is far too aggregated for effective management.

The uncertainty generated from inadequate information also weakens our ability to anticipate, based on
sustainable development policies implemented today, the future effects for people, their environment, for
the sector, and for global fisheries in general. Scenarios are a strategic policy analysis tool that can help
explore how decisions made today impact the future. However, there is an absence of existing scenarios
specific to global mariculture production. Therefore, we need improved fisheries information systems
(which include aquaculture), a clearer understanding of global mariculture production trends over time,
and a better grasp on their relationship to people, the environment, and global fisheries. The work
presented in this thesis, which was supported by the Sea Around Us project, is an effort to simulate
potential future consequences of policies implemented today on the long-term health and well-being of

people and their environment.



1.2 Research Objectives

This research is part of ongoing broader work by the Sea Around Us project to improve understanding of
the impact of fisheries on the world’s marine ecosystems (Pauly 2007). The objectives of this thesis are

threefold:

. To provide an updated, spatially and taxonomically disaggregated database of marine and

brackish aquaculture production from 1950 to the present;

. To better define the role of mariculture, and thus aquaculture in general, in global fisheries
production;
. To explore how sustainable mariculture policies may meet high future demand for food fish while

minimally impacting on coastal ecosystems.

Also, this research may help identify critical linkages and uncertainties in processes, dynamics, and
relationships that can assist in the creation of more realistic and robust policies for marine and coastal

management into the future. To this end, this thesis seeks to answer the following three questions:

1. Can refining the spatial scale of global mariculture production data since 1950 decrease
informational uncertainty and improve our understanding of global mariculture sector trends?

2. Will this help us better define the relationship of the mariculture subsector to aquaculture, to
global fisheries, to people, and to the environment?

3. With respect to the relationships above, how will the global mariculture production sector change

by 2030, if sustainable development policies are adopted and implemented worldwide today?

1.3 Thesis Outline

This thesis is organized into four chapters. Chapter one introduces the objectives of the research, outlines
the structure of the manuscript, and provides the background information necessary for understanding the
issues raised in the three other chapters. It introduces the history and practice of aquaculture, with
mariculture as a subsector. Topical issues in aquaculture, and more specifically in mariculture, are
discussed with respect to the changing social, economic, and environmental role and global context of
these fish producing sectors over time. Scenarios are defined and their purpose explained. The growing
popularity of their application as a tool for strategic policy analysis and foresight in environmental and

resource development issues, and more specifically for fisheries, is also discussed.



Chapter two provides a spatial analysis of historic global mariculture production beginning in 1950, the
first year that the Food and Agriculture Organization of the United Nations (FAO) began disseminating
global fisheries and aquaculture information as part of a larger design of “quantifying the world” (Ward
2004). A global database of marine and brackish aquaculture production is presented, disaggregated to the
sub-national and to the species levels for all maritime countries reporting any mariculture production from
1950 to 2004. This database was created as a means of independently validating and further refining the
existing FAO Global Aquaculture Production Database (FAO 2009b). Furthermore, this new database
helps toward clarifying the global role of mariculture in global fisheries production, reduces informational
uncertainties, and improves the applicability of these data for a broader range of ecosystem-based coastal

management policies.

This chapter also highlights the changing trends and impact of mariculture production since 1950,
subsequently outlining issues chronic to the collection and interpretation of global aquaculture datasets.
The collection methodology of both the FAO and what will be called the Sea Around Us Global
Mariculture Production Database (GMPD) is discussed, and the similarities and differences between the
reported production in each dataset from 1950 to 2004 is explored. The reasons for these similarities and
differences are also discussed, along with their implications for a broader understanding of global

fisheries issues.

Chapter three takes the conceptual framework of the United Nations Global Environmental Outlook
(GEO-4) “environment for development” scenarios and applies its methodology and underlying
assumptions to the exploration of four possible mariculture futures to 2030. These are based on four
overarching global development themes generated in the GEO process: Markets First, Policy First,
Security First, and Sustainability First, and their underlying drivers, uncertainties and critical assumptions
(UNEP 2007). As a complement to the qualitative narrative storylines of possible production and sector
futures, quantitative simulations of potential production trends were generated to 2030, using past trends
in mariculture production extrapolated forward using a segmented linear regressions constructed using the

R statistical software (RDCT 2008).

Aquaculture and the mariculture subsector are growing contributors to global food fisheries production
and to human animal protein consumption worldwide (FAO 2009b). However, there is a dearth of
analyses examining how broadly applied policies geared towards developing more sustainable futures
could potentially affect the global mariculture production sector, global fisheries, or the future health and

well-being of people and of the environment. The scenarios work in this chapter aims to help fill this gap.

4



The fourth and final chapter synthesizes and summarizes the findings and conclusions of the previous two
chapters. The usefulness of these results for informing discussions among the general public, for
environmental advocacy, and for improved mariculture management is discussed. The strengths and

limitations of the analyses presented, as well as the scope for further research are also evaluated.

1.4 Background and Literature Review

1.4.1 Aquaculture defined

The most commonly accepted definition of modern aquaculture is provided by the Food and Agriculture
Organization of the United Nations (FAO 2008b):
“The farming of aquatic organisms including fish, molluscs, crustaceans and aquatic plants® with
some sort of intervention in the rearing process to enhance production, such as regular stocking,
feeding, protection from predators, etc.”
This definition of aquaculture also implies an individual or corporate ownership of these aquatic
organisms throughout their rearing period (FAO 2008b). Aquaculture is not always devoted to the raising
of food organisms. A well-established ornamental culture sector has existed almost as far back in history
as the origins of aquaculture itself (Ling 1977), and pearl oysters are also farmed. Moreover, hatcheries
and sea ranching used for wild stock enhancement and rehabilitation are also widely considered to be a
form of aquaculture (FAO 2010a). Some aquaculture operations only produce aquatic organisms in
nurseries up to a certain life stage for use in culture operations. The FAO however, defines aquaculture
production as the output of activities producing aquatic organisms for direct human consumption (FAO

2009b), and this narrower definition will also apply here.

Aquaculture production systems

Today, aquaculture is a global practice that employs a wide variety of technologies in a wide variety of
aquatic environments. Operations range in scale from community-based subsistence and artisanal farming
to industrial-scale production by large multinational corporations focusing on international markets. The
two principal systems of production are extensive and intensive aquaculture, which differ from each
other, regardless of operational size and extent, based on the degree of system control, production
efficiency, initial costs, technology use and the dependence on the surrounding natural environment for

water quality and habitat use, as well as feed inputs (Bardach 1997; FAO 2008b). Variable combinations

% The farming of aquatic plants is not addressed within the scope of this thesis



and quantities of these key factors create hybridized semi-extensive, semi-intensive, and hyper-intensive
production systems. These production systems can also be integrated, and used to produce several species
at once, or combined with other agricultural activities such as rice farming, in systems known as
integrated aquaculture (FAO 2008b). Which of these systems is actually used strongly determines the

overall social, economic, and environmental impact of an aquaculture operation.
Extensive aquaculture

Extensive aquaculture is a production system characterized by the following features (FAO 2008b):

(1) A low degree of control (e.g. of environment, nutrition, predators, competitors, disease
agents);

(i1) Low initial costs, low-level technology, and low production efficiency (yielding less
than 500 kg/ha/year);

(iii) High dependence on local climate and water quality; use of natural waterbodies (e.g.

lagoons, bays, embayments) and of natural (often unspecified) food organisms.

Freshwater fish, brackish species such as some shrimp, mullet (Mugil spp.) and marine species such as
bivalve mussels (Mytilus spp.) are often cultured using extensive methods from a small-scale to a
commercial basis (Bardach 1997). The emphasis on low costs and low inputs means that extensive
systems tend to be more common when skilled labour is scarce and coastal land area is abundant, such as
in the rural areas of low-income food deficit countries (FAO 1997; Kusumastanto et al. 1998). The
characteristics of extensive culture means this practice is capable of being less intrusive overall to the
surrounding environment in terms of the intensity of resource use and the instances of pollution, disease,
the risks posed by invasive species, and ecosystem degradation if the operation is relatively small
(Tryjillo 2007). The downside of such extensive culture systems is that production is often low. Also,
predation by birds and other wildlife is a common concern with less controlled culture sites (Littauer et al.
1997), and a heavy reliance on natural inputs such as water and land means that coastal resources may be
further strained. These issues can translate into low profits, which in turn can create conditions of poor
economic and social sustainability. Traditional activities (e.g., tannin production in mangrove forests or
small-scale fisheries) may also be excluded by the creation of ponds and the privatization of resources,

which exacerbate social and economic conflicts in coastal zones (Ardill 1982; Burbridge ef al. 2001).



Intensive Aquaculture

Of the two forms of aquaculture, intensive culture systems have received the primary focus of attention in
most regions worldwide; this is evident in a strong growth in global production tonnage in only a few

decades. According to (FAO 2008b), intensive aquaculture is characterised by:

@) A high degree of control (e.g. of environment, nutrition, predators, competitors,
disease agents);

(ii) High initial costs, high-level technology, and high production efficiency (yielding a
production of up to 200 tonnes/ha/year);

(ii1) Tendency towards an increased independence from local climate and water quality;

transition from ponds to suspended rafts, cages, raceways and tanks.

Intensive systems depend on more controlled and artificial production environments, outside inputs such
as formulated feeds and medications, water exchange and aeration technologies, and high stocking
densities (Ackefors et al. 1994). Also, growing practices place a much greater emphasis on hatchery
reproduction and rearing technologies, requiring sophisticated operational management, coordination and
control (Ackefors et al. 1994). Examples of intensively cultured species are brackish penaeid shrimp and
salmon, and sometimes mussel and oyster culture. In countries such as Bangladesh, India, Indonesia,
Taiwan, Thailand, and Viet Nam, semi-intensive and intensive forms of shrimp culture now dominate

national production (Delgado et al. 2003).

The benefits of intensive culture are centered on high returns and high profits generated by more efficient
production (Bardach 1997). The high degree of efficiency in production means that the quantity, size, and
consistency of the grow-out product can be maximized while minimizing impacts on the surrounding
environment. The jobs, and the profits generated from intensive aquaculture can be beneficial in
economically depressed regions where options are limited, if the culture operation is locally owned and

operated (Burbridge et al. 2001).

The disadvantages of intensive culture lie in what it takes to produce such high yields. The most serious
problems created are a result of environmental damages and social conflict incurred by irresponsibly run
and poorly sited operations. Often, negative social and environmental effects are strongest in developing
countries where environmental regulations are weak or inexistent, companies are foreign, with no direct
investment in local communities, fish are exported, and socio-economic needs are more pronounced

(Kent 1995; Burbridge et al. 2001). However, aquaculture operations in developed countries often have
7



many of these same features. Thus, for example, the rapid expansion of largely Norwegian-operated
marine salmon aquaculture in the 1980s in British Columbia, a major global salmon producer, caused
such strong public concern about the negative social and environmental effects of such practices that a
moratorium on new farms was initiated in 1986. Despite improvements to the industry since that time and
the eventual lifting of the moratorium, this negative public perception of mariculture remains along BC’s

coast (Hamouda et al. 2005).

Aquaculture production by aquatic environment

Depending on the techniques and technologies used, aquaculture operations can take place in a range of
natural or completely artificial freshwater, marine or brackishwater environments. Freshwater farming,
also known as inland aquaculture, is the cultivation of aquatic organisms where the end product is raised
in waters with salinity that does not typically exceed 0.5 PSU’ (FAO 2008b,2009a). The bulk of global
aquaculture production (64% of 55.1 million tonnes in 2009), is produced in this environment (FAO
2010c). This excludes aquatic plants, which contributed 15.8 million tonnes and US$7.4 billion in 2008,
and which are raised primarily in marine environments (FAO 2009b,2010c). While the significance of
farming in the freshwater environment for the generation of food fish cannot be overstated, the scope and

focus of this analysis is on production in marine and brackish environments.

Brackishwater aquaculture is conducted in water bodies with salinity levels that are intermediate between
fresh and seawater. Technically, this means that end-product farming is taking place in waters with a
salinity range of between 0.5 to more than 20 PSU (FAO 2010a). In practice, however, this definition is
not used precisely, i.e., there is no common standard used by countries for reporting production as coming
from either brackishwater or marine environments (FAO 2006). Presently, brackish environments, which
include coastal lagoons, estuaries, and ponds generate about 7.7% of global aquaculture production (by
weight) in 2008, with penaeid shrimps forming the bulk of global brackishwater production, followed by
milkfish (Chanos chanos) and Nile tilapia (Oreochromis niloticus) (FAO 2006, 2010c¢).

Aquaculture in marine environments is also known as mariculture, although culture of earlier life stages
may originate from other aquatic environments or from the wild (FAO 2008b). Mariculture accounts for
36% of global aquaculture production by weight and roughly 31% by value (FAO 2010c). It is practiced
in coastal and offshore marine environments such as intertidal zones, fjords, and the open ocean where

salinity typically exceeds 20 PSU (FAO 2010a). It may also be practiced entirely on land in containers

3 Practical Salinity Units, more or less corresponding to part per thousand



such as seawater tanks. The most important group of farmed marine species (excluding aquatic plants) is
molluscs, with 66% of global mariculture production, and 25% of all aquaculture production in 2008
(FAO 2010c), While other groups such as marine finfish (including species such as salmon, seabass, and
seabream), only constituted 9% of mariculture or 3% of total global aquaculture production in 2008, these

species tend to dominate global markets (FAO 2009c).

Aquaculture production by major species group

Unlike terrestrial animal husbandry, which relies on only a few dozen bird and mammal species,
aquaculture relies on hundreds of different species worldwide: 245 families and 336 individual taxa were
reportedly farmed in 2004 (FAO 2006). Asia and the Pacific culture the largest number of families and
species worldwide, with 86 families and 204 species reported in 2004. The actual number of species
cultured globally may be higher, given that many farmed groups are not defined at the species level (Nash
1988; FAO 2006). Cultured species are broadly divided into five major taxonomic groups: finfish,
crustaceans, molluscs, aquatic plants, and “aquatic animals not elsewhere included (nei)”. The FAO
further divides finfish for statistical analyses into “freshwater”, “diadromous”, and “marine’ species”. The
species within these major groupings are identified using the FAO International Standard Statistical

Classification of Aquatic Animals and Plants, or ISSCAAP (FAO 2009b).

Global aquaculture production (by weight) is dominated by finfish at 64%, most of which is comprised of
freshwater cyprinids such as carp (Cyprinus spp.) (FAO 2010c). Crustaceans, farmed in primarily marine
and brackish environments and which include crabs, lobsters, and prawns, contribute 9.5% of global
aquaculture production by weight but 23% in value. This comparatively high commercial value is due
primarily to penaeid prawns (FAO 2010c). Molluscs such as oysters, mussels, and clams, generate 25% of
global production and are farmed almost entirely in marine and brackish environments (FAO 2008a).
Opysters are the second most common group in aquaculture, after cyprinids (FAO 2006), while ‘Aquatic
animals nei’ contribute about 1% of global aquaculture production. The latter category includes species
such as frogs, turtles, jellyfish, and sea urchins (FAO 2009b,2010c); these are here excluded from further
analysis. Aquatic plants, while farmed in great quantities (especially in China), are also excluded from

further discussion, so as to maintain the focus on the production of aquatic animal proteins.

Aquaculture by major global region

Globally, aquaculture has expanded over the centuries from a few to 168 countries and territories

reporting their production to the FAO as of 2006 (FAO 2006,2008a). Asia, most notably China, has
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dominated global production for centuries, and the most significant sector growth over the past 50 years
has also come from China. China’s contribution to global aquaculture, reported as 62.3 % in 2008, is so
important that this country’s statistics are reported separately in globally analyses of aquaculture (FAO
2010c). Most of the Asian region produces cyprinids and oyster in great quantities; however, East Asia

also produces great quantities high-value marine finfish (FAO 2006).

Latin America and the Caribbean have experienced the highest average annual growth (21% annually)
since 1950 (FAO 2010c), but this is because of a low baseline; aquaculture was practically non-existent in
this region prior to the 1970s. Marine and brackishwater salmon and shrimp are the primary species in
this region, with the bulk of production in Chile, Ecuador, and Brazil (FAO 2006). The Near East and
North Africa have experienced the second highest rate of global growth since 1950, with production
concentrated on fresh and brackishwater finfish, notably mullet (Mugil spp.) farmed in Egypt (FAO
2006). Aquaculture growth in sub-Saharan Africa is also high, but production is still low; only 6 countries
have an annual production above 5000 tonnes, with Nigeria and Madagascar as the top producing
countries. Regions with a long established commercial aquaculture industry - Asia and the Pacific outside
of China, Western Europe, and North America, have experienced a consistently low growth rate by
comparison to other regions since 1950. The production of Atlantic salmon (Salmo salar) in the Western
European countries of Norway and the United Kingdom, as well as in Canada has led the growth of
aquaculture in these regions. Freshwater channel catfish (Ictalurus punctatus) culture in the USA also

contributes significantly to North American production (FAO 2006).

1.4.2 A global history of aquaculture development: origins to present

The deliberate cultivation of aquatic resources for food likely began thousands of years ago when humans
first learned to use natural and slightly modified water bodies such as ponds or lagoons, as well as natural
seasonal water flows, to at first trap, then hold and keep, and then grow out wild fish without using
outside feed inputs (Ling 1977; Rabanal 1988). As people moved from a more nomadic to a sedentary
lifestyle, the farming of fish became a widely used practice for obtaining fish year-round for both

consumption and trade (Rabanal 1988).

The first written historical sources of the origins of freshwater aquaculture are from 500 - 475 BC China
(Rabanal 1988; Pillay and Kutty 2005). Fan Lei’s “The Classic of Fish Culture” was the first monograph
of fish culture. It contains the first written and recorded description of pond structure, of propagation, and
of growth of common carp (thought to be Cyprinus carpio) fry, the first species deliberately reared by
humans, and a species still cultured today (Ling 1977; Li and Mathias 1994). Aquaculture was limited to
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China for another thousand years before the practice spread to adjacent countries. Indeed, Chinese
immigrants were in many cases the key drivers behind aquaculture development and expansion into
Southeast Asia and other parts of the world (Rabanal 1988; Shell 1991; Pillay and Kutty 2005), with
different countries and regions adapting techniques and cultured species that suited their respective
geographic areas. An example of this is the early development of pen and cage culture of catfish
(Pangasius spp.) in Cambodia (Pillay and Kutty 2005). However, some regions, such as Polynesia, are
thought to have developed aquaculture (including mariculture) independently (Kikuchi 1976; Burney
2002).

Contrary to freshwater aquaculture, the geographic origins of mariculture are less clear and may have
independently originated on different continents. There is some indication that the Mediterranean region
may have been the birthplace of mariculture. The Etruscans, who lived in the Latium region of Italy, are
thought to have been operating the first marine farms (with no feed inputs) in the 6 Century BC (Basurco
and Lovatelli 2003). Both the ancient Greeks and Romans were said to have cultured oyster in the 5"
Century BC, and the Romans farmed seabass, seabream, and mullet using enclosures (Basurco and
Lovatelli 2003; Pillay and Kutty 2005). However, clam terraces constructed by Northwest Pacific First
Nations have been reported from thousands of years ago (Harper et al. 2002), and intertidal oyster culture

may have existed in Japan for over 2000 years (Pillay and Kutty 2005).

Following the dimming of antique civilizations around Europe, aquaculture resurfaced in medieval
Europe, with distinctive rearing techniques of cyprinids and pikes appearing in 11" to 12" Century
France. By the 14™ Century, whole inland regions of France were producing carp on a large scale
(Hoffmann 2005). By the 15" Century, aquaculture had expanded considerably in operational size,
although not necessarily in intensity. Extensive large-scale lagoon culture, the predecessor of
‘vallicultura’, had developed in the northern Adriatic (Basurco and Lovatelli 2003). The 16" Century

witnessed more than 100,000 ha of fish production ponds in Bohemia alone (Shell 1991).

Aquaculture emerged as a way of providing a greater, more easily accessible and more consistent year-
round supply of animal protein than capture fisheries. Incremental technological advances in farming
methods over time provided major production breakthroughs, increasing the success of rearing densities
and stocking ratios, of general rearing and production, of fry collection and transport, and of feed,
fertilizing, and disease control (Ling 1977; Rabanal 1988). Existing literature indicates that much of the
focus of production in aquaculture remained primarily on more extensive methods using locally-sourced

freshwater species.
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Linked to global sector development over time have been the influencing social factors such as health,
prestige, and religious observance. Many historic records indicate that the possessor of privately owned
and reared food resource enjoyed increased status in their respective communities as a result of an
enhanced supply of often limited protein resources (Kikuchi 1976; Ling 1977; Balon 1995; Hoffmann
2005). Also, it has been suggested that significant aquaculture advances in Europe were influenced by the
Roman Catholic Church’s prohibition of meat consumption during Lent, other festivities, and on
Wednesdays and Fridays. As fish was considered a theologically acceptable animal protein, year-round
demand for fish supply had already increased considerably by the 5" or 6™ Century (Basurco and
Lovatelli 2003; Hoffmann 2005). Also, medical views of health in Medieval Europe encouraged the
consumption of fresh rather than salted flesh, which further benefited the development of aquaculture

(Hoffmann 2005).

Following the scientific and industrial revolutions in the 16" to 19" centuries, the global increase in
communications and information and technology exchange meant that aquaculture practices and
technologies spread even more rapidly across the globe. Despite its long gestation period, the aquaculture
industry we know today is relatively young. Up to the turn of the 20" Century, aquaculture provided only
a small fraction of the fish consumed by humans globally (Sasson 1983). This fraction began to increase

dramatically by the middle of the 20" Century.

By 1940, the world population had grown from a turn of the century estimate of 1.65 billion to 2.3 billion
(US Census 2009). Following the end of World War II in 1945, the growing threat of widespread famine
and malnutrition gave rise to global concern. The “Green Revolution™ of cereals production, a term
coined in 1968 by then USAID Director William Gaud, resulted in significant and controversial social,
economic, and environmental changes to global human food production systems worldwide. Agriculture
was not the only sector to experience expansion following World War II: a ‘farm pond boom’ swept from
East to West as freshwater fish were stocked in ponds for consumption - and recreational angling (Shell
1991). Then in 1976, one of the most significant changes to global aquaculture development in the
modern history of its practice came in the form of the first FAO Technical Conference on Aquaculture,

held in Kyoto, Japan.

The resulting “Kyoto Declaration on Aquaculture” actively promoted aquaculture as the solution to many
of the world’s food and social welfare problems (FAO 1976). Shortly after the Kyoto conference, global
networks were created around the world to facilitate cooperation with, and aquaculture research and

development in, countries with limited economic and structural resources. In the two decades that
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followed the FAO Declaration, the global aquaculture industry became almost unrecognizable in scale
and scope. This “Blue Revolution” (Loder 2003) of global aquaculture expansion has shifted even further
from its origins as a primarily extensive, small-scale operation, to a rapidly intensifying, global, and

multinational commercial enterprise.

In 2000, the Conference on Aquaculture in the Third Millennium in Bangkok was held to reassert
aquaculture’s critical role in alleviating poverty and augmenting livelihoods and food security®, review
the state of the industry since the 1976 Kyoto conference, and discuss the future of aquaculture (Silpachai
2001). The conference acknowledged that the poverty, livelihood, and food security goals had yet to be
met and acknowledged that “some poorly planned and managed aquaculture operations have resulted in
negative impacts on ecosystems and communities” (NACA and FAO 2000). The development of better
management practices was promoted to improve the environmental sustainability of the practice (NACA

and FAO 2000).

The broad roles aquaculture plays in human health and well-being have been consistent over the sector’s
history. Aquaculture has always been a provider of a year-round source of high quality animal protein. In
addition to the health benefits provided by the consumption of such protein, aquaculture has served as a
source of incomes, wealth and status, both as a community resource and in the broader market sense. The
historic development and expansion of aquaculture has been shaped by many of the same drivers:
technological innovations, market and economic demand, consumer value systems, human population
growth and expansion, and the level of support from the dominant social and political institutions of the
time. These roles and drivers and their shifting foci underlie both the results in the second and third thesis
chapters. They will be explicitly discussed, however, in the exploration of mariculture futures in Chapter

3.

1.4.3 Topical issues in aquaculture

The following briefly discussed topical issues in aquaculture bring about much of the industry’s global
position in social, economic and environmental human systems. These topics will be addressed within the

thesis chapters.

* Food security is defined by the 1996 World Food Summit as occurring “when all people at all times have access to sufficient,
safe, nutritious food to maintain a healthy and active life” (Anon 1996).

13



Aquaculture’s contribution to global fish supply

In only 50 years, aquaculture’s role in global fisheries production has increased dramatically. Beginning
with a production of less than 1 million tonnes in the early 1950s, global aquaculture production has
grown to 52.5 million tonnes including China, and 19.8 million tonnes without, at an average growth rate
of 8.3% per year since 1970, excluding aquatic plants (FAO 2010c)’. This rate of growth is roughly three
times that of any other major animal food production sector (FAO 2006; 2010c), including that of global
fisheries catches, which have been stagnant since the 1980s (Watson and Pauly 2001; FAO 2010c).
Aquaculture production since 1970 has also easily outpaced an average annual human population growth
of 1.6% (FAO 2010c), with per capita supply increasing at an average annual growth rate of 6.6% (FAO
2010c). However, with traditional fish-eating countries in Asia and the Pacific consuming an annual per
capita average of over 25 kg of fish (FAO 2006), projections of future demand for a growing global
human population imply that by 2030, a minimum of 40 million tonnes of fish will need to be added to

maintain current global per capita consumption levels (FAO 2006).

Aquaculture’s current sector growth trends in production seem capable of filling the food fish supply gap
left by declining fisheries catches; however, there are a few factors that could prevent this goal from being
achieved. A slight decline in the average annual rate of global aquaculture production growth has been
observed since 2000, owing in part to a recent major downward revision in Chinese production statistics
(FAO 2010c). A more moderate rate of global increase of 5.3% between 2006 and 2008 could indicate,
among other factors, a maturing global aquaculture industry in some regions (FAO 2010c). Constraints to
sustained or increased rates of global production include a growing emphasis on the problems associated
with the intensive monoculture of high value marine and brackish carnivorous species such as salmon
(Liu and Sumaila 2008) and prawn. Production of these species, while providing some positive benefits,
has frequently been shown to have significant negative social and environmental impacts worldwide, as

discussed below.

Another factor that could constrain the growth of aquaculture is the reliance of some of its operations on
wild sourced feed and seed. While technological advances over time have meant that the dependence on
wild-caught brood and seed stock is gradually diminishing (FAO 2006), some species and regions are still
heavily dependent on wild resources. Brackish water-reared tiger prawn (Penaeus monodon), for

example, still depends heavily on wild-caught breeders (FAO 2006; Primavera 2006). Culture of high

> It must be noted here that the FAO (FAO 2009c) remains cautious about the accuracy of aquaculture production
figures supplied by China, the world’s single largest producer. This mirrors an earlier situation where it was
eventually uncovered that China was over-reporting its fisheries catches (Watson and Pauly 2001).
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value carnivorous species is also reliant on wild-caught small pelagic fish for reduction into fishmeals and
oils for feed, with little flexibility for feed alternatives (Alder ef al. 2008). Some 46% of global fishmeals
and oils were used for aquaculture feeds in 2002 (Malherbe 2005). The fisheries for small pelagic fishes
needed for fishmeal and oil production currently make up 27% of total global landings of marine fish; it is
likely, with global catches slowly declining, that some of these fish will be used for direct human
consumption in the future (Pauly and Watson 2005; Alder et al. 2008). Also, given the often high feed
conversion ratios of carnivorous marine and brackish species, their production may not represent a net
gain to global fish production (Naylor et al. 2000; FAO 2006). This has brought into question the long-
term sustainability of such mariculture systems (Naylor et al. 1998; Naylor et al. 2000; Tacon and Metian

2009).

Aquaculture’s ecological and social impacts

Despite being promoted as a worldwide solution to poverty through food and economic security and
improved livelihoods, aquaculture’s success at living up to such an ambitious promise has been mixed.
Any industrial-scale global food production system will have negative tradeoffs to it positive ones, and
aquaculture is no different. On the positive end, aquaculture production on the whole has provided some
degree of increased food fish supply, jobs, tradable commodities, and profits for many countries and
regions. This is particularly evident in the rural areas of some low income food-deficit countries with a
shortage of alternate available proteins; the benefits of freshwater aquaculture in Bangladesh is an often-
used example (Ahmed and Lorica 2002; FAO 2006). Some claim that farmed fish can alleviate pressure
on wild stocks by dampening the rise of fish prices, effectively shifting some of the fishing pressure away
from higher value and highly sought-after fish like salmon and tuna, and supplementing wild fisheries
(Delgado et al. 2003). In terms of environmental benefits, there has been some evidence to suggest that
the culture of certain shellfish species can help improve the water quality of the surrounding culture

environment due to the bivalves’ capacity for filtration (Lindahl ez al. 2005).

However, the environmental problems of mariculture are also quite evident. Commercial and industrial-
scale farming practices are typically very intensive and require a high degree of input and infrastructure.
Also, the efficiency of such systems often means that less labour is required, although the wages tend to
be higher (Burbridge e al. 2001). Indeed, when market forces are left uncontrolled, small and
economically disenfranchised coastal communities can be marginalized. This is because the culture of
marine species is a primarily a profit venture for the production of luxury goods and not a contributor to
food security. While low income food-deficit countries may produce large quantities of marine food fish,

they are usually exported abroad to developed countries (Kent 1995; Alder and Watson 2007).
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While some regulations and guidelines exist for the responsible management of fish farming operations,
governance in aquaculture worldwide is generally lacking (FAO 2006). Poorly sited and managed
operations can cause considerable environmental damage: disease, waste effluent, water resource overuse
and quality damage, habitat conversion and ecosystem degradation, introduction of invasive species, and
a removal rather than a supplementation of wild capture resources are some of the most commonly cited
environmental damages that can occur (Pullin ef al. 1993; Wu 1995; Buschmann et al. 1996; Naylor et al.

1998; Delgado et al. 2003).

While price-driven incentives to intensify production of mariculture species remains high regardless of
the negative tradeoffs, the future productive capacity of the environment and in turn of the aquaculture
sector on the whole may ultimately be constrained. Efforts to improve the sustainable development of the
sector are active and underway; however there are few initiatives that include a systematic assessment of
sustainability within aquaculture (Trujillo 2007). The FAO defines sustainable development as:

“The management and conservation of the natural resource base, and the orientation of
technological and institutional change in such a manner as to ensure the attainment and
continued satisfaction of human needs for present and future generations. Such sustainable
development must conserve land, water, plant and animal genetic resources, is environmentally
non-degrading, technically appropriate, economically viable and socially acceptable” (FAO
1988).

It remains to be seen how issues of sustainability will be addressed in mariculture production systems
once environmental and social systems become increasingly strained. While some of the ecological and
social issues of mariculture are addressed in both thesis chapters, this is the topic of discussion in Chapter

3.

Global aquaculture information systems

The FAO began compiling annual national ‘fish’ statistics in the late 1940s, and disseminating them in
1950; these statistics combined fisheries landings with aquaculture production data, a practice continued
until 1985 (FAO 2009b). While most countries now publish their most recent catch and aquaculture
production statistics online, the FAO remains the primary source of global fisheries and aquaculture
statistics and analyses. The data compiled, revised, analysed and disseminated by the FAO largely
provides the basis of our understanding of the state of global fisheries and aquaculture and provides much
of the underlying data for global decision-making and policy. However, the growing interest in and need
for reliable aquaculture statistics has highlighted the fact that global information systems for aquaculture
lag far behind systems for agriculture and capture fisheries (FAO 2008d). These inadequate data systems

hinder a broad understanding of aquaculture’s role and status throughout the regions of the world. Also, it
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renders efforts to responsibly monitor, assess, and manage intensifying global production and
development increasingly difficult. Inadequate data also created inconsistencies in the commitments to
international policy instruments such as the Code of Conduct for Responsible Fisheries, the Commission
for Sustainable Development, and the Kyoto Declaration and Plan of Action on the Sustainable
Contribution of Fisheries to Food Security. Addressing a component of this issue, Chapter 2 seeks to
refine the global production dataset for mariculture, and examine the potential implications of these

improvements.

1.4.4 Planning for the future: scenarios as a tool for strategic analysis

The desire to anticipate the future has long been a passion to our naturally curious species. Given the
modern penchant for trusting primarily quantitative information, it is often believed that the accuracy of a
forecast lay in the complexity of quantitative models. In reality, however, these models have often been
found to be no more accurate than much simpler approaches (Makridakis er al. 1982). Inadequate
information, often generated by the poor quality of underlying data and incorrect underlying model
assumptions, unanticipated exogenous and endogenous system shocks, and the unpredictability of human

will all compromise the accuracy of such forecasts (Ghosh 2007).

There is a growing desire to move away from unrealistic forecasting approaches providing only a
numerically precise prediction of what has been identified as the future. This has increased interest in
more qualitative and contextual methods of scenario analysis, a strategic planning tool initially developed
in the 1960s for the military (Kahn and Wiener 1967), and now popular in the business world. Scenarios
are a powerful and flexible tool that can be used for inspiring strategic discourse and thought, for
identifying options for action and their potential broader implications, and for reducing future uncertainty
(Schnaars 1987; Godet and Roubelat 1996). They focus on qualifying a given set of plausible hypotheses
about a potential progression of events leading from a current situation to a future one, while focusing on
causes and processes and highlighting points at which decisions must be made (Kahn and Wiener 1967).
In this way, scenarios expand perspectives, and identify potential benefits and tradeoffs of future policy
options. Scenarios are used as a method of exploring or anticipating a range of possible futures rather than
forecasting, projecting or predicting a single one (Godet and Roubelat 1996; Pauly et al. 2003; Moniz
2005). They are not plans for action, but generate a set of equally likely future outcomes in preparation

for which plans may be drawn (Schnaars 1987).

Scenarios are constructed using a variety of methodologies. They may contain qualitative narratives,

quantitative modelling, or a combination of both. A common format for scenarios generation in the
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business world is the three-scenario “Good”, “Bad” and “Baseline” (Schnaars 1987). Scenarios take on
many different scopes, time horizons and structures depending on the ultimate objective of the exercise.
However, they are all designed with a consistent and replicable set of underlying drivers and assumptions
(Raskin 2005). They may integrate across a range of contrasting states and policies, explored in either a

range of background themes or within a single issue in the analysis exercise (Schnaars 1987).

Scenarios have recently gained popularity as an analysis tool in the fields of conservation planning,
resource management, and sustainable development. This increase in the use of scenarios in these fields is
largely a result of the development of climate change scenarios within the IPCC® that occurred amid
growing climate change concerns in the late 1980s and early1990s (Peterson et al. 2003; Alder et al.
2007). The scenarios framework generated through this process ushered in a new era of scenarios
analyses and paved the way for major global environmental and social scenarios assessments like the

Millennium Ecosystem Assessment, GLOBIO’, IAASTD® and GEO-4°.

While a range of forecasts and scenarios exercise exists for the future of global fisheries (Pauly et al.
2003), the future of global aquaculture is typically based on simple extrapolations. An exception to this is
IFPRI’s recent IMPACT'® model work, which addresses aquaculture production primarily in terms of
changes to the future sector based on price-based market drivers of supply and demand (Delgado et al.
2003). Mariculture as a subsector of aquaculture has been underrepresented thus far in both global
scenarios analyses and assessments. This increases the need for analyses that identify how future
development policies aimed at improving the sector’s sustainability can shape the future production of
mariculture. This issue is addressed in Chapter 3, using the conceptual framework of the GEO-4 scenarios

as a basis for the strategic analysis of mariculture futures.

6 Intergovernmental Panel on Climate Change.

7 Global Methodology for Mapping Human Impacts on the Biosphere (see www. globio.info).

¥ International Assessment of Agricultural Science Technology and Development (IAASTD 2009).

% United Nations’ Global Environment Outlook 4 (UNEP 2007).

' International Food Policy Research Institute’s International Model for Policy Analysis of Agricultural Commodities and Trade
(Rosegrant et al. 2008).
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Chapter 2

A Global Database of Historical Mariculture Production:
1950-2004

2.1 Introduction

The United Nations Food and Agriculture Organization (FAO) defines aquaculture as the farming of
individually or corporately-owned aquatic organisms such as fish, molluscs, crustaceans, and aquatic
plants with intervention in the rearing process so as to enhance production (FAO 2009a). It is a practice
with origins dating back more than 3000 years (Ling 1977). However, aquaculture products have only
recently been recognized by the United Nations Statistical Commission as distinct global commodities
(FAO 2008d). As the primary warehouse for fisheries and aquaculture information worldwide since 1950
(FAO 2010b), the FAO database indicates that aquaculture’s annual global production growth has
increased at an average rate of 8%, surpassing any other major animal food production sector since 1970
(FAO 2010c). This rapid global increase in production from aquaculture, combined with a stagnation in
global capture fisheries catches (Watson and Pauly 2001; FAO 2010c), has led to claims that aquaculture
supplies “nearly half of the seafood consumed by developed markets” (Loder 2003; FAO 2009c¢), with the
expectation that this fraction will increase further. Indeed, aquaculture is looked to as a vital complement
to global capture fisheries and is envisioned to resolve food security issues worldwide (Ahmed and Lorica

2002; FAO 2003; Cunningham 2005).

However, these optimistic assessments and projections frequently overlook three key issues. The first
issue relates to uncertainties in worldwide data accuracy. Our current understanding of the status of global
aquaculture production relies on information provided by the FAO through reports of member countries
(FAO 2005b,2009d). Many of these FAO member countries have been found to misreport capture
landings (Watson and Pauly 2001; Zeller et al. 2007; Zeller and Pauly 2007), and the relative newness of
global aquaculture statistical collections means that many of these countries also lag behind in the quality
of their reported aquaculture production statistics (FAO 2005b,2008e). The second issue relates to both
data accuracy and the historical distribution of global aquaculture production. Over two-thirds of
aquaculture production by quantity occurs in marine, brackish, and freshwater environments in China
(FAO 2010c); this means that one country is responsible for both the historical and current “blue

revolution” of global aquaculture production (Loder 2003). Ongoing uncertainties over the accuracy of
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Chinese aquaculture statistics, and therefore the status of global aquaculture trends, are of concern to the
FAO (FAO 2009¢), i.e.:

“There are continued indications that capture fisheries and aquaculture production statistics for China
may be too high, as noted in previous issues of The State of World Fisheries and Aquaculture, and that
this problem has existed since the early 1990s. Because of the importance of China and the uncertainty
about its production statistics, as in previous issues of this report, China is generally discussed separately
from the rest of the world”.

The third issue relates to a shifting emphasis on production practices worldwide. Historically, aquaculture
was predominantly carried out in freshwater environments with relatively low-input herbivorous and
omnivorous freshwater fishes and marine bivalves (Ling 1977; Rabanal 1988). The bulk of global
aquaculture production, mostly in China, still follows these trends; however, the country is increasing its
use of wild-sourced fishmeals and oils to bolster its rates of production (Eleftheriou and Eleftheriou
2002;FAO 2010c). Additionally, there is a growing global focus, driven largely by demand from Western
countries, on increasing the intensive production of omnivorous and carnivorous species farmed and
harvested in maritime and brackish coastal environments, also known as mariculture (Goldburg and
Naylor 2005; FAO 2009a). These species, such as salmon, groupers, seabasses, and prawns, are typically
heavily reliant on environmental inputs such as wild-capture fishmeals and juveniles, water, land, and
energy (FAO 2006; Trujillo 2007). As such, mariculture has been widely criticized for its often negative
impacts on marine and coastal ecosystem health (Pullin et al. 1993; Naylor et al. 2000; Tacon and Forster

2003; Primavera 2006; Goldburg 2008; Liu and Sumaila 2010).

We consider these reasons enough to closely scrutinize the FAO Global Aquaculture Production dataset

(http://www.fao.org/fishery/statistics/global-aquaculture-production/en) and then build a subset database

of our own for global mariculture production. This database is compatible with the design of the other Sea
Around Us databases, and contributes to the scientific aims of this project (Pauly 2007). This new
database differs primarily from the FAO’s in that both its spatial and taxonomic resolutions are much
higher. In keeping with the Sea Around Us’ goal of improving public access to global fisheries and

aquaculture information, this database will be freely available online at www.seaaroundus.org.

2.2 Material and Methods

Similar to methods frequently used to reconstruct historical fisheries catches (Zeller and Pauly 2007;
Zeller and Harper 2009), the construction of the Sea Around Us Project Global Mariculture Production
Database (GMPD) used a three-pronged methodology: 1) raw production statistics for marine and

brackishwater aquaculture were collected from official statistical sources, peer-reviewed and gray
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literature for each coastal country engaged in mariculture production, as of or up to 2004; 2) data gaps
were filled using a rule-based estimation procedure that included both interpolation and extrapolation and
3) the production data were disaggregated in terms of taxonomy, i.e., groups such as ‘bivalves’ were split
into distinct species, and geography, i.e., national production figures reported from large countries were
split by the (maritime) provinces, states or territories (henceforth ‘provinces’) that subdivide these
countries. This estimation procedure often included the use of FAO FishStat data (v.2.31) (FAO 2008a)
as a starting value for disaggregation. In addition to excluding freshwater production and aquatic plants
from the scope of data collection, this database, in line with the definition of mariculture given above,
also excludes euryhaline freshwater cichlid and cyprinid species such as carps and tilapias (Table 2.1).
The final product is a global time-series of commercial-scale marine and brackish aquaculture production
presented spatially by taxa and province in whole weight tonnes (1 t = 1000 kg), for the years 1950
(coinciding with the first year of FAO data) to 2004.

Table 2.1: Marine and brackish species included in analysis, grouped according to Fishstat Plus categories. Italics
denote individual species.

Included Partially included Not Included

Clams, cockles, arkshells Abalones, winkles, conchs Periwinkles nei

Cods, hakes, haddocks Misc. coastal fishes Gobies nei

Crabs, sea-spiders Misc. diadromous fishes Three-spined stickleback
Flounders, halibuts, soles Salmons, Trouts, smelts Brook trout, Golden trout, Huchen
Lobsters, spiny-rock lobsters Brown Seaweeds

Marine fishes not identified Carps, barbels and other cyprinids
Misc. demersal fishes Freshwater Crustaceans

Misc. marine crustaceans Freshwater Molluscs

Misc. marine molluscs Frogs and other amphibians

Misc. pelagic fishes Green seaweeds

Mussels Misc. aquatic invertebrates
Opysters Misc. aquatic plants

Pearls, mother-of-pearl, shells Misc. freshwater fishes

Scallops, pectens Red seaweeds

Sea-urchins and other echinoderms River Eels

Shads Sea-squirts and other tunicates
Shrimps, prawns Sturgeons, paddlefishes

Squids, cuttlefishes, octopuses Tilapias and other cichlids

Tunas, bonitos, billfishes Turtles

Source: FAO FISHSTAT PLUS (2008a), Aquaculture production 1950 - 2006 (downloadable)

2.2.1 Sources of data

To determine whether a given country or territory was engaged in commercial mariculture production in
the 2004 or earlier, we searched a given country’s agriculture, fisheries, statistics, or other ministerial
departments or divisions for general information on mariculture activities. If it was not possible to
determine whether commercial mariculture was taking place using this method, a broader search of the

scientific and technical literature was conducted. The FAO National Aquaculture Sector Overview
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(NASO) datasheets (www.fao.org/fishery/naso/search/en) were often a useful departure point for data

searches. ‘Commercial mariculture production’ in this instance refers to the profit-oriented output of

marine and brackish farming activities designated for final harvest for consumption (FAO 2009b); as such

subsistence mariculture production and raising fingerlings for wild stock enhancement are excluded from

reporting and from this analysis. We determined that 112 of the 187 maritime countries and territories in

the Sea Around Us database (Sea Around Us 2009) were actively engaged in commercial mariculture

production as of 2004 and that only a few countries (e.g., Estonia, Gambia) had engaged in, then

abandoned this activity since 1950 (Table 2.2).

Table 2.2: Regional grouping of 112 coastal countries and territories actively engaged in commercial mariculture
as of or up to 2004. The total number of coastal countries in a given region is compared in parentheses.

Region Countries or territories (having a unique UN/ISO country code)
Africa Algeria, Egypt, Eritrea, Kenya, Libyan Arab Jamahiriya, Madagascar, Mauritius, Mayotte (FR),
Morocco, Mozambique, Namibia, Nigeria, Réunion (FR), Senegal, Seychelles, South Africa,
(17 of 41 Tunisia
countries)
Mediterranean Africa: Algeria, Egypt, Libyan Arab Jamahiriya, Morocco, Tunisia
Asia Bahrain, Bangladesh, Brunei, Cambodia, China, Hong Kong SAR (CN), India, Indonesia, Iran,
(31 of 38 Israel, Japan, Korea Dem. Rep., Korea Rep., Kuwait, Lebanon, Malaysia, Myanmar, Oman,
Pakistan, Philippines, Qatar, Russian Federation, Saudi Arabia, Singapore*, Sri Lanka, Taiwan,
countries) Timor-Leste, Thailand, United Arab Emirates, Viet Nam, Yemen
Mediterranean Asia: Israel, Lebanon
Europe Albania, Bosnia and Herzegovina, Bulgaria, Channel Is (UK), Croatia, Cyprus, Denmark, Faeroe
(26 of 35 Is (DK), Finland, France, Germany, Greece, Iceland, Ireland, Italy, Malta, Montenegro,
Netherlands, Norway, Portugal, Slovenia, Spain, Sweden, Turkey, Ukraine, United Kingdom
countries)
Mediterranean Europe: Albania, Bosnia and Herzegovina, Croatia, Cyprus, France, Greece,
Italy, Malta, Montenegro, Slovenia, Spain, Turkey
Northern Europe: Channel Is (UK), Denmark, Faeroe Is (DK), Finland, France, Germany,
Iceland, Ireland, Netherlands, Norway, Sweden, United Kingdom
Americas Argentina, Bahamas, Belize, Brazil, Canada, Chile, Colombia, Costa Rica, Cuba, Dominican
(28 of 48 Republic, Ecuador, El Salvador, Falkland Is (UK), Guatemala, Guyana, Honduras, Jamaica,
Martinique (FR), Mexico, Netherlands Antilles (NL), Nicaragua, Panama, Peru, Puerto Rico
countries) (USA), Suriname, Turks and Caicos (UK), United States of America, Venezuela
North America: Canada, Mexico, United States of America
Oceania Australia, Cook Islands, Fiji, French Polynesia (FR), Guam (USA), New Caledonia (FR), New
Zealand, Papua New Guinea, Tuvalu, Vanuatu
(10 of 25
countries)

*not an FAO member nation as of Feb 2010 (http://www.fao.org/countryprofiles/flags.asp?lang=en);
Underlined countries not divided into administrative subunits; /talics not included in FAO statistics as of 2009 (FAO 2009b).

Next, we acquired electronic production statistics from official annual statistical yearbooks, databases,

and reports at the country or regional level. Supplementary statistics were also collected from published

government, academic and other specialist literature. If production statistics were not freely available
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online, relevant authors were either contacted for data or statistics were obtained in a hardcopy format
courtesy of local and international collaborators (see Acknowledgements). Wherever possible, annual
production statistics, in or converted into metric tonnes whole (wet) weight, were collected at sub-national

levels (e.g. provincial or state level) and by species (See Appendix to Chapter 2: Table A.1).

A rule-based estimation methodology was used to fill data gaps when production statistics were either not
publically accessible or available (Table 2.3), or were not at the desired resolution (Table 2.4); this

included linear interpolation between years and conservative estimates for years preceding available data.

Table 2.3: General production estimation procedure for GMPD database, where official data were not available or
accessible.

Estimation Issue Interpolation Method
1 | Production missing for 5 years or less at beginning or | Assume production for the missing year(s) is the
end of dataset but is known to occur same as the last year with data
2 | Production is missing in one year, between years, within | Take an average of year previous and year
the dataset subsequent to the missing year
3 | Production is missing for between 2 and 10 years, | Use linear rate of increase or decrease in
between years, within the dataset production between year previous and year
subsequent to missing data:
Xip1=X¢ + Xpinal - Xstard / (n+1)
4 | Production is missing for more than 10 years within the | Supplement with FAO FishStat Plus (v.2.3.1) or
dataset, or more than 5 years at the beginning or end Eurostat online database (FAO 2008a; EC 2010)

In particularly data-poor situations, i.e., the years prior to 1970, when the mariculture industry of most
countries was in its infancy, FAO FishStat Plus data (v.2.31), and those in (Pullin ef al. 2007) were used

as a starting value for estimation, so as to obtain a consistent data set starting in 1950.
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Table 2.4: Spatial and taxonomic production estimation procedure for GMPD database. Where reported
production for given taxa in a given year varied between different reporting agencies in the same country, the
estimates were averaged.

Estimation Issue Interpolation Method
1| Production exists at mostly only the country level or | Use ratio - Assume production by subunit or species
broader taxonomic classification. is directly proportional to production by country or
broader taxonomic classification.
Limited production data are provided for
administrative subunits or for individual species for | Use the ratio of production derived from years with
some years. complete data to estimate missing production by
subunit or species
2| Production exists at mostly only the country level or | Use percentage ratio - Assume production by subunit
broader taxonomic classification. or species is directly proportional to the percentage
of production by country or broader taxonomic
Limited percentages of total production have been | classification.
provided for administrative subunits or for individual
species for some years. Use the ratio of production derived from years with
complete data to estimate missing production by
subunit or species
3| Production exists at only the country level in a given | If searched literature does not explicitly state that
country. production occurs in only one region, divide reported
production evenly among all coastal regions
4| Production in a given country is aggregated into | Search literature for names of additional species
broader taxonomic classifications or “Other” | produced as well as for quantities or percentages of
categories. production
If literature does not specifically state production
information but provides names of additional species
produced, divide aggregated production evenly
among all additionally identified species
If no suitable data is found, leave production in
broader categories
5| Some or all years of production are missing for a | Use FAO FishStat Plus or Eurostat online data,
particular species that the literature suggests is | followed by the appropriate interpolation method
produced in a given country or administrative subunit. | described above

2.2.2 Spatial mapping of data

To provide a visual time-series representation of global mariculture production trends, we generated a
spatial database, which could be visualized through a GIS. This database can be used to show the
geographic history of the production and expansion of taxa across each country’s coastal provinces, as
reported in that country’s mariculture statistics and/or supplementary data. With respect to representing
the area of ocean from which the production originated, the production figures were not assigned to
specific locations (e.g., as determined by coordinates of latitude and longitude), but instead to a coastal
stretch within the Exclusive Economic Zone of the country in question (or province) in question, within
what we call the Inshore Fishing Area (IFA). The IFA corresponds to that part of the continental shelf

(i.e., waters not deeper than 200 m) that is within 50 km distance from the shore (Chuenpagdee et al.
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2006). As defined, the IFA of countries is under pressure from both industrial and small scale fisheries,

and also currently includes the production facilities of all extant mariculture operations in the world.

2.3 Results

A total of 67,284 records of global mariculture production were collected for the GMPD database from
1950 to 2004. This represents a combined total of production data for 261 unique taxa (183 at species

level), produced in 112 coastal countries across 663 different ‘provinces’ since 1950.

2.3.1 Comparison between GMPD and FAO

The global mariculture production generated by the Sea Around Us’ GMPD dataset is very similar to the
analysed subset of FAO Fishstat Plus (v.2.31) Aquaculture Production dataset (FAO 2008a) over the
entire time series (Figure 2.1). In both datasets, global marine and brackishwater fish production more
than triples between 1950 and 1970. Since 1970, annual rates of production increase are also very similar
between the FAO and Sea Around Us datasets, with and without China included in analysis. However, in
2004, the difference between the two datasets am