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Foreword

Aquaculture is commonly considered to have originated in China. Since the Reform and Opening of China to
the Outside World for more than 30 years, the country’s aquaculture industry has made remarkable achieve-
ments. In 2015, aquaculture production reached 49.38 million tonnes, amounting to about two-thirds of the
world aquaculture production, with an aquaculture area of 8.47 million ha, nearly 10 million employees, and
293.77 and 533.71 billion RMB in value from marine and freshwater aquaculture, respectively. China’s aqua-
culture not only plays an important role in meeting market supply of aquatic products, guaranteeing national
food security, increasing employment opportunities and income of fish farmers, and strengthening the devel-
opment of an ecologically conscious society, but also contributes significantly to the aquaculture develop-
ment of the world. Innovation of aquaculture theories and technologies are important drivers for these
achievements, besides market orientation and support of aquaculture policy, and enforcement of relevant
laws.

At present, China’s aquaculture industry is in a key transformation stage from traditional to modern aqua-
culture, and its sustainable development is facing many challenges, for instance, constraints both from
resource limitations and environmental safeguards, limits on aquaculture space extension, aged facilities,
increase of diseases and potential food safety problems, etc. These problems may also be reflected in other
developing countries. The aquaculture industry must be transformed and updated, and the transformation of
development methods must be accelerated in order to realize its sustainable development, including trans-
forming the focus from increasing production to a focus on quality, and an increase in efficiency increase,
transforming the focus on resource utilization to a focus on ecological and environmental protection, and
transforming the focus of material input into an increased emphasis of science and technology advances and
professionalism of aquaculturists.

With the support of the Chinese Academy of Sciences, the Chinese Academy of Engineering, the Chinese
Academy of Fisheries Sciences, and the China Society of Fisheries, more than 100 aquaculture experts have
contributed to this book, Aquaculture in China: Success Stories and Modern Trends after a nearly three-year
effort. The book comprehensively introduces the success stories of main aquaculture species, main aquacul-
ture practices, feed formulation and feeding techniques, genetic breeding and seed industry, disease pathol-
ogy and related control technologies, and environmental protection and remediation in China, through
typical cases in plain and clear language. Furthermore, the reasons and driving forces behind success are also
explained. These success stories and typical cases will not only have realistic meaning and implications for the
present transformation, updating and structural reform from the supply side of the Chinese aquaculture
industry, but should also be able to provide help and reference for aquaculture policy making and aquaculture
sustainability in other countries of the world. I am also sure that the extension and application of these suc-
cessful cases will have important roles in promoting the development of aquaculture in developing countries,
especially those countries of the Belt and Road Initiative, and forging forward on international collaboration
in aquaculture.
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Foreword
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Preface

The contributions of China to science and civilization were highlighted by a seven-volume treatise, the first
of which was published in 1954, by the British embryologist-cum-biochemist, Sir Joseph Needham. Needless
to say, this study, that spanned over five decades, demonstrated that some of the key inventions that were
previously thought to have been of Western origin were invented and in use in China literally centuries before.

In the modern era, one of the burgeoning issues confronting the global community is providing sufficient
food for a growing population. Endeavors to do so in the wake of limitations of physical and biological
resources, compounded by the need to maintain environmental integrity, are becoming more and more chal-
lenging. Fish has been a major component of our diet for millennia, and its consumption is increasing, whilst
the supplies from traditional wild fisheries have already plateaued. In this context farmed fish supplies are
likely to contribute significantly to closing the gap between supply and demand in the ensuing decades, true
to the ancient Chinese proverb, “Give a person a fish and you feed him for a day; teach a person how to grow
fish and you feed him for a long time”.

Accordingly, and as much as China has contributed to modern science and civilization, it is spearheading
the farming of seafood; it continues to lead global farmed food fish production, contributing to global food
security and supporting millions of livelihoods. Aquaculture, or fish farming, is believed to have originated in
China, many millennia ago; it has over the years, and particularly since the second half of the last century
turned it from an art to a science. Aquaculture practices in China are going through many paradigm changes,
aiming at maintaining production and environmental integrity leading to long-term sustainability of this pri-
mary production sector.

Chinese aquaculture is diverse. It spreads across the temperate north to the tropical south. Often, little is
known in the West of the details of Chinese aquaculture practices, leading to many misconceptions. China
accounts for over sixty percent of global aquaculture production, and continues to maintain its predominance
in both inland and marine aquaculture. In China, over 200 species are cultured commercially. This compila-
tion primarily attempts to apprise what is ongoing in Chinese aquaculture, often rarely recorded in Western
literature. It should also be noted that in the last decade or so new policies directed at attaining environmental
integrity, have resulted in many paradigm changes in aquaculture practices in China. We have endeavored to
capture such major changes in this compilation. Obviously, there is an apparent bias towards freshwater aqua-
culture, which is the main domain of Chinese, as well as global aquaculture. As such this attempt does not
claim to deal with all the diverse facets of Chinese aquaculture, but has endeavored to focus on key selected
aspects that are lesser known in the public domain. Nor does the book claim to have covered all the important
aspects of aquaculture developments in China, but hopefully will stimulate a freshened outlook, and a debate
on Chinese aquaculture. Perhaps, a comparable follow-up compilation with a bias on marine aquaculture in
China will be most apt.

Finally, compilation of this book took us nearly three years, and it is very rewarding to see it in print and in
the public domain, which would have been impossible if not for the assistance of many.

Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, Sena S. De Silva
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Notable Developments in Chinese Aquaculture in the Past Few Decades



1.1

Contribution of Chinese Aquaculture to the Sector, Globally,
and to Overall Food Security

. .1 . . . 2 . .1 . 3
Jiansan Jia', Weiming Miao®, Junning Cai’, and Xinhua Yuan
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1.1.1 Evolution of Chinese Aquaculture

China is purported to be the country where world’s earliest aquaculture practices took place. Treatise on
Pisciculture by Fan Li written in 460 BCE is recognized as the earliest monograph on aquaculture in the
world. It recorded the practices of pond culture of common carp at the time, covering pond conditions,
breeding of fish under controlled pond conditions and stocking density. The long history of Chinese aquacul-
ture has largely benefited from Chinese traditions in which fish are not only valued as an important food
source for people, but also have cultural value, since fish are considered a sign of wealth.

Ancient Chinese aquaculture started with monoculture of common carp in ponds. It gradually evolved and
diversified in form and practice through its long history, which forms the basis of modern aquaculture. In the
Tang Dynasty (618—907 AC), aquaculture entered a new era in China, indicated by the transition from mono-
culture of common carp to polyculture of four Chinese (major) carps (grass carp (Ctenopharyngodon idellus),
bighead carp (Aristichthys nobilis), silver carp — (Hypophthalamichthys molitrix),black carp (Mylopharyngodon
piceus)). Paddy field clay models and ancient literature reveal that rice-fish culture started 1700—2000 years
ago in China (Wang 2000). By the dawn of the Ming Dynasty (1368—-1644 CE), aquaculture management
practices covering pond conditions, reasonable stocking, feeding and fertilization and disease control were
well established for semi-intensive culture production (Wang 2000). Various practices of integrated fish farm-
ing, such as integration of fish with livestock, and fish with sericulture and horticulture on pond dykes began
in China in the seventeenth century (Dong 2011a). Extensive culture of fish in lakes and reservoirs began
around 744 BCE and 1537 BCE respectively in China (Shi 1994).

Aquaculture development in China in the early days appears to have been prompted mainly by the dietary
habits of Chinese people, and cultural traditions. In spite of the dependence on wild-caught seed for centu-
ries, aquaculture continued to be an important commercial production activity for many households, mostly
concentrated in the delta areas of two major rivers in the country, the Yangtze (Changjiang) and the Pearl
(Zhujiang) rivers, which led to the widespread expansion and establishment of fish farming as it is seen in the
country today. Despite its long history, aquaculture remained in its primitive form, and on a very limited scale
in China until the late 1950s due to various limiting factors. In 1950, national aquaculture production was still
below 100000 tonnes. Until the 1950s, developments in aquaculture in China during its 2000-year history
were limited to diversification in culture environments and improvements in practices. A first important
technological breakthrough in aquaculture took place in China in the late 1950s and early 1960s, which was
the success of induced breeding of four Chinese carps. The successfully established theory and technology for
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induced breeding of Chinese carps laid a solid foundation for later successes in induced breeding of numerous
aquaculture species in China, as well as elsewhere. The technological breakthroughs overcame the most
important bottleneck in aquaculture — enabling a reliable seed supply. Great efforts were made to summarize
traditional aquaculture practices and experience and upgrade these to theoretical level in the 1960s in China,
which formed the “Eight Character Driven Aquaculture Principle’, which covered water management, seed,
feed, species composition, stocking density, rotational stocking and harvesting, disease control and daily
management. Another important achievement was the establishment of a large number of state-owned fish
farms in counties with traditional aquaculture practices in the late 1950s and early 1960s. These had the major
function of supplying seed for small fish farmers through adoption of newly developed induced-breeding
technologies of Chinese carps while culturing limited amounts of fish for supplying urban areas.

From the public policy perspective, the development of the sector occurred mainly through two policy
regimes: the egalitarian model under centralized state planning from 1949 to 1978, and the open market
economy regime from 1978 onwards. In the first model, tight government controls at all stages of production
to marketing, resulted in a lack of input from producers and consumers as well as attention to market forces.
With this model development was slow. In the second and most efficient model, economic and policy reforms
were encouraged to allow producers to make production and marketing decisions so that the productivity and
production efficiency were improved. This led to significant benefits to all stakeholders including the state,
local government, and farmers, as well as consumers.

1.1.1.1  Aquaculture for Improved Fish Supply for Food and Nutrition

For nearly two decades following the success of induced breeding of four Chinese carps, the development of
aquaculture in China was not as rapid as it could have been because of government emphasis on the pro-
duction of land crops. National aquaculture production was 1800000 tonnes in 1976 (FAO 2014), which
accounted for less than a quarter of the total fisheries production.

Rapid aquaculture development started in the late 1970s in China, following the Open Door Policy and
economic reforms. The Chinese government attached much greater importance to increasing the supply of
animal protein for the population while assuring self-sufficiency of staple food items.

In 1979, the government started to reform fisheries production and trade systems. Fisheries became the
first market-driven food production sector in China (Qi 2002). In 1985, the State Council issued the decree
on Reform Policies to Accelerate Fisheries Development. This decree advocated free marketing of fisheries
products and family-contract production management systems, which greatly motivated farmers to expand
the scale of production and improve efficiency. In 1985, central government put forward a target to signifi-
cantly improve fish supply in urban areas within a three—five year time frame. The target was achieved. To
support fisheries development in China, the first fisheries law, the Fisheries Law of the People’s Republic of
China, was enacted in 1986 (FAO 2003).

With government support, large areas of pond aquaculture were established in peri-urban areas and tradi-
tional aquaculture regions with support from the Chinese government’s 1988 “Food Basket Project”. Large
numbers of fishponds were constructed in waterlogged areas or enclosures of inland waters, particularly lakes
and reservoirs.

There was rapid expansion of aquaculture in China between the early 1980s and mid 1990s. For instance,
the area covered by inland fishponds increased from 640000 ha in 1985 to 1860000 ha in 1995. At the same
time, great efforts were made to increase fish production from small and medium-size lakes and reservoirs
through extensive aquaculture with stocking of large, artificially propagated fish seed as the main input and
management improved to ensure high survival rates and better performance. The rapid expansion of the area
under aquaculture significantly improved the fish supply for urban and peri-urban populations.

Some new farming systems were introduced to China for enhancing fish production in lakes, reservoirs and
rivers during the 1970—-80s. In particular, cage culture was first introduced into lakes for large fish seed pro-
duction in the 1970s and was later expanded to lakes, reservoirs, rivers and coastal seas for food fish culture
of a range of species. Pen culture was first introduced into inland lakes in China in the early 1980s and later
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expanded to coastal and sheltered inshore areas. This provided an effective approach for intensive aquacul-
ture in open water bodies in China. Experimental recirculation and running water systems also started in
China from the 1980s. These have turned out to be an important aquaculture system for marine aquaculture
and for the culture of some high-valued freshwater species.

Since the 1980s, the government of China has made great efforts to increase the unit production from
aquaculture. One important major input was to promote the standardization of fish ponds through the
modification of traditional fishponds for improved pond productivity. Another notable measure aimed at
improving aquaculture productivity was to support research and technology developments of compound
feeds. Since the 1980s, there has been significant emphasis on research on nutritional requirements, energy
metabolism, digestive enzymes and digestion rates of feeds of traditional aquaculture species, and newly
developed high-value species. The research outputs effectively supported the development of compound
aqua-feeds for different cultured species, and the rapid expansion of the aquaculture feed industry in China
(Liu 1999). Research on feed additives for improving animal growth performance, feed utilization, and dis-
ease resistance has further improved the quality of compound feeds for aquaculture in China. The production
of aquaculture feed reached 19000000 tonnes in China in 2014 (Bo and Lin 2015; Han et al. 2016).

At the same time, research on aquaculture disease prevention, diagnosis and treatment was carried out
extensively in China. A nationwide aquaculture control system was gradually established as part of the
national fisheries extension service system. Aquaculture seed production systems had been well established
with the support of central and local government, and were capable of meeting seed demand for all cultured
species with a few exceptions, such as eel.

Between 1978 and 1990, Chinese aquaculture production achieved an average annual growth rate of
16 percent, which significantly contributed to an increase in the production of fisheries products in China.
Largely due to the rapid development of aquaculture, Chinese fisheries production ranked first in the world
in 1990 for the first time and has maintained that position since then (BoF 2001a).

The rapid growth of aquaculture continued in the 1990s. By 2000, total aquaculture production reached
28460000 tonnes in China, which accounted for 65.8 percent of the total fisheries production of 43 280000
tonnes. Annual per capita availability of fish products reached 34 kg, which was far above the global average
availability. China had generally become self-sufficient in the supply of food fish. Fish produced by 2 percent
of the agricultural population comprised 1/3 of the total animal protein for the people of China in 2004 (BoF
2006). Of the total annual 67 000000 tonnes of fisheries products, about 73.7 percent (49400000 tonnes) was
from aquaculture (BoF 2016).

1.1.1.2 Aquaculture for Improved Rural Livelihoods

With the rapid development of aquaculture from the late 1970s, China had significantly improved the supply
of fisheries products in the domestic market by the early 1990s. From the 1990s, with the overall shift of gov-
ernment priorities in agriculture development from ensuring overall food security to improving rural peoples’
living standards through increasing income, aquaculture development started to play a more important role
in increasing the income of rural households, while continuing to contribute to the supply of animal protein
to the population’s diet.

In order to contribute more significantly to increased income of fish farmers in China, efforts were devoted
to improving the economic returns from aquaculture from the early 1990s. As part of the effort to increase
production efficiency and economic returns, aquaculture has been significantly intensified through increased
use of commercial compound feeds, high-quality seed and management measures such as increased stocking
density and use of aerators. Intensification of aquaculture significantly improved production efficiency in
China. The unit production of pond aquaculture was only 3270 kg/ha in 1990 but this had increased to
4899 kg/ha in 2000 (China Fishery Statistical Yearbook 2001).

Other changes also took place in the aquaculture industry in China. One important change was the diver-
sification of cultured aquatic species. At the end of 1980s, aquaculture was limited to approximately 25 aquatic
species. Over the next ten years, the number of important cultured species doubled. The total cultured aquatic
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species has further increased to over 100 currently, of which 88 species or species groups are reported and
included in FAO Fisheries Statistics (FAO 2016). The new species introduced to aquaculture are mostly spe-
cies of high market value, such as prawn, shrimp, marine and freshwater carnivorous finfish.

Promoting rice-fish farming was also considered by many local governments in China as an important
means of increasing the income of traditional rice farmers, and obtained significant improvements. Fish pro-
duction from rice-fish farming was only 130837 tonnes in 1990 with a total area of 740000 ha (BoF 1991). By
2000, total area of rice-fish farming increased to 1532381 ha in China and total fish production from rice-fish
farming reached 745 770 tonnes (BoF 2001). For instance, some additional 2 billion RMB (6 RMB = 1 US$) net
profit was achieved from rice-fish farming in Jiangsu Province in 2000 (BoF 2001), which has a rural popula-
tion of approximately 50 million. Overall, economic returns from fish and other aquatic animals in rice-fish
farming well exceeds the income from rice (Miao 2009; Xie et al. 2011; BoF 2012; Hu et al. 2015).

The pursuit of higher economic returns from aquaculture has led to changes in the sector related to mar-
kets. Since the early 1990s, Chinese aquaculture has become more diversified and specialized, with a develop-
ment approach of one dominant commodity per area, which means a large number of individual farmers in
one area culture selected commodities to take advantage of local geographic and climate conditions to meet
the needs of certain niche markets. To facilitate the marketing for small individual farmers, a great number of
aquaculture marketing centers have been established by local governments in major aquaculture producing
areas to support direct trading between farmers and wholesale-buyers in China.

Rapid aquaculture development also stimulated the development in China of processing of aquaculture
products for adding value. The total number of seafood processing plants reached 6922, with a total process-
ing capacity of 9340000 tonnes in 2000 (BoF 2001).

By 2001, the total number of people engaged in primary aquaculture and fisheries reached 13 740000, com-
pared to 3070000 in 1979, of which about 85 percent were engaged in aquaculture. Per capita income of
people engaged in fisheries production reached 4987 RMB by 2001 compared with 1151 RMB in 1990 and
93 RMB in 1978 (Qi 2002).

The development of aquaculture has not only significantly increased the income of rural populations, but
has also contributed more significantly to local and national economies. Despite the relatively small number
of people engaged in this sector, aquaculture has become a supporting sub-sector of agriculture. The contri-
bution of the fisheries economy to overall agriculture GDP increased to 16.8 percent in 2015 (total agricul-
tural GDP: 6086.3 billion RMB) in China (China Fishery Statistical Yearbook 2016; NSB 2016) from less than
two percent in 1978 (Li 2002). In 2015, aquaculture contributed 49 percent of total fishery GDP (including
aquaculture, capture fisheries and fishery-related manufacture, construction, logistics and services).

1.1.1.3 Sustainable Development of Aquaculture with an Emphasis on Social
and Environmental Benefits

At the start of the twenty-first century, Chinese aquaculture industry entered a new stage of development.
This is due to the challenges in both maintaining sustainable development of aquaculture and overall social
and economic development in China, which include but are not limited to competition for natural resources,
more stringent requirements on food safety and environmental impact control, and the impact of climate
changes, etc. While continuing to play an important role in food and nutritional security, and rural economic
development, aquaculture is expected to achieve greater ecological and social benefits.

New priorities set by the Chinese government for aquaculture development in the twenty-first century
include structural improvement of the sector and improvements in quality through the establishment and
implementation of a variety of standards and through effective monitoring, which will lead to strengthening
environmental protection of fisheries resources and to ensuring sound ecological benefits of the aquaculture
industry.

New strategies for achieving new targets of aquaculture development are identified as follows. Aquaculture
development is to follow new patterns, moving towards ecological sustainability and technology-based aqua-
culture, requiring the application of theories and technologies of modern biology and engineering. The key to
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achieving sound ecological benefits and high efficiency in sustainable way in aquaculture is to effectively
coordinate relationships between cultured animals and the environment. At the sector scale, aquaculture
development should not compromise the ecological services of all ecosystems and environments, or the needs
of other sectors. In order to achieve this goal, the current structure, scale and distribution are being adjusted
(Lu 2013).

Extensive aquaculture in inland lakes and reservoirs has frequently been used as an important approach in
environmental improvement and ecological rehabilitation. This has also lead to the expansion of the tradi-
tional “farming the land” to “farming the water”. Innovative aquaculture practices and technologies are being
tested and disseminated to minimize negative environmental impacts, and to achieve increased efficiencies in
intensive aquaculture. Good examples in this regard include recirculation pond culture systems that inte-
grated effluent treatment function into traditional intensive pond culture, and multi-trophic mariculture sys-
tems that integrated intensive farming of fed aquatic animals with filter-feeding mollusk and autotrophic
seaweeds.

In order to promote the structural adjustments and functional transition of aquaculture for sustainable
development and greater ecological and social benefits, the government has introduced a number of new
regulations. The important regulations enacted are the Regulation on Certification of Aquaculture Rights in
Inland Waters and Tidal Zones, the List of Allowed Drugs in Aquaculture and Their Use and Code of Conduct
for Safety and Hygiene in Aquaculture.

Food-safety related incidences in early 2000s had a significant negative impact on public perception of
aquaculture product safety. In order to ensure product safety and public health, the Chinese government has
attached greater importance to improving aquaculture product safety and quality in the country. The Chinese
government issued the first national food safety law in 2009. Efforts to improve the safety and quality of aqua-
culture products started several years before that. In September 2003, the Ministry of Agriculture (MoA)
issued the Regulation on Control of Safety and Quality in Aquaculture. To support the enforcement of this
regulation, great efforts have been made to encourage improvements in record keeping in aquaculture pro-
duction, labeling of fish products, and recording of drug and chemical use in aquaculture. The government
has provided strong support to the establishment of national and provincial centers for conducting regular
monitoring of aquaculture product quality and safety, and aquaculture environment monitoring.

In addition to strengthened monitoring and regulation, various registration and certification schemes have
been implemented to strengthen the control of safety and quality in aquaculture. By 2004, 957 brands of
aquaculture products from 517 enterprises had been certified as a “Hazardless Product” with the total
annual production of 730000 tonnes. In the same year, 1241 aquaculture sites with a total water surface of
1200000 ha were registered as “Hazardless Farming Sites” (China Fishery Statistical Yearbook 2005).

Integrated functional zoning of inland and coastal waters has been undertaken as an important manage-
ment tool to maintain all the important ecological services of different aquatic systems, and meet different
sectoral needs. In this process, aquaculture in many open water bodies, particularly intensive culture opera-
tions, have been generally downsized or relocated for improved environmental and ecological benefits.

In the structural adjustments of aquaculture for better quality and efficiency, local governments are encour-
aged to establish specific commodity farming zones that offer local advantages. Such zonal developments
have significantly improved the scaled benefits, facilitated public services and management, and promoted
commodity centered value chain development.

Another important trend in aquaculture development is the integration of aquaculture with other social
and economic activities. A good example is the rapid development of leisure fisheries, which organically com-
bines aquaculture/fisheries with tourism, sport fishing, and restaurant business. Over 5000 leisure fisheries
sites had been established by 2004 (China Fishery Statistical Yearbook 2005).

Being an integral component of overall sustainable development of China, high production efficiency with
a low carbon footprint is now recognized as the major path of sustainable development of aquaculture in the
future (Dong 2011b). The carbon sequestration function of some Chinese aquaculture practices has been well
recognized. Aquaculture has made a positive contribution to reduced carbon emission and reduced eutrophi-
cation of inland water bodies (Tang 2012). It was estimated that in 2010 Chinese coastal mollusk culture and
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seaweed farming extracted 1380000 tonnes of carbon from coastal seas and that culture of freshwater filter
feeding fish extracted more than 1300000 tonnes of carbon from inland water bodies. The combined contri-
bution is the equivalent of planting more than one million ha of forest (Tang 2012). It is clear that Chinese
aquaculture in the twenty-first century should have not only the function of providing high-quality food and
livelihoods for the people, but should also provide ecological service functions.

In order to compensate the negative growth in marine capture fisheries, reasonable growth of aquaculture
production is needed in the coming decades. The China mid- and long-term fisheries science and technology
development strategy study report sets the target for aquaculture to contribute 75 percent of total fish pro-
duction by 2020 (BoF 2006).

In order to achieve greater socio-economic benefits, the Chinese aquaculture industry is moving towards
four different types of production systems for meeting different demands: staple fish products to meet basic
demand, high-value fish products for diversified domestic markets, important internationally traded fish
products for export, and leisure fisheries.

In order to achieve greater environmental and ecological benefits in aquaculture, more public and private
sector efforts are needed to promote aquaculture systems and practices that can minimize negative environ-
mental impacts, contribute to restoration of ecosystem functions and climate change mitigations, which
include effluent-recycling intensive-farming systems, extensive culture of low trophic species in inland water
bodies for control eutrophication, mollusk culture and seaweed farming in coastal seas for carbon sequestra-
tion and nutrient extraction.

1.1.2 Contribution of Chinese Aquaculture to Global Food Security
and Nutrition

1.1.2.1 Contribution to Improved Domestic and Global Fish Supplies

Aquaculture in China produced 1300000 tonnes of farmed fish in 1980, which accounted for 30 percent of
the country’s total fish production. The 1300000 tonnes represented 28 percent of global farmed fish pro-
duction, yet only two percent of global total (i.e. aquaculture plus capture fisheries) fish production. In 2013,
farmed fish production in China reached 43 600 000 tonnes, contributing to 73 percent of the country’s total
fish production, 62 percent of world farmed fish production and 27 percent of world fish production
(Table 1.1.1).

As indicated in Figure 1.1.1, the contribution of China’s farmed fish production to its total fish production
increased nearly uninterruptedly from less than ten percent in 1950 to over 70 percent in 2013. Its contribu-
tion to world fish production was below two percent before 1980, but since then has grown exponentially to
14 percent in 1995 and continued to increase steadily to 27 percent in 2013. Its contribution to world farmed
fish production has been steady at 30 percent between 1960 to 1980 and started to increase rapidly after the
1980s. It reached nearly 70 percent in the mid 1990s and then declined slightly to a little over 60 percent in
2013.

Table 1.1.1 Percentage contribution of China’s aquaculture to domestic and global fish supplies.

Production in million tonnes or % of global total 1980 1990 2000 2103
Farmed fish production in China 1.3 6.5 21.5 43.6
Share of China’s fish production (%) 30 49 60 73
Share of China in world farmed fish production (%) 28 50 66 62
China’s aquaculture in world fish production (%) 2 7 17 27

Source: FAO data on aquaculture and fisheries production (http://www.fao.org/fishery/statistics/en).
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Figure 1.1.1 Contribution of China’s aquaculture to fish supply domestically and globally. Source: FAO data on aquaculture and
fisheries production (http://www.fao.org/fishery/statistics/en)

Table 1.1.2 Contribution of China’s aquaculture to fish supply in 2013 by species groups.

Share (%) of China’s aquaculture production in:

China’s aquaculture

Species group production (thousand t) Global aquaculture  Cn: Aqua+ Fish  Gl: Aqua +Fish
Fish 43,550 62 73 27
Finfishes 25,941 55 69 21
Freshwater 24,470 61 94 48
Diadromous 342 7 80 5
Marine 1,128 49 10 2
Crustaceans 3,770 56 59 28
Mollusks 12,984 84 87 58
Miscellaneous aquatic animals 855 96 78 59

Cn: Aqua + Fish = Aquaculture and capture fisheries production in China; Gl: Aqua + Fish = Aquaculture and capture fisheries
production in the world.
Source: FAO data on aquaculture and fisheries production (http://www.fao.org/fishery/statistics/en)

As indicated in Table 1.1.2, in 2013 aquaculture in China contributed nearly or over half of world aquacul-
ture production for all major species groups except diadromous fish. The low share of China’s aquaculture to
diadromous fish production (seven and five percent of world aquaculture and total production of diadro-
mous fishes, respectively) mainly reflect the dearth of suitable sites in China to farm species groups such as
salmonids.

In 2013, aquaculture contributed to over half of total fish production in China for all species except marine
fishes (only ten percent). This reflects China’s much lower aquaculture production in marine fishes (a little
over 1000000 tonnes) compared to that in freshwater fishes (nearly 25000000 tonnes).

For most species groups, the contributions of China’s aquaculture to global fish production are compatible
with its contribution to domestic fish production, except diadromous fishes. China’s aquaculture production
of diadromous fishes accounted for 80 percent of the country’s total production of diadromous fishes but only
five percent of world production.
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1.1.2.2 Contribution of Chinese Aquaculture Production to Peoples’ Nutrition Domestically
and Globally

Per capita fish consumption in China was 4.4 kg/person/year in 1980, less than half of the world average
(11.5 kg/person/year) (Figure 1.1.2). In 2011, per capita fish consumption in China reached 33.5 kg/person/
year, nearly twice as high as the world average (19.1 kg/person/year) and higher than the average levels in all
continents (Figure 1.1.2).

As evident from Figure 1.1.2, the growth path of per capita fish consumption in China coincided
with that of aquaculture production in the country. While the rapid increase in China’s per capita fish
consumption during 1980s and the first half of 1990s was contributed to by growth in both aquaculture
and capture fisheries production. Growth in consumption after the mid 1990s was solely due to aquaculture
(Figure 1.1.2).

World fish consumption increased to 80000000 tonnes from 50000000 tonnes in 1980 to 131000000
tonnes in 2011. About 46 percent of the world fish consumption increase was contributed to by the increase
in China’s aquaculture production by 37 000000 tonnes, from 1300000 tonnes in 1980 to 39000 000 tonnes in
2011. Indeed, growth in China’s aquaculture production has made a significant contribution (over one third)
to world fish consumption growth in all major species groups except marine fish (Table 1.1.3).

1.1.2.3 Contribution of Chinese Aquaculture to Global Trade of Aquatic Products

Fish exports from China increased from 90000 tonnes in 1980 to 4000000 tonnes in 2011. Accordingly,
China’s contribution to world fish exports in terms of quantity increased from 1.3 percent in 1980 to 13 per-
cent in 2011. In terms of value, China’s fish exports increased from US$ 263 million in 1980 to US$ 17 billion
in 2011 and its contribution to world fish export value increased from 1.9 percent to 14 percent (Figure 1.1.3
and Table 1.1.4). In 2011, China’s contribution to world fish exports exceeded ten percent for all commodities
except for dried, salted or smoked fishes (Table 1.1.4).
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Figure 1.1.2 Per capita fish consumption: China vs. the world. Source: FAO data on fish consumption (http://www.fao.org/
fishery/statistics/global-consumption/en)
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Table 1.1.3 Contribution of China’s aquaculture to world fish consumption growth (% Contribution = contribution of China’s
aquaculture to world fish consumption growth between 1980 and 2011).

Aquaculture production in China

World fish consumption

(thousand t) (thousand t)
%
Species groups 1980 2011 Increase 1980 2011 Increase  Contribution
Fish? 1,316 38,621 37,305 50,492 130,985 80,492 46.3
Finfishes® 906 22,818 21,912 41,313 97,270 55,957 39.2
Freshwater and diadromous fishes 902 21,850 20,949 7,841 46,560 38,719 54.1
Marine fishes 5 968 964 33,472 50,710 17,238 5.6
Crustaceans 10 3,292 3,282 3,334 12,165 8,831 37.2
Mollusks 400 11,796 11,396 5,658 20,201 14,543 78.4
Miscellaneous aquatic animals 1 716 715 188 1,348 1,161 61.6
1) Fish = finfishes + crustaceans + mollusks.

2)

million tonnes or billion USD

Figure 1.1.3 China’s contributions to world fish exports. Source: FAO data on aquaculture and fisheries production (http://www.

Finfishes = freshwater and diadromous fishes + marine fishes.
Source: FAO data on aquaculture and fisheries production (http://www.fao.org/fishery/statistics/en); FAO data on fish consumption
(http://www.fao.org/fishery/statistics/global-consumption/en).
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fao.org/fishery/statistics/en); FAO data on fish consumption (http://www.fao.org/fishery/statistics/global-consumption/en).

The lack of distinction between aquaculture and capture fisheries products in trade data makes it difficult
to evaluate the contribution of China’s aquaculture to fish trade. The presence of re-exporting fish products
processed from imported raw materials makes the estimate even more challenging. But considering the dom-
inance of aquaculture in total fish production in China (Table 1.1.2) and China’s significant contribution to
world fish exports (Table 1.1.4), we can confidently say that aquaculture contributes significantly to global
fish trade.
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Table 1.1.4 Contribution of China to world fish exports by species group and or commodities.

Export quantity Export value (in US$)
1980 2011 1980 2011

Species groups/ commodities x10°t %ofworld x10°t %ofworld x10° % of world x10° % of world
Fish 90 13 5907 12.9 263 1.9 16,867 13.7
Finfish 49 0.8 2755 11.6 101 1.3 10,206 12.5
Fresh/chilled/frozen 44 1.0 2170 11.2 95 1.7 7,176 11.7
Dried/salted/smoked — — 75 8.4 — — 395 6.8
Prepared/ preserved 5 0.5 511 15.3 6 0.3 2,635 18.1
Crustaceans/mollusks 41 3.4 1152 17.6 162 3.4 6,661 16.2
Live/fresh/chilled 41 3.9 774 14.6 162 4.0 3.311 10.8
Prepared/preserved — — 378 30.0 — — 3,350 31.5

Source: FAO data on fisheries commodities trade (http://www.fao.org/fishery/statistics/global-commodities-production/en).

1.1.3 China’s Contribution to Global Aquaculture Development

China has a land area of 9.6 million km?* and sea area of 3.0 million kmz, consisting of the Bohai Sea, Yellow
Sea, East China Sea, and South China Sea, about 6500 islands, with a total coastline of 18 000 km.

In the two preceding sections of this Chapter, the evolution of the aquaculture sector in China and the con-
tribution of Chinese aquaculture to global food security and nutrition were discussed. With the unprece-
dented development and growth in Chinese aquaculture over the last three to four decades, it was imperative
that China help other countries, particularly developing countries, to contribute to the growing aquatic food
needs of the world. Accordingly, China provided and continues to provide technical assistance to global aqua-
culture development, particularly in other developing countries through human capacity building, technol-
ogy transfer, demonstration and on-site technical guidance, and share of genetic resources (Han and Lu 2010).
Some of the key aspects of such Chinese involvement and the relevant institutions involved (Table 1.1.5) in
global aquaculture development are presented in the following paragraphs.

Table 1.1.5 Major Chinese agencies that have conducted international training in fisheries and aquaculture.

Name City Operation Year Notes

South China Sea Fishery Research Institute Guangzhou 1975-1979 —

Pearl River Fishery Research Institute Guangzhou 1978-1983 —

Asia—Pacific Regional research and training center for Wuxi 1981-1992 Component of FFRC
integrated fish farming since 1983
Freshwater Fisheries Research Center (FFRC) of the Chinese Wuxi Since 1992 —

Academy of Fishery Sciences

Fujian Institute of Oceanography Xiamen Since 2005 —

FAO reference center for inland fishery and aquaculture Wuxi Since 2014 Transferred to FFRC

research and training
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1.1.3.1 Capacity Building

In order to share knowledge of aquaculture development with developing countries, Chinese government
gave priority to human capacity building. From 1955, the Chinese government began to provide education
and technical training programs in fishery and aquaculture sciences.

In 1955, the Shanghai Fisheries College received its first batch of six students from Vietnam for bachelor’s
degrees in marine fisheries. This was the first Human Capacity Development program in fishery and aquacul-
ture science in the world.

In 1975, following a request by the FAO to fast track adoption of aquaculture technology and promote
global aquaculture development, China conducted the first technical training course on freshwater aquacul-
ture for 12 participants from Sri Lanka. With the success of induced breeding of carps, China started to share
its knowledge and experience in induced breeding of carps. There were four courses on freshwater aquacul-
ture conducted between 1975 and 1978, the course duration was six months, with training contents including
induced breeding of carps, nursery rearing, pond fish farming, and disease prevention and treatment. It
trained approximately 36 trainees from four countries. It strongly promoted and extended carp induced
breeding technology to developing countries and scientists.

In 1978, a FAO technical consultative task force reported the success of freshwater integrated fish farming
models in China and suggested the establishment of a research and training center in Wuxi, Jiangsu Province,
and consequently the Asian-Pacific Regional Research and Training Center for Integrated Fish Farming, as an
arm of the Freshwater Fisheries Research Centre (FFRC) of the Chinese Academy of Fishery Sciences, was
established jointly with the FAO and the UNDP (United Nations Development Program). The Centre focused
on human capacity building programs for technicians and administrators, as well as trainers / extension ser-
vice officers in fisheries and aquaculture. In 1981, the curriculum was developed jointly by experts from FAO
and China, and the first training program on integrated fish farming was successfully conducted in 1981 in
Wuxi, China. The program received support from the IDRC, Canada (International Development Research
Centre (IDRC), Canada) for ten years (Jing and Yuan 2013).

In 1992, FFRC started to organize international training and Technical Cooperation among Developing
Countries (TCDC) under the China-Aid human capacity building program aimed at capacity improvement
of technical staff and administrators from developing countries. In 2014, FFRC was designated as the FAO
reference center for aquaculture and inland fishery research and training, in recognition of its continued and
strong capacity in fisheries and aquaculture research and training expertise. Up to 2016, it has trained 2427
persons from around 127 countries (Figure 1.1.4). The main topics covered in the training included:

integrated fish farming;

aquaculture technology;

inland fishery development and management;
rice-fish farming;

teaching methodology for fishery training;
aquaculture industrialization;

climate change and aquaculture.

In 2005, the Chinese government included the Fujian Institute of Oceanography, to provide training, semi-
nars and workshops in marine resource management and mariculture. Up to 2016, it has trained 1508 train-
ees from 99 countries/governments, including ministers and high-level administrators. The main training
fields included:

marine management and the development of the Blue Economy;
marine fisheries management;

integrated coastal management (ICM);

mariculture technology;

maritime cities and marine emerging industries development;
processing, logistics and trade of marine aquatic products.
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In 2009, China signed an agreement with the FAO (China Trust) to set up a trust fund of US$ 30 million.
The purpose of the trust fund is to improve agricultural production capacity of developing countries.
Supported by the FAO and Ministry of Agriculture, FFRC organized two training programs on fish seed and
fish feed production and management for participants from Central Asia and the Caucasus region. The course
has trained 38 participants from Azerbaijan, Uzbekistan, Kyrgyzstan, Georgia, Turkmenistan, Armenia and
Kazakhstan, and has contributed to the improvement of fisheries and aquaculture development in many
countries (Zhu 2014).

1.1.3.2 Transfer of Key Aquaculture Technologies and Farming Practices

1.1.3.2.1 Induced Breeding

Under the South-South Cooperation (SSC) and the Technical Cooperation in Developing Countries (TCDC)
program of the FAO, the Chinese government developed important approaches to the transfer of technology
to other developing countries. The most successful case was the transfer of technology on induced breeding
and mass carp seed breeding facilities. It is reported that most Asian countries have adopted the induced
breeding technology and established the required basic facilities based on the principles used in China and
induced breeding operation guidelines. In most cases, Chinese technicians provided technical guidance for
several months to two years in each recipient country (Zhu 2014). The technology has greatly contributed to
aquaculture development globally, and it is no surprise that major species of Chinese carps head the global list
of cultured fish production (FAO 2016).

1.1.3.2.2 Rice-fish Farming

Supported by the MoA, China provided rice-fish farming training for Cambodia, Laos, and Myanmar. It has
trained 30 participants and introduced rice-fish farming techniques to the three countries. The technology of
rice-fish farming was also an important component in the course content on integrated fish farming. At the
present time, rice-fish farming has become an important practice in rural areas and a means of livelihood
improvement.

1.1.3.2.3 Integrated Fish Farming

In Eritrea, Nigeria, Uganda, Philippines and Thailand there are many models of integrated fish farming trans-
ferred from China. Duck-fish, chicken-fish are popular models in the rural communities. These models not
only provide fish and animal proteins to families, but also improve economic returns and livelihoods, and
have proved to be a good model for the rural economy.

1.1.3.2.4 Farm Design and Pond Fish Farming Business

During aquaculture technology transfer, experts also helped in providing technology in farm design, promot-
ing rice-fish integration models, formulating pellet feed and machinery application, probiotic development
and utilization. The production chain and value chain for aquatic products were also established to improve
the management and production efficiency.

1.1.3.2,5 Cage and Pen Culture

Through the expertise from China, some simple cage-culture practices were adopted in Africa and Asia; the
cages were fabricated with local materials and nets, most notably, the floats and cage frame were constructed
with oil drums and timber, sourced locally.

1.1.3.2.6 Demonstration and On-Site Technical Guidance
Technology demonstration and on-site technical guidance were carried out through experts, SSC, agriculture
technology demonstration centers and agriculture technology transfer.

Based on the request of recipient country authorities, the Chinese government has provided expertise on
fishery management and aquaculture. Since the 1980s, China has sent aquaculture experts to Iran, India,



Notable Developments in Chinese Aquaculture

Figure 1.1.4 Distribution of trainees of FFRC
(1981-2014).
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Cuba, etc. to provide technical guidance. The program has received recognition of the host governments, and
the results showed great efficiency in improvement of carp breeding, polyculture, pond fish farming, farm-
made fish feeds, and fish disease prevention (Zhu 2014).

1.1.3.2.7 South-South Cooperation

In 1996, the Chinese government started to send agriculture experts and technicians under the FAO SSC
framework. To date, China has sent 957 experts and technicians to Asia, Africa, South Pacific and the
Caribbean. The projects on aquaculture development in Nigeria and Malawi, for example, have greatly
improved the technology and model development in these countries, and brought benefits to local farmers
and communities. Improvements in cage culture practices, rice-fish farming, pond fish farming, hatchery
management, fish feed technology have been developed and brought about significant improvements in pro-
ductivity (Zhu 2014).

China-Africa Agriculture Technology Demonstration Centers The Chinese government has strongly supported
the principle of agriculture technical demonstration centers in developing countries, and has helped launch
such centers in Asia and Africa. Of these, two were on aquaculture technology demonstration, i.e. South
Africa and Uganda. Each center was funded to the tune of RMB 30 million for infrastructure, and RMB
10 million for technology demonstration and human capacity building. Cage culture, and breeding of tilapias
and catfish were demonstrated, and more than 500 personnel were trained in these centers. These projects
brought Chinese experts and technology to Africa, and promoted aquaculture development in local
communities. This was highly praised by recipient countries, as well as international organizations (Luo
et al. 2014).

AgriTT Programme  Enhancing agricultural productivity is one of the most effective ways to alleviate rural
poverty. This has been demonstrated by China’s agricultural transformation since the 1980s. The aim of the
AgriTT (Agricultural Technology Transfer) programme, initiated and funded by DFID, UK, was to facilitate
the sharing of successful experiences in agricultural development, especially from China, with developing
countries, in order to improve agricultural productivity and food security (Han and Lu 2010).

China has lifted hundreds of millions of its rural people out of poverty. Technologies and innovations to
boost agriculture, allied with supportive policies and investments, have enhanced food security and increased
rural incomes (Kharaz and Gertz 2010).

AgriTT adopts a whole value chain approach to innovation and technology transfer, linking producers,
markets and consumers, and encouraging added-value services around new technologies. In Malawi,
Chinese experts have a well-structured consultative program and established the Pilot Development
Project by improving tilapia productivity. Experts worked in the Malawi National Aquaculture Centre and
produced 300000 tilapia fingerlings for the first batch, which is about ten times the production in previous
years; the experts also provided technical guidance to 25 selected fish farmers in Malawi, and improved
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their production efficiency through teaching and guidance on stocking, feed and pond management, and
so on (Jing and Yuan 2013).

1.1.3.3 Sharing of Genetic Resources

Through the “Silk Road on the Sea’, officials brought Chinese carp seed to many countries of the world, and
now these are called Chinese carps, i.e. Silver carp, Bighead carp, Grass carp, etc. It is recorded that Chinese
carp aquaculture production played a significant role in aquaculture development in the countries on this
trade route.

China is committed to natural aquatic resources conservation. China has vast fishery resources. It is
recorded that there are over 1000 native freshwater species in the country (Kang et al. 2014; Xing et al. 2016).
Among these are 140 species of economic importance, and most of which are warm-water species. It is
reported that of the 140 economically valued species, 44 are from the Yangtze River, 22 from the Yellow River,
30 from the Pearl River, and 40 from Heiongjiang River region (Kang et al. 2014).

The Chinese Ministry of Agriculture has published a list of 156 breeds for farmed aquatic species, among
which there are 87 finfish, 14 shrimps, 21 mollusks, as well as 21 seaweeds and 13 other aquatic animals
(Table 1.1.6). Genetic improvement programs are continued under the national fish seed bank projects. This
has greatly improved the natural fish germplasm bank (NCCAV 2016).

Based on the requirements of countries and governments, MoA has approved demands for renewing
broodstocks from China, in particular the Chinese carps. FEFRC is one of the institutes designated to provid-
ing improved carp strains to recipient countries.

Table 1.1.6 List of approved numbers of pure breeds of farmed aquatic species by MoA, China.

Year Finfish Shrimp Mollusk Seaweeds Others
1996 27 1 3 0 2
1997 2 0 0 1 0
2000 4 0 0 0 0
2001 2 0 0 0 0
2002 2 1 0 0 0
2003 3 1 0 0 0
2004 1 0 2 2 1
2005 5 0 1 0 0
2006 3 0 2 1 0
2007 4 0 0 1 1
2008 3 2 0 0 1
2009 3 1 2 1 1
2010 8 4 0 1 0
2011 4 0 2 1 2
2012 3 1 0 2 1
2013 4 1 3 5 2
2014 9 2 6 6 2
2015 5 0 5 0 2
Total 92 14 26 21 15

Source: National Certification Committee for Aquatic Varieties (NCCAV), Ministry of Agriculture (MoA), China.
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1.1.4 Future Contributions of Chinese Aquaculture to Global Food Security

The world is facing one of the biggest challenges of the twenty-first century: to feed 9 billion people by 2050
in the face of climate change, economic and financial crises, and the growing competition for natural
resources that are diminishing in both quality and quantity. Food insecurity, climate change, degradation of
ecosystems, and economic recession are in many ways interlinked. As such, they require an integrated
response, one that should hasten the transition of the world economy towards a sustainable, inclusive and
resource-efficient path. With the natural resources and technological capital in China that can be harnessed
for further growth of fish production through farming of inland waters and the seas, the aquaculture indus-
try can play a significant role in contributing to the supply of more fish and fishery products to meet the
increasing demand for food and non-food by its people and the growing population of the developing
world.

1.1.4.1 Sustainable Growth and Increasing Demand for Food Fish

The oceans and inland water bodies are facing threats to their health. These include overfishing, habitat
degradation, and pollution due to population growth, a growing middle class, technology improvements,
poor governance, institutional shortcomings and market failures. Tensions are growing between growth and
conservation, between private sector interests and equitable benefits for communities, and between the
Exclusive Economic Zones (EEZ) and the Areas beyond the National Jurisdiction (ABNJ) policy frameworks
for effective resource management. The big question is how these various issues can be reconciled to ensure
maximum contribution from sustainable Blue Growth to feed 9 billion people in 2050 (projected by the World
Bank).

Population growth, urbanization, increased levels of development, and higher living standards and income
are key drivers of the increase in demand for fish and seafood, and of fisheries and aquaculture development.
As per capita wealth increases in populous China, the demand for fish will continue to rise. In order to main-
tain the current level of fish consumption (18.9 kg per capita per year), by 2050 170000000 tonnes of fish will
be required; that is 42000000 tonnes, or 30 percent, more than the 132000000 tonnes consumed in 2013
(World Bank 2015). The estimated increase in demand would be even higher due to improvement in living
standards driven by economic development. Supply will have to increase by ten million tonnes in order to
maintain the current per capita consumption of 47 kg per year (Tang et al. 2014).

In contrast, fish production from natural ecosystems has been constrained by overfishing, with the world
fishing fleet overcapitalized by about 40 percent, while the Chinese fishing fleet over-capacity is not better
than that. To remove this overcapacity will require not only a large amount of money but also great efforts
from all sectors of society.

The most recent FAO studies indicate that the assessed stocks fished within biologically sustainable levels
have shown a decreasing trend. About 30 percent of fish stocks were estimated to be fished at a biologically
unsustainable level and therefore overfished, 61.3 percent fully fished and 9.9 percent under-fished in 2011
(Figure 1.1.5).

There appears to be little scope to increase capture fisheries in the foreseeable future, but plenty of room
for improvement in performance and management of production and trading systems through improved
governance. On the other hand, there remains a significant potential for increasing aquaculture production
notwithstanding that the sector has been growing at a rate of more than 8 percent per year for the past
20 years. To realize this potential and achieve sustained growth, aquaculture development issues will have to
be addressed from the socio-economic, environmental sustainability and technical suitability points of view;
this will require a multifaceted effort and an inter-disciplinary approach (Jia 2012).

Globally, aquaculture has a very promising future and will continue its growth, with a slower pace in
advanced regions, but will increase in the least developed regions such as Africa, Latin America and Caribbean,
as well in the Central Asia and the Pacific. Sea farming will get a bigger share while efforts to explore off-the-
coast or off-shore aquaculture will grow. Cost of production could increase and profit margins decrease
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GLOBAL TRENDS IN THE STATE OF WORLD MARINE FISH STOCKS SINCE 1974
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Figure 1.1.5 Global Trends in the State of World Marine Fish Stocks, 1974-2011. Source: FAO (2016).

unless economies of scale are attained, and production and marketing efficiencies improved. A larger volume
of fish supply will bring down prices, which is beneficial to society.

In China, it is anticipated that the sector will be forced into the pathway of intensification and diversifica-
tion of production systems, species and products because of scarce land and water resources. The rising costs
of feeds, energy, labor, capital and other inputs would increase the cost of production, but this could be offset
with the application of improved technologies for massive production and by strategies to attain an economy
of scale. Considering the projected population growth over the next 35 years, i.e. an increase of 136 000000 in
2050 in China, to meet the demand for fish supply at the current level of per capita consumption, 20000000
tonnes of additional output will have to be supplied by aquaculture in the face of stagnating capture fisheries
landings (Tang et al. 2014).

1.1.4.2 Meeting the Challenges with Technological Solutions and Management Practices

Among the major constraints to China’s aquaculture development are aquaculture health management,
genetic improvement in view of deterioration of germplasm in cultured species and environmental sustaina-
bility (Zhang 2013). China’s experiences in pushing aquaculture growth and sustaining it can offer some les-
sons that others might find relevant and applicable to their development efforts.

1.1.4.2.1 Environmental Impacts

The environmental impacts of aquaculture development have received a lot of attention in the past two dec-
ades. After years of public pressure, the Chinese aquaculture sector has considerably reduced its negative
environmental impacts. The relevant Chinese authorities introduced policy guides to control the overall cul-
ture density, feeding regimes and strategies, as well the waste discharge from aquaculture facilities to reduce
environmental impacts resulting for example in the eutrophication of water bodies. It has been recognized
that aquaculture, when well-planned and well-managed, can bring about broad benefits to society without
exacerbating environmental degradation. Fish farms are undertaking various forms of biological, ecological
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and engineering interventions to reduce environmental impacts. Certain types of aquaculture, such as algae
and mollusks could make a positive contribution to the environment by reducing the negative impacts of
other industries and activities. In general, the aquaculture sector needs to continue to improve environmental
performance. In this context, Wang et al. (2017) pointed out some of the major paradigm changes that have
and are occurring in the inland aquaculture sector in China.

1.1.4.2.2 Genetic Improvement and Aquatic Biodiversity

Around 200 aquatic species have been employed in Chinese aquaculture production, in the two millennia
since Fan Li wrote his treatise on pisciculture. Today, many of these play an important role in aquaculture
production in China, including those translocated to different geographical areas and across watersheds
within the country. The expansion of farmed species groups, from less than 30 in the 1970s to nearly 200 in
2014, is recognized as one of the remarkable achievements in Chinese aquaculture development. However,
the genetic management and hatchery procedures for many cultured species have generally not been ade-
quate nor systematic, and this has apparently degraded the performance of many farmed species through
inbreeding, genetic drift and uncontrolled hybridization. In contrast, managed selective breeding programs
have shown continual improvements in growth and quality, such as in the cases of Jian Carp, tilapia hybrids,
Yellow Sea Number One Shrimp, etc. Some alien species have become very important farmed species, either
in volume or in terms of commercial value, and contributed to production and consumption nation-wide;
among these are the Nile tilapia (Oreochromis niloticus), bay scallop (Argopecten irradians), vannamei shrimp
(Penaeus vannamei), flounder or turbot (Scophthalmus maxima), largemouth bass (Micropterus salmoides)
and giant freshwater prawn (Macrobrachium rosenbergii), crayfish (Procambrus clarkii) etc. These alien spe-
cies have successfully found their respective ecological niches in Chinese waters and contribute significantly
to the Chinese aquaculture industry (Liu and Li 2010). However, as with the role of alien species in food pro-
duction elsewhere, controversy exists in this regard in China too (Lin et al. 2015). All in all it shows that
genetically improved species and introduced species can both play an important positive role in aquaculture
development if adequate scientific research is carried out and proper management and control systems are
put in place. It is believed that much more work needs to be carried out in genetic improvement and aquatic
biodiversity in order to improve sector performance and maintain sustainability.

1.1.4.2.3 Aquatic Animal Health Management

The sector has acquired a better understanding of aquatic animal health management. Diagnosis and veteri-
nary medicine have been adapted for aquaculture in China, and various products and services have made
remarkable improvements in their health management practices, rather than solely resorting to disease con-
trol and curing disease with drugs and medication. There are however cases of over-use of antibiotics and
other chemicals. This suggests the requirement for further improvements and wider promotion of good
management practices, and the strengthening of institutional, policy and regulatory frameworks, and moni-
toring and control systems. With intensification of production and diversification, including introduction of
species into the farming systems, new pathogens have emerged and more epizootics have occurred, such as
epizootic ulcerative syndrome (EUS) in freshwater species and early mortality syndrome (EMS) or acute
hepato-pancreatic necrosis (AHPN) in shrimp in recent years. Therefore, there is an urgent need for much
better disease surveillance, improved emergency responses and disease risk management capacities, and the
“one health” concept of a healthy animal, people and ecosystem in place.

By the end of 2012, China had established a nationwide network of aquatic animal disease prevention and
control centers comprising 13 at provincial level and 628 at county level. Enforcement is aided by more than
4000 monitoring and surveillance stations across the country. The stations also provided rapid disease diag-
nosis and advisory services; these are connected to more than 1700 internet terminals where online aquatic
animal veterinary labs and trained personnel work remotely. The system has covered major areas and species
groups. In the field of aquatic animal disease epidemic surveys, it has identified, isolated and purified a num-
ber of new pathogens, such as the new genetic type of shrimp yellow head virus (YHV), the second cyprinid
herpesvirus (CyHV-2), oyster herpesvirus 1 pvar (OsHV-1 pvar), and from penaeid shrimp the infectious
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hypodermal and hematopoetic necrosis virus (IHHNV). There are two institutes that have been nominated
as OIE (World Organisation for Animal Health) global reference laboratories, namely, the Yellow Sea Fisheries
Institute for white spot disease and Shenzhen Quarantine Laboratory for carp viraemia disease. Other nota-
ble achievements include the success in maintaining “disease-free zone and controllable zone” for grass carp
retrovirus (GCRV) disease in the vast area of the Zhujiang River delta in Guangdong Province; Hainan
Province and the application of vaccination on a large production scale (Bureau of Fisheries 2012).

1.1.4.2.4 Feeds and Feeding Management

The use of pellet or compound feeds in aquaculture increased in the past 20 years from 750 000 tonnes in 1991
(Ren and Zhou 2001) to about 19000000 tonnes in 2011 (China Feed Industry Association 2016; Han et al.
2016). This was almost 50 percent of the 40000000 tonnes of FAO’s estimated global aquaculture feed pro-
duction (FAO 2010). It is not an exaggeration to state that the rapid development of Chinese aquaculture has
been in part due to the ready availability of quality feed inputs in the country (Bai and Lin 2015). However,
concerns persists regarding the use of fishmeal and fish oil as major feed for aquaculture production, and
based on FAO studies, there are some 4000000 tonnes of fishmeal and 800000 tonnes of fish oil used in aqua-
culture, 68 percent and 82 percent, respectively of global production. The rising price of fishmeal and oil has
led to considerable investment in research to seek alternative sources of affordable, suitable and high-quality
plant- and animal-based feed ingredients. The use of trash/low value fish in aquaculture, which is estimated
by FAO at five to six million tonnes globally, is another important issue. More than half of this amount has
been reported to be used by China and mainly for marine cage culture. The industry needs to urgently reduce
its dependence on trash or low-value fish through the development of suitable dry pellet feeds. Farmers need
to be convinced of the benefits of switching from low-value fish to formulated feeds. Use of on-farm feed to
reduce costs and improving feed conversion ratio (FCR) are an important area of work to increase yields and
improve efficiency: 45 percent of farmed fish rely on formulated pellet feed worldwide.

In spite of increased aquaculture production and accompanied increase in feed production over the last two
decades, fish meal imports (= usage) in China have remained relatively steady at 1.0-1.5 tonnes per annum
(Han et al. 2016). Han et al. (2016) have elaborated on the strategies that Chinese aquaculture has adopted in
order not to increase its dependence on fish meal, perhaps providing a good example in the manner in which
aquaculture should be developed well into the future.

1.1.4.2.5 Low Trophic and Low Input Aquaculture Systems

Seaweed and mollusk farming, as well as the culture of other valuable filter-feeding freshwater species, has
great potential to raise the socio-economic status of rural communities. With its rich experience in integrated
carp farming, and seaweed and mollusk farming, China could offer to other developing countries some useful
lessons on these farming systems. These species groups have largely remained a marginal activity in rural
communities of many developing countries because the communities lack access to alternative, higher-return
economic activities.

In addition to the above, the aquaculture sector has to cope with other constraints that require resolution
of technical or policy nature, for instance, access to or allocation of scarce resources, technological advance-
ment, improvement in policy and legal frameworks, service support availability including credit and insur-
ance coverage, stringent market and trade requirements, standards of product quality and safety including
labeling and traceability issues, possible impact of climate change, global economic environment, and the
public perception of the sector.

1.1.4.3 Development Policies and Enabling Environment for Sustainable Aquaculture

The most important of the many notable achievements of Chinese aquaculture in the past three decades, is
its aquaculture development policies and the role of the government in creating an enabling environment
for the sector to take off. It is worth noting and understanding the reasons and factors behind the rapid
development of aquaculture in China, and make this knowledge available to the rest of the world, especially
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developing countries as they strive to develop the sector as a part of their efforts to achieve food security
and economic growth.

The core of public sector policy in Chinese aquaculture development can be summarized in a few key
phrases:

o full use of resources available;
o the role of markets in determining and promoting production; and
o the role of the government in guidance, safeguard and technical assistance.

Emphasis in this development policy was on full employment of productive resources, including human
capital and natural resources, such as suitable waters, mudflats and waterlogged lands. The policy also
promoted investment in research and technology, diversification of cultured species — indigenous and
introduced — promotion of high-value species, establishment of a nationwide aquaculture extension net-
work to grassroots level, with support from the government, as well as the establishment and constant
improvement of enabling policies, legal and regulatory frameworks. With continued proactive government
policies, adequate advanced planning, scientifically designed production technologies, sound management
and the increasing world demand for aquaculture products, aquaculture in China can be and is likely to
continue to be productively stable, sustainable and competitive, both domestically and internationally.

There are valuable lessons which can be learnt from the Chinese experiences:

e aquaculture can be developed in a sustainable manner to generate food and employment, and improve
income and livelihoods of rural and urban populations, thus alleviating hunger and poverty;

o the engine for an economically resilient and sustainable aquaculture is the Government’s will and determi-
nation to establish sound policies in support of the development of the sector, especially issue-specific poli-
cies such as on feeds, seed and health management, on zoning, site selection and planning as an integral
part of the overall rural development plan at local level, on product quality and safety control from farm to
table, with monitoring systems in place; and

o full employment of productive factors, including human resources, continuous improvements in legal and
regulatory frameworks for the development of the sector, and scientific breakthroughs in production tech-
nologies that would strengthen aquaculture and ensure its sustainability, thereby making aquaculture a
good contributor to the country’s economic growth.

1.1.4.4 Promoting Global Aquaculture Development through South-South Cooperation

It has been noted that the growth patterns in aquaculture production are not uniform among the different
regions of the world. The Sub-Committee on Aquaculture of the FAO Committee on Fisheries has called for
more attention to be paid to the countries with the least developed aquaculture through technology transfer,
to make the sector grow more evenly in geographical terms. This would require more support to developing
countries in both technical and financial resources. Accelerating and maintaining the growth of the sector will
only be possible if the sector’s socio-economic benefits accrue to a larger social spectrum across the world.

In working with international and regional organizations and the governments of many developing coun-
tries, China has forged strong functional partnerships with existing research and development initiatives with
similar goals. In so doing, the Chinese government has mobilized resources, based on its comparative advan-
tages, to help improve the capacities of developing countries for sustainable aquaculture development. The
mode of collaboration has been carried out through South-South cooperation (SSC), by working with part-
ners such as FAQO, in addition to bilateral arrangements. This builds synergies by recognizing the diversity,
harnessing the strengths, and maximizing efficiencies among all partners.

Since 2009, the programs have covered more than 50 countries and provided technical assistance in agri-
culture, animal husbandry, fisheries and aquaculture development in its first phase, worth US$ 30 million.
In aquaculture alone, some 100 experts from China have been fielded in 20 countries. Besides the SSC coun-
try project, the FAO—China SSC Program has supported 70 participants who attended three aquaculture
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capacity development events in China. Under the second phase of the Program with a replenished
US$ 50 million funding support, it will continue to conduct capacity development and technology transfer
in developing countries for developing aquaculture, which has been identified as one of the priority areas to
be supported.

The Freshwater Fisheries Research Center (FFRC) located in Wuxi, China is one of the five agriculture cent-
ers in China that have been formally recognized by FAO as a world reference center of excellence. It has been
providing support to aquaculture capacity development through training and technical assistance to develop-
ing countries. Since the early 1980s, the center has conducted a large number of international training courses
on integrated fish farming and other subjects related to sustainable fisheries and aquaculture development,
the details of which were provided in the previous paragraph.

The SSC mechanism is the mutual sharing and exchange of development solutions — knowledge, experi-
ence and good practice, policies, technologies and resources — between and amongst developing countries
that are mostly geographically located in the global south. SSC helps developing countries benefit from inno-
vations, lessons learned and good practice, tried and tested elsewhere in the global south. The exchange of
development solutions happens through direct interaction between experts, managers and the farmers who
will use the new technologies and knowledge, and through facilitating the exchange and uptake of develop-
ment solutions. In consultation with experts from recipient countries in Africa, Central Asia, Latin America
and the Caribbean, the Pacific and Southern Asia, SSC has identified a number of priority areas that need
technical assistance. Among these are reliable and affordable production inputs, seed and feed in particular,
aquaculture facilities and infrastructure, appropriate governance and regulatory frameworks, human capacity
to implement the policy and legal framework, and a reliable and efficient data collection system.

Human capacity development (HCD) has been a major element of the various important international
fisheries and aquaculture milestones, such as the FAO Code of Conduct for Responsible Fisheries (FAO
1995), The Bangkok Declaration adopted by the Global Conference on Aquaculture in the Third Millennium
in 2000 (Anonymous 2001) and the succeeding Phuket Consensus adopted at the Global Conference on
Aquaculture in 2010 (Anonymous 2012). There was also a common recognition of the importance of knowl-
edge sharing and technology transfer through networking and international cooperation for aquaculture
development at various international fora such as the FAO COFI (Committee on Fisheries) Sub-Committee
on Aquaculture. To implement effective and practical transfer of technology transfer, it has been shown that
better synergies could be achieved in working through collaboration, support and strengthening of the
existing regional aquaculture organizations such as NACA (Network of Aquaculture Centers in Asia-
Pacific), RAA (Red de Acuicultura de las Americas) in Latin America, ANAF (Aquaculture Network for
Africa) in Africa, NACEE (Network of Aquaculture Centres in Central-Eastern Europe) in Central and
Eastern Europe and MASA (Micronesian Association for Sustainable Aquaculture), the sub-regional inter-
governmental aquaculture network being established in Micronesia. The collaboration should extend to
working jointly with regional organizations such as AU (African Union), ASEAN (Association of South-East
Asian Nations), CARICOM (Caribbean Community), the FORUM (Forum of Caribbean States) and ACP
Group (African, Caribbean, and Pacific Group of States) in complementing bilateral and multilateral
arrangements.
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1.2.1 Introduction

In spite of a millennia-old practice, aquaculture only transformed into a significant food production sector
during the course of the last three to four decades, and it currently accounts for over 50 percent of the global
food fish consumption (Subasinghe et al. 2009). Global food fish needs and changes in the food fish produc-
tion sector have been dealt with previously (Delgado et al. 2003; De Silva 2012). Food fish production sector
from capture fisheries has changed from a developed country dominance to a developing country dominance,
whereas aquaculture production has been always dominated by the latter group of nations.

Globally, since aquaculture became a significant contributor to the food fish supply, inland aquaculture has
played, and continues to play, a dominant role. Freshwater aquaculture accounted for 45.2 percent of the
global aquaculture production of 106 004 184 tonnes in 2015, and its contribution averaged 41.1 percent over
the period 1950-2015 (FAO 2017). The former percentage contribution of freshwater aquaculture to global
production would be much higher if we were to not take into account seaweed production which stood at
29273392 tonnes in 2015, the great bulk of which is used for industrial purposes rather than as a direct
human food source. China dominates global freshwater aquaculture production. Its contribution to the latter
has continued to increase and currently accounts for 64.2 percent of the global total of 47 861 246 tonnes in
2015 (Figure 1.2.1). Furthermore, the contribution from China to global freshwater aquaculture production
peaked in the early 1990s, and over the period 1950-2015 averaged 54.8 percent. As such, the importance of
the freshwater aquaculture to global aquaculture and the predominance of the Chinese contribution to the
former are evident (Figure 1.2.1).

1.2.2 Current Status

Much has been written on the freshwater aquaculture sector in China and its importance and contribution
to global food security, as was highlighted in Chapter 1.1 Wang et al. (2015) reviewed the freshwater aqua-
culture sector. In this review the authors traced the development trends in inland aquaculture in China in
time and space, and considered aspects of production, types and modes of culture, species cultured, and
marketing. The review demonstrated that although inland aquaculture occurs in most of the 31 provinces in
the country, the great majority of it occurs in the area that lies approximately between 110-120 °E and
19-35°N, in the Yangtze and Pearl River basins. In this chapter we will not concentrate on those aspects of
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Figure 1.2.1 Trends in Chinese freshwater aquaculture production (x 1000 t), and its percentage contribution to global
freshwater aquaculture production; global freshwater aquaculture production (x 1000 t) and its percentage contribution to
global aquaculture production from 1950 to 2015. Source: Data from FAO 2017.

the freshwater aquaculture sector that were dealt in detail by Wang et al. (2015), but will attempt to focus on
other areas and aspects that exemplify inland aquaculture in the country.

1.2.2.1 Distribution of Production

When five-year averages in freshwater aquaculture production for each province, and municipalities in the
mainland of China from 2011 to 2015 are considered (data from China Fishery Statistical Yearbook 2012—
2016), the ten leading freshwater aquaculture producing provinces contributed 78.7 percent of total fresh-
water aquaculture production in China. The top ten provinces in production over the same period were
Hubei, Guangdong, Jiangsu, Hunan, Jiangxi, Anhui, Shandong, Guangxi, Sichuan and Zhejiang (Figure 1.2.2).
Figure 1.2.2 shows that the provinces in the middle and lower reaches of Yangtze River basin account for
51.4 percent of the country’s total freshwater production, and as such predominates inland aquaculture
production in the country.

1.2.2.2 Species Cultured

The climatic regimes in China are wide ranging and together with the associated habitats the country has a
relatively rich aquatic flora and fauna. For example, China is reputed to have nearly 302 genera, 920 species of
freshwater finfish, of which 613 are endemic (Kang et al. 2014). Overall, the dominant freshwater aquaculture
production in China is based on around 30 species or species groups (Wang et al., 2015), which include
twenty finfish, three crustaceans and one reptile.

Based on the last five-year averages of finfish, crustacean, and reptile production, the leading 15 fresh-
water species cultured accounted for 86.9 percent of total freshwater aquaculture production in China. The
leading 15 species were grass carp (Ctenopharyngodon idellus), silver carp (Hypophthalmichthys molitrix),
common carp (Cyprinus carpio), bighead carp (Aristichthys nobilis), crucian carp (Carassius auratus), Nile
tilapia (Oreochromis niloticus), mitten crab (Eriocheir sinensis), bream (Megalobrama amblycephala), white-
legged shrimp (Penaeus vannamei), crayfish (Procambarus clarkii), black carp (Mylopharyngodon piceus),
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Figure 1.2.2 Average inland aquaculture production (x 1000 t) over the last five years (2011-2015) in the different provinces.
Source: Data from China Fishery Statistical Yearbook 1982-2016.

snakehead (Channa argus), catfish (Parasilurus asotus), paddy eel (Monopterus albus), soft-shelled turtle
(Trionyx sinensis) (Table 1.2.1).

Six major Chinese carps: bighead carp, silver carp, grass carp, black carp, common carp and crucian carp,
have dominated Chinese freshwater aquaculture. Production of carp increased from 13106394 tonnes in
2003 to 20256635 tonnes in 2015 (China Fishery Statistical Yearbook 2011-2016). However, the percent
contribution of cyprinids to total freshwater aquaculture production in China for this period decreased from
73.9 percent to 66.1 percent over the same period. This indicates that other cultured species were also gain-
ing in significance over this time period. Over the same period, production of grass carp (3492585 to
5676235 tonnes) was predominant, followed by silver carp, common carp, bighead carp, crucian carp and
black carp in that order (Table 1.2.1).

Apart from the cyprinids, there are a number finfish species and/or species groups that contribute (in
excess of 25000 tonnes/year) to freshwater aquaculture production in China. These include channel catfish
(Ictalurus punctatus), yellow catfish (Tachysurus fulvidraco), mandarin fish (Siniperca chuatsi), Nile tilapia,
loach (Misgurnus anguillicaudatus), catfish, snakehead, bass (Lateolabrax japonicas), paddy eel, and freshwa-
ter eel (Anguilla japonica). Importantly, all of these species/species groups have shown a consistent increase
in production in the last decade, perhaps with the exception of the alien species channel catfish which has
tended to plateau in the last few years. Notably, the above group of fishes includes mostly omnivores and strict
carnivores, especially snakehead and mandarin fish. The increased production, and therefore emphasis on
the culture of carnivorous species such as the mandarin fish is primarily driven by local consumer demand,
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Table 1.2.1 Trends in average production (tonnes) over the last 5 years of the top 15 ranked finfish, crustaceans and reptiles
cultured in inland waters in China.

Production 2011 2012 2013 2014 2015 Average S.E.
Grass carp 4442205 4781698 5069948 5376803 5676235 5069378 484482
Silver carp 3713922 3687751 3850873 4226009 4354638 3966639 305312
Common carp 2718228 2896957 3022494 3172443 3357962 3033617 246344
Bighead carp 2668305 2851419 3015380 3202887 3359440 3019486 274224
Crucian carp 2296750 2450450 2594438 2767910 2912258 2604361 244929
Nile tilapia 1441050 1552733 1657717 1698483 1779482 1625893 131711
Mitten crab 649240 714380 729862 796535 823259 742655 69082
Bream 677877 705821 730962 783023 796830 738903 50457
Shrimp 659961 690747 617384 701423 731461 680195 43430
Crayfish 486319 554821 603520 659661 723207 605506 91603
Black carp 467736 494908 525498 557328 596102 528314 50573
Snakehead 446448 480594 509865 510340 495574 488564 26525
Catfish 392435 408750 433948 450846 450064 427209 25867
Paddy eel 292410 320966 346077 357991 367547 336998 30420
Soft-shelled turtle 285875 331424 343734 341288 341588 328782 24454

Source: Data from China Fishery Statistical Yearbook, 1982-2016.

coupled to the aspirations of the growing Chinese middle class which desires to indulge in high priced pro-
duce. On the other hand, the production of Chinese major carps, often referred to as the “common man’s
food” have not decreased. In spite of many changes in the socio-economic milieu in the past two decades,
such as the growing middle class in China that generally aspires for food types perceived to be of higher qual-
ity, the production of “common man’s food” has not decreased. Perhaps in spite of these socio-economic
changes the basic Chinese cuisine still require the Chinese major carps as components and as such the pro-
duction of these commodities is likely to keep pace with population increase.

The relative contribution of the above finfish species/species groups to the total freshwater aquaculture
production in China was 18.3 percent in 2015. In contrast to the finfish species that are being cultured, only
three crustacean species are of notable significance in freshwaters aquaculture in China — Chinese mitten
crab, crayfish and white legged shrimp. The cumulative production of these three crustaceans increased from
715941 tonnes in 2003 to 2277927 tonnes in 2015, and their corresponding contribution to freshwater aqua-
culture production increased from 4.0 percent to 7.4 percent (Figure 1.2.3). The other important species
cultured in freshwater is the soft-shelled turtle, the production of which increased from 143816 tonnes in
2003 to 341588 tonnes in 2015, which is equivalent to a nearly 10.6 percentage increase in production per
year. It is important to note that the aforementioned crustacean species recorded a much higher rate of pro-
duction over the last ten years than most of the finfish species that have come to prominence as cultured
commodities (Figure 1.2.3), perhaps reflecting the point made earlier in regard to changes in potential food
habits that reflect corresponding changes in the socio-economic milieu of the country.

1.2.2.3 Forms of Freshwater Aquaculture

In China, all natural (rivers and lakes) and man-made water bodies such as reservoirs and ponds are used
for aquaculture (Figure 1.2.4). Over the last five years, pond aquaculture has become predominant, and
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Figure 1.2.3 Trends in production of relatively high-valued freshwater aquatic species cultured. Source: Data from China Fishery
Statistical Yearbook 1982-2016.

contributed on average 71 percent to total freshwater production, followed by production in reservoirs
(12.7 percent), lakes (5.8 percent), paddy fields (5.0 percent) and rivers (3.1 percent). Wang et al. (2015) dealt
with details on production trends in different types of water bodies in China, and it is likely that these trends
will continue to persist to the foreseeable future.

1.2.3 Culture Techniques/systems

1.2.3.1 Pond Culture

In China, as indicated in the preceding section, pond aquaculture is the predominant practice, accounting
for 71.7 percent of total freshwater aquaculture production and 43.9 percent of total freshwater aquaculture
area in 2015, respectively (China Fishery Statistical Yearbook 2004—2016). In recent years, production from
pond aquaculture increased from 12520000 tonnes in 2003 to 21960000 tonnes in 2015, and maintained an
average growth rate of 5.8 percent per year, whilst the area under pond aquaculture increased from
2400000 ha in 2003 to 2700000 ha in 2015, which is equivalent to a nearly 1.0 percent increase per year.
Correspondingly, the average unit production increased from 5217 kg/ha in 2003 to 8133 kg/ha in 2015; an
increase of nearly 56 percent in unit area production (China Fishery Statistical Yearbook 2004—2016). In this
regard perhaps the development of the polyculture systems incorporating the Chinese major carps and the
gradual improvements brought about in the species combinations, and other related aspects are the major
keys to success (Wang et al. 2015). Carp farming systems for example, are almost always carried out as a
polyculture activity, where the constituent species have different food habits and preferences, and manage-
ment practices ensure the utilization of all the available food resources in a pond ecosystem (Lin 1991).
Similarly, in the case of mitten crab culture ponds, mandarin fish are stocked to forage on naturally recruited
wild fish. As for soft-shelled turtle farming, in order to reduce the increasing risk associated with large price
fluctuations of soft-shelled turtle, most turtle farming stakeholders co-culture yellow catfish in polyculture
systems (Wang et al. 2015).
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Overall, farming communities are better informed of markets and as such tend to shift the emphasis to
meet market demands, and thereby remain economically viable, which perhaps is a major driving force. It is
in this context that there has been a gradual shift to culture more economically valuable species in polyculture
systems. Pond aquaculture in China has made a concerted effort to change culture practices by popularizing
selected, often high—valued, indigenous species. Accordingly, for example there has been a significant upsurge
in the production of high-valued species (Figure 1.2.3).

1.2.3.1.1 Inland Saline Pond Culture

It is worth noting that China has 36000000 ha of saline-alkaline land, mainly distributed in the northwest,
north, northeast and coastal areas of China (Wang et al. 2011). Amongst these are over 3000000 ha of
saline-alkaline land suitable for aquaculture that government encouraged to be reclaimed into fish ponds
(Yang et al. 2004b). Over the last couple of decades, shrimp (Penaeus vannamei; P. stylirostris) (Luan et al.
2003), common carp, grass carp, Nile tilapia, pirapitinga (Piaractus brachypomus), bighead carp and silver
carp were the main cultured species in intensive polyculture systems in these saline-alkaline ponds (Li et al.
2002, 2003). However, in recent year there has also been a prominent shift to culture high-valued species
such as mitten crab, yellow catfish, mandarin fish, and soft-shelled turtle in saline-alkaline land, driven by
soaring markets and improving aquaculture techniques. In practice, Chinese farmer communities in these
saline-alkaline areas have synthesized environmentally friendly methods to develop workable integrated
aquaculture-agriculture in specific saline-alkaline land. Farming practices such as rice-fish, reed-fish, and
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cattail-fish have recorded fish yields of 912 kg/ha, 3537 kg/ha and 2766 kg/ha, respectively (Yang et al.
2004a). On the whole, saline-alkaline land aquaculture not only produces aquatic products and increases
farmers’ incomes to some extent, but also improves the saline-alkali soil environment (e.g. decreases soil pH
and salinity) and regional climate in China (Yang et al. 2004b).

1.2.3.1.2 Recent Changes in Pond Culture Farming Systems

In recent decades, with increasing emphasis on environmental integrity and sustainable development, the
Chinese Bureau of Fisheries had to introduce changes to fulfill environmental demands, but also find solu-
tions to maintain economic viability. These changes include the encouragement of environmentally friendly
practices, such as use of macrophytes in pond culture, such as, for example, in Hongze Lake (Wang et al. 2016
a, b), which is the fourth largest freshwater lake in China. There is also an increasing emphasis on the use of
aquaponics in aquaculture practices, where beds of floating plants are introduced as a tool for stripping nutri-
ents, which also supplements the profitability (Vance 2015).

1.2.3.2 Cage Culture

Impoundment of reservoirs often leads to displacement of rural, agricultural communities. It is believed that
cage culture is a plausible livelihood alternative for such displaced communities. Such a strategy is adopted
elsewhere especially in developing countries (Abery et al. 2005). There are estimated to be 97 988 reservoirs
in China, with an approximate total storage capacity of 858.1x10° m® in 2015 (NBSC 2015). Over the last
decade, cage culture production in China increased from 552965 tonnes in 2003 to 1379086 tonnes in 2015
(Figure 1.2.5), but has stagnated since 2013. However, the cage culture area increased from 39363063 m” in
2003 to 147376140 m” in 2015, and peaked in 2011 at 156619341 m>. It is worth noting that from 2011,
the scale of cage culture decreased sharply due to increasing environmental pressures on this farming
system. For example, large-scale cage culture operations in Danjiangkou (110°47'27.86" — 111°42'18.22" E and
32°32'35.32"-32°59'33.64"N) and Gaobazhou (111°8'18.54"—111°20'42.04"E and 30°23'13.79"—30°30'31.06"N)
reservoirs both in Hubei province have been given notice by the government to be removed. The impact of
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Figure 1.2.5 Trends in Chinese freshwater cage culture production (in x 1000 t) and area (in x million m?) from 2003 to 2015.
Source: Data from China Fishery Statistical Yearbook 1982-2016.
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cage fish farming on the aquatic environment through the release of nutrients that affect water quality, can
not only bring about conflict with multiple users, but also primarily exerts a negative feedback effect in the
cage operations themselves (Guo and Li 2003).

In this context, in order to promote rational use of natural resources, new regulations have been enacted
requiring that the carrying capacity for intensive cage aquaculture in a given reservoir (water body) be
estimated based on limnological and farming field data. These data in turn are used to evaluate area-specific
nutrient loads that can be assimilated, and to determine the scale of operation(s).

Less feed used to culture a given mass of fish means less waste released into the environment, which is more
environmentally friendly. Chinese farming communities have begun to embark on multi-layered cage farming
based on the principle that uneaten feed provided for the species in the inner cages are consumed by those
fish in the outer cages. This improves feed utilization efficiency and reduces environmental impacts. Many
design variations of multi-layered cage farming are being adopted. In general, two or three layered cages can
divide the vertical water spaces into a few compartments to culture species with different feeding habits and
facilitate farm management (Zhu et al. 2011).

The main cage cultured species (stocked in the inner cage) tend to be of higher value (e.g. sturgeon, black
carp) and/or directed towards export (channel catfish). In the outer cage(s), it is common to stock species
such as bighead carp, silver carp, and crucian carp to use up uneaten feed and help maintain water quality. For
example, in multi-layered cage widely adopted by farmers in Geheyan Reservoir (110°21'28.43" - 111°22'55.13"
E and 30°14'3.68" — 30°35'52.96" N) in Hubei Province, the feed conversion rate increased 26.1 percent com-
pared with single layer cage culture (Table 1.2.2).

Furthermore, two- or three-layer cage culture systems can improve resistance to wind and waves, reduce
the risk of escape of cultured species, improve the efficiency of feed utilization, and reduce the adverse
impacts of cage farming associated with uneaten feed, feces and escape of alien cultured species (Wang et al.
2015).

Table 1.2.2 Details on stocking, harvest, feed used and cost-benefit analysis of a multi-layered cage culture model in Geheyan
Reservoir, Hubei Province.

Inner cage Outer cage
Sturgeon Bighead carp Black carp
Stocking
Mean weight (kg/ind.) 0.75 0.35 12
Density (ind./m?) 12 9 0.1
Feed (l<g/m2) 31.25 0 0
Harvest
Culture period (days) 350 350 350
Mean weight (kg/ind.) 2.8 11 5.2
Production (kg/m’/cycle) 32.3 9.9 0.6
FCR of sturgeon 1.34 — —
FCR in total 0.99
Cost-benefit
Total cost (RMB/m?) 625
Total revenue (RMB/ mz) 1314
Net profit (RMB/m?) 689

Source: Modified from Zhu et al. 2011.
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1.2.3.3 Rice-Fish Culture

Rice-fish culture, now referred to as Integrated Rice Field Aquaculture (IRFA) in China (Ma et al. 2016) is
one of the most traditional systems of aquaculture practices, and has played an important role in producing
rice and fish for local consumption, particularly in rural China (Li 1988, 1992; Miao 2010). Rice-fish culture
is suggested as an effective means of rationalizing water usage, whilst increasing food production (Ahmed
et al. 2014). In recent decades, Chinese rice-fish system has changed from small-scale traditional farming to
large-scale modern farming with specialization and commercialization to ensure sustainability (Hu et al.
2015). The species used in rice-fish culture have changed from use of carps to high-valued species such as
soft-shelled turtle, crayfish, and mitten crab (Li et al. 2007; Yan et al. 2014; Zhang et al. 2016). At present,
China has synthesized various models to develop workable strategies for rice-fish culture in specific environ-
ments, such as for example rice-crayfish rotation, continued rice-crayfish culture, rice-mitten crab culture,
rice-soft-shelled turtle culture, rice-loach culture model, etc. (Table 1.2.3). All such changes not only con-
tribute effectively to improving environmental integrity of the farming system(s), but also ensure economic
viability (see Chapter 2.6 for details).

1.2.3.4 Pen Culture

Pen culture is a product of a historical period when the country was striving to feed a growing population,
and make full use of all forms of water bodies for fish production purposes. Pen culture is a common
semi-intensive farming system in lakes, rivers and reservoirs that has been conducted over the last few
decades, to varying intensities. During this period, pen culture was considered an effective method to
control aquatic plants, and was also widely used from the 1990s in most lakes in the middle and lower
reaches of Yangtze River Basin, such as Taihu Lake (119°52'32" — 120°36'10" E and 30°55'40" — 31°32'58" N),
Hongze Lake (118°102.53" — 118°54'12.37" E and 33°37'54.07" — 32°58'16.52" N) and Honghu Lake
(113°11'52.73" — 113°29'30.25" E and 29°40'33.64" — 29°58'17.45" N).

In parallel to net cage culture systems, pen culture also experienced a shift from use of low-valued species
(e.g. grass carp and bream) with a unit production of 2176.7 kg per ha in the 1980s, to relatively high-valued
species, such as mitten crab, with a unit production of 301.9 kg per ha from the 1990s (Cui and Li 2005). Most
of the shallow macrophytic lakes in the Yangtze River basin were considered suitable for mitten crab culture
in pens in the last decades, and economic interests stimulated its popularity. However, in practice, pen culture
of mitten crab only achieved a relatively high production and economic returns in the first few years, which
in turn was stimulated by increasing market demand and price. This is the result of a combination of reasons,
amongst which are a reduction of macrophyte biomass and coverage rates, severe eutrophication, sedimenta-
tion, and so on, caused by unsustainable farming practices (e.g. overstocking and overfeeding) (Cui and Li
2005). Also, the feed conversion rates of mitten crab cultured in pen systems were relatively poor than when

Table 1.2.3 Comparison between traditional rice-fish system and modern rice-fish system.

Item Traditional rice-fish system Modern rice-fish system
Objectives Increase food supplies and Increase food supplies, enhance income, reduce negative
enhance income environmental impact and improve food safety
Aquatic species Low-valued species such as High-valued species such as Mitten crab, crayfish, soft-shelled turtle,
cultured carp mandarin fish, loach, shrimp, etc.
Farming Family household Family farm, farmer cooperative, corporation
community
Scale Small scale, self-sufficient Large scale, commercial brand

Source: Modified from Hu et al. 2015.
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cultured in ponds. This could be due to competition for feed with wild fish or other crustaceans (Wang et al.
2015).

In the current decade, increasingly stringent regulations (e.g. carrying capacity estimation, ban on feeding)
are gradually being introduced to control pen culture in most lakes in China. For instance, before 2016 in
Futou Lake (21600 ha) (114° 8'29.82" — 114°20'33.12" E and 29°57'9.56" — 30°7'4.47" N), the third largest lake
in Hubei province, more than 70 percent of its lake area was used for pen culture of various farm sizes from a
few hectares to hundreds of hectares. This situation changed rapidly in the second half of 2016, when all these
pens were removed by the government to ensure environmental integrity and protect water quality in the lake.

However, in some eutrophic lakes along the Yangtze River, such as Taihu Lake, a certain percentage of lake
area is permitted to be used for pen culture. Farmers have planted varieties of macrophytes in pens to feed
cultured species such as mitten crab, and in turn macrophytes can strip large amounts of nutrients from the
lakes, and maintain better water quality with the proviso that little feed and fertilizer were used in pen culture
operations.

1.2.3.5 Culture-Based Fisheries (CBF)

CBEF is a form of extensive to semi-intensive aquaculture practice commonly used in small water bodies that
in general have inadequate natural recruitment to support even an artisanal fishery (De Silva 2003; De Silva
2016). It is a practice that has gained momentum in many developing countries in Asia, in view of the low
input costs as well as the communal nature of the activity which results in income sharing and community
wellbeing. CBF is practiced in most reservoirs and lakes in China, often utilizing the natural productivity
and the presence of macrophytes favoring species such as grass carp, and indirectly through favoring
benthos production on cultured species like mitten crab. Overall, CBF production from reservoirs has
shown a regular increase through the years; 118 705 tonnes (1981) to 3884013 tonnes (2015) corresponding
to a unit productions of 62 kg/ha and 1,930 kg/ha — a significant increase (China Fishery Statistical Yearbook
1982-2016), with an average increase of 53 kg/ha/year (Figure 1.2.6). Overall, the increase in CBF production
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has come about as a result of better management of fishery resources, such as division of individual water
bodies into manageable sections, and the use of improved combinations of stocked species, as well as proper
management of the ecosystem(s).

In recent decades, the water areas in small reservoirs and lakes were often subdivided, and were intensively
fertilized with inorganic and organic manures. This encouraged eutrophication and associated planktonic
blooms that provided food for the filter-feeding Chinese carps, together with other stocked species, and
resulted in high yields (Lin et al. 2015; Wang et al. 2015). Years of such activity resulted in major environmen-
tal impacts on water quality, as well as damage to the watersheds at large (Qin et al. 2007). The government
began to enact tighter controls on such aquaculture activities, prohibiting the sub-division of a water body
either by damming or by any form of netting and fertilizing. Needless to say that it is taking time to implement
these measures fully across the country. However, in the interim, the aquaculture sector has had to find alter-
natives; the sector had to ensure that existing practices are replaced by alternatives which may result in lower
yields but continue to be economically viable by culturing relatively high-valued species. Indeed some of the
high-valued species that are cultured feed low in the food chain, thereby reducing the need for external feed
inputs containing fish meal for example.

In this regard, the emphasis on the culture of relatively high-valued species (e.g. mitten crab, mandarin fish,
yellow catfish, soft-shelled turtle) tends to compensate for the reduction in production volume from filter-
feeding carp species, and retains economic viability. Overall, and in spite of the changes in policies that have
been enacted, the aims are: maintain water quality, protect biodiversity in large water bodies, offer livelihood
opportunities for local communities, and maintain other ecosystem services through the adoption of a com-
prehensive program that includes aquatic resource monitoring, fish stocking plans, aquatic resources
enhancement (e.g. snails), spawning ground protection and restoration, artificial fish habitats construction,
and a rational capture strategy (see Chapter 7.4 for details).

1.2.4 Conclusions

It is important to consider the driving forces behind recent developments in the inland aquaculture sector in
China. These developments are to some degree the consequences of the past growth phases of inland aqua-
culture, particularly in the late 1960s to 1980s when the country was striving to feed a growing population.
During this time almost all primary production sectors went through a rapid phase of intensification, and
indeed, in some cases, of over intensification. Little attention was paid to the environmental impacts and or
consequences of such a drive.

With increasing living standards and a growing middle class in the developing world, including China,
which generally has an appetite for new food varieties, one could expect a change in the species profile of
cultured species. One might perhaps expect significant increase in the consumption of carnivorous species
which are often purported to have a better taste, and are a relative rarity on average restaurant menus. As
mentioned previously however, such production trends are not likely to occur at the expense of a decrease in
production of the traditionally cultured Chinese major carps, species that still command a prime place in the
Chinese cuisine of almost every household.

The major changes that are likely to occur in freshwater aquaculture in China in all probability will be asso-
ciated with minimizing the environmental impact of aquaculture practices. These will necessarily include use
of better feeds; feeds that result in improved utilization efficiencies, in reduced discharge of nitrogen and
phosphorous into the environment, coupled with better feeding management practices, such as avoiding over
feeding (see Chapter 5.1 for details).

As regards trends of inland aquaculture in China, two aspects can be expected. First, is the stricter and
more controlled use of lakes, reservoirs and rivers for aquaculture. China overall is a nation with a serious
water shortage, and water pollution is exacerbating this situation. Second, to compensate for aquaculture
production losses from natural water bodies, more attention will be paid to the environmental control of
activities in water bodies. Advanced techniques will be used for pond aquaculture to increase production with
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pollution control, including efficient feed use, the introduction of better aeration machinery, the use of genet-
ically improved species and/or strains, deeper ponds, etc.

The policy changes that are gradually being introduced, mostly revolving around environmental issues, as
discussed before, together with possible resource limitations, particularly related to feed ingredient availabil-
ity and price, are likely to have an impact on aquaculture developments in China; these are issues that are not
exclusive to Chinese aquaculture development. In spite of the above, a decline in China’s global dominance of
freshwater aquaculture is unlikely to occur in the foreseeable future.
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1.3
Mariculture: Developments, Present Status and Prospects
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1.3.1 Introduction

China is the world’s largest developing country with a population of approximately 1.367 x 10°. Chinese
people have been using aquatic products as food for thousands of years, and the country has a history of more
than 3000 years of freshwater fish farming (Cong ez al. 1993). While mariculture is a relatively new develop-
ment in China, globally acknowledged progress has been made in this area since 1950s. In the 1980s, aquacul-
ture was considered by the government as an increasingly important sub-sector that provides nutrition and
economic benefits to the country, and reduces the exploitation of declining natural living resources as well
(Yang et al. 2004). Since then, reform and opening up of the economy has facilitated and accelerated the devel-
opment of aquaculture nationwide.

Mariculture has a long history of development in China, from low-level to high-level, from low-tech to
high-tech, from autotrophic to heterotrophic, from extensive to intensive farming, while the concept of
culture also evolved from mainly exploitation combined with the preservation of living resources. The
first attempt at marine shellfish farming was conducted in south-eastern China about 1000 years ago,
during the Northern Song Dynasty (960—1127 CE) (Liu 2016). According to a poem written at that time,
oysters were cultured on bamboo or on stone poles standing on tidal flats. To make better use of resources
and increase production, coastal residents began actively developing mariculture and made significant
breakthroughs during the Ming (1368-1644 CE) and Qing dynasties (1616—1911 CE). Mariculture
at that time covered a wide geographical distribution and was practiced in almost all coastal provinces of
China. Although the scale of production was still small, it had grown beyond the experimental stage, and
achieved significant increases in the number of farmed species and in the exploited water areas (Ouyang
1998).

It is generally agreed that there have been five significant stages of development in Chinese mariculture in
the past few decades, in which each stage represented by the emergence of a species/ species group: 1950—60s
was the period dominated by seaweed (macroalgae) cultivation; 1960—70s shellfish farming; 1980-90s was
shrimp farming; 1990—-2000s saw the rapid expansion of fish farming; and after 2000, there was a surge in sea
cucumber (Apostichopus japonicas) and abalone (Haliotis discus hannai are) farming.

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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1.3.2 Current Status of Mariculture in China

1.3.2.1 Yield, Farming Area and Economic Value

China has been leading the world in mariculture production since the late 1980s (Qian 1994; Fang et al. 2001).
In this chapter we focus on data on mariculture from 2000 onwards. Comparison of annual production
between mariculture and marine capture fisheries from 2000 to 2014 is shown in Figure 1.3.1. Mariculture
production showed an increasing trend in both production and economic value, except from 2006 to 2008,
and exceeded that of capture fisheries since 2006 (China Fishery Statistical Yearbook 2001-2015). Total mari-
culture production reached 1.813 x 10" tonnes in 2014, increased by 71 percent compared with that in 2000
(China Fishery Statistical Yearbook 2015).

The area under mariculture grew except in 2007 and 2008 (Figure 1.3.2). The mariculture area reached
2.305 x 10° ha in 2014, an increase of 46 percent compared with 2000 (China Fishery Statistical Yearbook
2015).

The annual economic value of mariculture produce showed an increasing trend from 2003 to 2014. The value
of mariculture reached 281.5 x 10° RMB (6.0 RMB = 1 US$) in 2014, increased by 284 per cent compared with
that in 2003 (Figure 1.3.3). The statistics of the annual output value of mariculture before 2003 were not
separated from total fishery output value, so data from 2000 to 2003 were not available in this figure.

Figure 1.3.1 Comparison of trends in annual 20.0
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Figure 1.3.2 Mariculture area from 2000 to 2014.
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300 4 Figure 1.3.3 Annual output value of mariculture
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1.3.2.2 Species Cultured

The principal mariculture groups include shellfish, seaweed, crustaceans, finfish, echinoderms and others
(Figure 1.3.4). Shellfish were the biggest contributor to the total mariculture production. Based on 2014 data,
the annual production of shellfish, seaweed (dry weight) and crustaceans reached 13.17 x 10°%, 2.004 x 10° and
1.430 x 10° tonnes, respectively and accounted for 72.63 percent, 11.06 percent and 7.91 percent of the total
output. While finfish production reached 1.189x10° tonnes, and accounted for 6.56 percent of total
output.

Of the shellfish species of which annual production exceeded 50.0 x 10° tonnes, oyster and clam were the
biggest contributors to the total, followed by scallop (Chlamys spp.), mussel (Mytilus spp.), razor clam (Ensis
spp.), blood clam (Anadara granosa), conch (Strombus spp.) and abalone. Production of these reached
4.352x10% 3.966 x 10°, 1.649x 10°, 805.0x 10°, 786.0x 10%, 353.0x 10°, 232.0x 10° and 115.0x 10 tonnes,
respectively in 2014 (Figure 1.3.5).

Others Figure 1.3.4 The proportional output (%) of the major mariculture
2% categories in China (based on data from China Fishery Statistical
Yearbook 2001-2015).
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Figure 1.3.5 Output of major 5¢
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Shellfish cultivation is one of the most important forms of mariculture in China. Shellfish are filter feeders
obtaining all their nutrition from phytoplankton, microphytobenthos and different types of organic detritus.
Shellfish culture is extensive and requires no external feed input. Nevertheless, the rapid growth of the indus-
try has inevitably raised questions about carrying capacity and sustainability. Sun et al. (1998) reported that
intensive raft culture of scallop and kelp reduced current velocity by 50 percent in farmed waters, and that the
water exchange rate in these areas decreased 1.7 percent in comparison with ten years ago (early 1980s).
Cultivation of scallop, oyster and other shellfish has developed so rapidly in recent years that many areas in
coastal waters are densely populated with farming rafts (Figure 1.3.6). Large-scale shellfish farming can
increase dissolved inorganic nutrient concentrations by increasing remineralization of particulate organic
matter. The overloading of nutrients can result in negative environmental impacts such as eutrophication,
oxygen depletion, biodiversity modification, and pollution of the surrounding waters (Fang et al. 2001; Troell
et al. 2003).

In algal farming, kelp Laminaria japonica was the predominant contributor followed by Gracilaria,
Undaria and laver Porphyra (Pyropia). Annual production of these commodities (by dry weight) reached
1.361 x 10° 262.0 x 10°, 203.0 x 10° and 114.0 x 10” tonnes, respectively, in 2014 (Figure 1.3.7).

Seaweeds play an important role in cleaning the surrounding environment by absorbing nutrients.
Laminaria, Undaria, Porphyra (Pyropia) and Gracilaria have been the most important species traditionally
cultivated along the Chinese coast (Tseng and Fei 1987; Yang and Fei 2003). During 1950s—70s, the main
mariculture algae in China were Laminaria and Porphyra (Pyropia). Now the trend is for farms to engage
mostly in raising fish, shrimp, crab and shellfish. These multi-species culture systems provide better eco-
nomic dividends to farmers. However, the ecological function of seaweed cultivation and that of economically
valuable animals are quite different. Cultivated seaweeds have very high rates of productivity and grow well in
water bodies with higher nitrogen and other nutrients. Seaweeds are able to absorb nitrogen, phosphorus and
carbon dioxide, produce oxygen, and consequently reduce eutrophication. For example, the large-scale culti-
vation of kelp L. japonica has reduced the negative impacts of scallop cultivation in coastal waters in northern
China (Fei et al. 1999). Another interesting example is Xiangshan Bay in Zhejiang Province. This was a fertile
bay because of high-density Laminaria farming in 1970s, but it became seriously polluted, with numerous
occurrences of red tides, after farmers switched to high-density cage culture of fish and overcrowded shellfish
rafts. In 2001, mariculture production of fish, shellfish+ shrimp+crab, and seaweeds reached 9.109 x 107,
49.09 x 10° and 2.330 x 10° tonnes, respectively, in the bay. The percentage of seaweeds was only 3.9 percent
of the total production (Zhang et al. 2003).

The productivity of cultivated seaweeds is usually much higher than that of seaweed in its natural habitats.
Cultivated seaweeds are able to accumulate considerable biomass over a period of months depending on the
season. When seaweeds are harvested, nutrients are removed from the water. Methods for treating effluent
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Figure 1.3.6 Floating rafts used for scallop (top) and kelp (Laminaria japonica) farming (bottom).

from eutrophic waters with macroalgae were initiated in the mid-1970s. There has recently been renewed
interest in this approach, verifying that wastewater from intensive and semi-intensive mariculture is suitable
as a nutrient source for seaweed production, and that integration with seaweeds significantly reduces the
loading of dissolved nutrients to the environment (Fei ef al. 1999; Troell et al. 1999; Chung et al. 2002).

Experimental (fish and seaweed) culture systems results demonstrated that Gracilaria lemaneaformis can
effectively remove inorganic nutrients from waters. The concentrations of NHy-N decreased 85.53 percent
and 69.45 percent and the concentrations of PO4-P decreased 65.97 percent and 26.74 percent after Gracilaria
was cultivated for 23 days and 40 days, respectively.

In crustacean culture, white shrimp (Litopenaeus vannamei) is the biggest contributor to the total produc-
tion, followed by mud crab (Scylla spp.), swimming crab (Portunus spp.) and tiger shrimp (Penaeus monodon).
The productions of these commodities in 2014 were 875.0 x 10%, 140.0 x 10%, 118.0 x 10° and 74.00 x 10° tonnes,
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Figure 1.3.7 Production of cultured major 1600
algal species in China in 2014.
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respectively (Figure 1.3.8). While the output of Chinese shrimp (Fenneropenaeus chinensis), which used to be
the most important farmed shrimp species in China in 1980s, was only 48.2 x 10° tonnes.

Several dozens of species of marine finfish are cultured in China. Of these, large yellow croaker (Larimichthys
= (Pseudosciaena) crocea), flatfish (members of the family Pleuronectidae) and sea bass (Lates calcarifer) were
the biggest contributors to the total production, followed by grouper species (members of the family
Epinephalidae), red drum (Sciaenops ocellatus) and sea breams (Pagrosomus major, Sparus microcephalus,
S. latus, S. aurata, S.berda, Rhabdosargus sarba). Their annual production reached 127.0 x 10%,126.0x 10°,
113.0x 107, 88.0x 10%, 69.0 x 10% and 59.0 x 10” tonnes, respectively, in 2014 (Figure 1.3.9).

1.3.2.3 Feeds and Feeding

Pellet feeds are commonly used in marine fish farming in China, while low-valued fish (also referred to as
trash fish in the past) considered to be unfit for human consumption are also used as feed in some fish farms.
Studies showed that in some marine fish culture practices, higher organic and nutrient loadings are mainly
generated from uneaten feed and excreta. Investigations have shown that uneaten feed and excreta were one
of the most important controllable sources contributing to organic and nutrient loadings in coastal waters,
and are at a higher level in cage culture systems where low-valued fish are used as feed (Wu 1995).

Fish by-catch generally consisting of low-valued small fish of 10-15 cm in body length are used as feed, and
are purchased from local markets near the fish farming sites. These low-valued fish are cut into 2—3 cm pieces
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Figure 1.3.9 Production of major maricultured
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and fed to farmed fish. In general, per day, fish farmers feed 2—3 times at a rate of 2—3 kg fish fed per fish cage
(3x3 m). Qian et al. (2001) found that use of minced fish resulted in higher pollution levels than that by feed-
ing whole fish and mollusks. In general, 85 percent of phosphorus (P), 80—88 percent of carbon (C) and 52-95
percent of nitrogen (N) input into a marine fish culture system as feed may be lost into the environment
through uneaten feed, excreta and respiration. High pollution loadings, 23 percent of C, 21 percent of N and
53 percent of P of feed input into a culture system are reported to be accumulated in bottom sediments. The
major impact is on the sea bottom where higher sediment oxygen demand, anoxic sediments, production of
toxic gases and a decrease in benthic diversity have been observed (Wu 1995).

1.3.2.4 Selective Breeding and New Varieties

In addition to progress in farming technology and feeds and nutrition, the cultivation of selected and/or
genetically improved new varieties of aquatic organism play an important role in the development of maricul-
ture in China (Wang 2013).

Chinese shrimp Pennaeus (Fenneropenaeus) chinensis provides a good example in this regard. In 2003, a
new variety of Chinese shrimp, Huanghai No. 1 was accredited by the National Certification Committee for
Aquatic Varieties (registration no. GS01-001-2003) after seven generations of selective breeding. The average
body length increased by 8.40 percent, while body weight increased 26.86 percent compared to the control
population. In addition, since 1998 much effort has been devoted to selecting WSSV (White Spot Syndrome
virus) resistant lines of E chinensis. In 2008, after 11 generations of selective breeding, Huanghai No.2, with a
faster growth rate, higher pond survival rate and stronger disease resistance were certified. The harvest body
weight increased by over 20 percent, WSSV resistance increased by 15.80 percent, and demonstrated a lower
morbidity or slower death after infection with disease. In 2013, the Huanghai No. 3 shrimp variety was
obtained after five generations of selective breeding. Farm trials showed that compared to the control, the
resistance of juvenile shrimp of the new variety to ammoniacal nitrogen increased by 21.20 percent, the sur-
vival rate increased by 15.20 percent and average weight rose by 11.80 percent. Huanghai series new varieties
of E chinensis have been recommended by the Ministry of Agriculture of China as the main shrimp new varie-
ties, and their culture has been promoted in Shandong, Hebei, Tianjin, Liaoning, and other coastal areas of
northern China. In recent years, the annual farming area of these new varieties has exceeded 20.0x 10> ha,
and has been well received by shrimp farmers.

Up to the present, a total of 168 new varieties of aquatic organism have been authorized under the National
Certification Committee for Aquatic Varieties, and popularized for aquaculture in appropriate waters in
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China, of which about 70 are new varieties of marine organisms. Among these mariculture varieties, 45 were
developed through selective breeding, 17 were hybrids, and the remaining 8 were introduced from other
sources. These new varieties have been playing a significant role in promoting mariculture development in
China.

1.3.3 Mariculture Modes and Technologies

Mariculture modes in China are currently classified into seven types based on the type of practice. They
include pond farming, traditional net-cage farming, deepwater net-cage farming, long-line raft farming, lan-
tern-net raft farming, sea-bottom ranching and land-based industrialized (indoor-tank) farming (China
Fishery Statistical Yearbook 2001-2015). The output and farming area for each farming mode in 2014 are
presented in Figure 1.3.10. Since production from deepwater net-cage farming is relatively small, the yields
and farming areas for traditional and deepwater net-cage farming are added together in the figure.

1.3.3.1 Pond Farming

Pond mariculture is widely practiced in China. During the early stage of its development, parts of bays or
inshore waters were enclosed to farm fish or other aquatic species. Large-scale pond farming commenced in
the 1980s, with the surge in shrimp farming development in coastal areas of China. Pond farming techniques
have been progressing over the past several decades from extensive, semi-intensive to intensive. Monoculture
was the dominant method of pond farming, while polyculture became popular especially in the coastal areas
of northern China. More ecological techniques are applied in pond culture, including Integrated Multi-
Trophic Aquaculture (IMTA), probiotic usage and biosecurity techniques. In recent years, a new trend of
Recirculating Aquaculture Systems (RAS) in ponds is becoming popular in order to reduce waste discharge
and save water, and, importantly, to reduce the risk of disease outbreaks.

Total production of pond mariculture in China reached 2.295 x 10° tonnes in 2014, and the total area under
pond mariculture was 456.9 x 10° ha. Guan%dong and Shandong Provinces are the leading producers of pond
culture in China, with records of 559.0 x 10° tonnes and 327.0 x 10° tonnes, respectively, in 2014.
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1.3.3.2 Net Cage Mariculture

The total harvest from net cage mariculture in China was 526.0 x 10> tonnes in 2014, with the total area of
inshore traditional net cages amounting to 53.97 x 10° m?, and the total volume of deepwater net cages of
6.055 x 10° m®. Traditional inshore net cages are small (3x 3 m or 5x5 m) and vulnerable to high waves and
extreme weather conditions. As a result, these cages are usually positioned in sheltered bays and inshore
areas. Thus, traditional net-cage culture often has a negative impact on the surrounding marine ecosystem,
due to water pollution and habitat encroachment as the cages tended to be arranged in high densities. Fujian
province is well known for its traditional net-cage culture owing to its numerous bays and gulfs protected by
thousands of islands.

Deepwater net-cage farming has been developing in China since 1998 when it was first introduced from
Norway. However, currently the total output from the deepwater cages is still limited (88.74 x 10° tonnes in
2014) compared to other types of mariculture. Hainan and Shandong are the provinces with the highest num-
ber of deepwater net cages. Research and technical innovation for designing and producing deepwater net
cages in China is still on going, and progress is anticipated when more efforts are made to promote maricul-
ture in offshore waters.

1.3.3.3 Raft Culture

Raft farming technology was applied for kelp L. japonica culture in the 1950s in China. This farming mode
(see Figure 1.3.6) has been evolving since then, and has gradually developed into different forms and has benn
applied to farming different species, such as long-line culture of seaweeds, lantern-net culture of scallops, and
hanging culture of oysters. In inshore waters of Shandong Province, most rafts were set up within less than 20
m water depth. In recent years, however, in order to move to offshore waters to alleviate the impact of mari-
culture activities on the inshore environment, more rafts are installed at depths of —30 m or even deeper. The
total production from raft culture was 6.170x 10° tonnes in 2014 in China, ranking highest among all
mariculture types; the total area of raft culture reached 445.0 x 10° ha. Shandong Province is the leading pro-
ducer of raft culture in China. Since the main species for raft culture are seaweeds and mollusks, the Integrated
Multi-Trophic Aquaculture (IMTA) approach is widely practiced in China’s inshore raft culture waters.

A schematic representation of a raft applied in mariculture is shown in Figure 1.3.11. With the development
of farming technology and adoption of raft mode in different waters and for different species, raft structure
has been undergoing modifications based on local conditions and requirements of specific species.

1.3.3.4 Integrated Multi-Trophic Aquaculture (Imta)

The principle of IMTA was presented only about ten years ago. However, the practice of this principle in
aquaculture can be traced back several hundred years in China. In mariculture practices in Shandong
Peninsula this principle has been applied since the 1990s as polyculture or the integrated culture of different
species with differing ecological/trophic status (Figures 1.3.12 and 1.3.13). The following is a brief introduc-
tion of IMTA of abalone-sea cucumber-kelp raft integrated farming.

1 /2 Figure 1.3.11 Schematic diagram of a

mariculture raft. Note: 1. floating raft
rope; 2. float/buoy at sea level; 3. anchor
rope; 4. anchor/stake; 5. hanging rope;
6. cultured kelp in long-line/scallop in
lantern net.
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Figure 1.3.13 Farmers working on IMTA system.

Kelp, L. japonica and abalone are important species in inshore raft farming in China. Bioaccumulation of
abalone and seaweed fragments on the sea bottom were one of the main sources of pollutants in culture areas.
Sea cucumber is one of the rare economic marine animal species that scavenge. In the integrated farming of
abalone—sea cucumber—kelp, depending on the relationship between food and wastes, the cultured seaweed
can be a high-quality food for abalone, while the feed waste, feces and other particulate organic matter pro-
duced by the abalone settle on the sea bottom and become a food source for the sea cucumber. Abalone and
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Figure 1.3.14 A simplified schematic diagram
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sea cucumber respiration and excretory products, i.e. inorganic nitrogen and phosphorus and CO,, can be
readily utilized by macroalgae for photosynthesis (Figure 1.3.14).

It has been suggested that the IMTA technology which includes the production of seaweed (kelp), mollusks
(abalone), bivalves (bay scallop [Argopecten arradians]), and echinoderms (sea cucumber) should be used to
help close the food fish protein gap, while capture fisheries recover to sustainable levels (Sherman and
McGovern 2012). Preliminary results suggest that the IMTA pilots should be extended throughout the Yellow
Sea Large Marine Ecosystem (YSLME), and into other Asian large marine ecosystems, where application
could provide job opportunities and food security. Pilot IMTA projects have proven to be highly energy effi-
cient, and optimized the carrying capacity of coastal embankments while improving water quality, increasing
protein yields, and, through carbon capture, contributing to mitigation the effects of climate change (Sherman
and McGovern 2012).

1.3.3.5 Sea Bottom Ranching

Generally, this form of mariculture refers to intertidal zone bottom, inshore bottom and deep water bottom
culture. Main species for bottom culture are bivalves, abalone and sea cucumber etc. Shandong and Liaoning
in northern China are the leading provinces in sea bottom ranching. The total harvest of aquatic products
from sea bottom ranching was 5.100 x 10° tonnes in 2014, and the area utilized for sea bottom ranching was
1.130x 10° ha. Sea bottom ranching is relatively easy to implement, is a labor-intensive practice, and relies
highly on a favorable natural environment. In the last two decades, Zhangzidao Fishery Group Co., Ltd (now
Zoneco Group), located in the Northern Yellow Sea, has been focusing on stock enhancement and sea ranch-
ing in waters around its islands with a sea area of around 2000 km®. Natural conditions in the Zhangzidao area
are characterized by less influence from the mainland, unobstructed currents, optimal water temperature,
stable salinity, muddy and sandy bottom, and relatively high primary productivity, conditions that are ideal for
stock enhancement and sea ranching. Artificially propagated seed stocks of scallop P. yessoensis, sea cucum-
ber A. japonicus, abalone H. discus hannai, ark shell Sapharca broughtonii and other native species were
released into waters annually for stock enhancement and sea ranching.

Another example is from Shandong peninsula. Chudao Island located at the south point of Sungo Bay,
where integrated farming is practiced in eelgrass (Zostera spp.) beds. Within this farming practice, the sea-
grass ecosystem, consisting of members of the genera Phyllospadix and Zostera, provides food for sea urchins
(Paracentrotus spp.) and abalone, and habitats for other benthic organisms or swimming creatures. Mollusk
feces and naturally occurring organic deposits may provide feed for abalone and sea cucumber, while the
ammoniacal nitrogen these animals produce can be absorbed by eelgrass and phytoplankton, and phyto-
plankton may provide food for mollusks. Another important point is that seagrass and phytoplankton may
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Table 1.3.1 Annual economic return from eelgrass beds in Chu Island, Shandong Province (2013).

Seeds/spats ranched annually Annual Economic value Total economic
Species ranched (no. of ind.) yield (kg) (RMB/kg) return (RMB)
Sea Cucumber Holothuria spp. 500 000 20 000 160 3200 000
Abalone H. discus hannai 50 000 1500 400 600 000
Sea urchin S. nudus Natural spat 2500 56 140 000
Clam R. philippinarum Natural spat 200 000 7 1400 000
Sea conch R. venosa Natural spat 20 000 10 200 000
Seaweed Gracilaria spp Natural seedling 80 000 6 480 000
Pacific oyster C. gigas Natural spat 300 000 0.5 150 000
Clam S. purpuratus Natural spat 80 000 6 480 000
Total 704000 6 650 000

provide dissolved oxygen for the system. In recent years, through implementation of seagrass seedling trans-
planting and integrated farming, eelgrass resources in the area are expanding, the harvest of economically
valuable species such as clam, conch, sea urchin, sea cucumber, abalone, and other products from the waters
are also increasing. The average annual economic return from the Chudao marine ranch in recent years is
around 7 million RMB (Table 1.3.1), and even higher output from these waters by the local farming communi-
ties is expected.

1.3.3.6 Land-Based (Indoor Tank) Industrial Mariculture

Land-based industrial mariculture usually refers to indoor-tank farming including flow-through and recircu-
lating aquaculture systems (RAS). The total production of land-based industrial mariculture in China was
1.70 x 10° tonnes in 2014, and the total farming water volume was 25.64 x 10° m°, Shandong and Fujian prov-
inces rank high above others in industrialized mariculture production. The main species involved in this type
of culture include flatfish, shrimp, and abalone. Although flow-through systems are usually applied in indus-
trial indoor-tank farming in China, recirculating systems are becoming popular especially in Shandong,
Tianjin, and Liaoning provinces in northern China. In winter time, recirculation of water through treatment
systems may efficiently increase the re-use of heat, and reduce the cost of operations. Industrial mariculture
makes efficient use of water resources, effectively controls wastewater and solids discharge, increases output
of unit farming area per hectare, and reduces land costs, and also labor costs because these systems are not
labor intensive.

1.3.3.7 Challenges and Way Forward

Mariculture-related environmental problems, such as water pollution and eutrophication, are prevalent in
some mariculture areas in China, while disease problems and concerns about the food safety/quality of
aquatic products occur in over-intensive practices. In Sungo Bay, located on the east coast of Shandong pen-
insular, the growth rate of the scallop Chlamys farreri had decreased from that a decade ago. Related investi-
gations indicate that the current scale of farming has exceeded the carrying capacity of the bay (Sun et al.
1998; Fang et al. 2001). In the Xiamen sea area of Fujian Province, the culture area of Japanese seabass
(Lateolabrax japonicas) and Hooded oyster (Saccostrea cucullata) has a high density of Enterobacter (Ke
et al. 2002). In Zhelin Bay, in Guangdong province, the culture of Sparus macrocepalus, Pagrosomus major,
Plectorhynchus cinctus and Mugil cephalus were associated with lower DO (dissolved oxygen), higher COD
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(chemical oxygen demand), higher concentrations of PO4-P and NO,-N, and higher concentrations of
sulphide and PO,-P in sediments.

In recent years, the public has become increasingly aware of the dynamic nature of mariculture ecosystems.
The systems include not only the cultured species and their environment, but also people and their associated
social and economic institutions and communities. Some reports have emphasized the challenges to biologi-
cal, economic, and social sustainability of mariculture systems: complexity, variability, measurement errors
and so on. These characteristics lead to uncertainties, which in turn create risks — biological risks for aquatic
ecosystems, economic risks for industry, and social risks for coastal communities (Campbell 1994; Caddy,
1999; Peterman et al. 1999; Liu and Liu 2001).

Mariculture can be a sustainable development provided that the pollution loadings generated by fish and
other cultured animals are kept well below the carrying capacity of the water body. Negative impacts of mari-
culture can be significantly reduced by careful site selection, maintaining long-term health of coastal environ-
ments, control of stocked species and densities, improved feed formulation and integrated culture with
macroalgae, filter-feeders and deposit-feeders (Wu 1995; McVey et al. 2002).

1.3.4 Coastal Environment Management

The coastal environment is an important resource. Pollution created by human activities on land should be
controlled, thereby decreasing impacts from terrestrial origin. For near-shore resources, governments and
related stakeholders should incorporate ecosystem considerations, including environmental fluctuations and
socioeconomic factors. Coastal communities should use resources in sustainable ways. High priority should
be given to the management of marine resources, including rebuilding depleted resources, restoring habitats,
and maintaining genetic and ecological diversity (Caddy 1999). While environmental impact assessment
(EIA) tends to be a standard requirement for major developmental projects, so far the application of EIA to
aquaculture licensing in China is less common. Indeed, EIA helps to prevent conflict between coastal users,
protects sensitive habitats, and is important for the sustainable development of the mariculture industry.
Since nitrogen and organic wastes are major concerns, the susceptibility of sites to changes in DO and nitro-
gen pollution should be given special attention in any EIA of mariculture zones (Wu 1995).

1.3.4.1 Controlling Species and Stocking Densities (Degree of Intensity)

Many studies have demonstrated that environmental impacts of mariculture vary considerably between sites
and are highly dependent upon water circulation, species, stocking density, farming practices and feed types
(Wu et al. 1994, Fei et al. 1999; McVey et al. 2002). At one site in Hong Kong with good flushing and low
stocking density, benthos (even corals) could be found underneath fish cages (Wu 1995). These results clearly
indicate that mariculture can be a sustainable industry provided that stocking species and density do not
exceed the carrying capacity of the waters.

1.3.4.2 Promotion of Integrated Mariculture

Ongoing attempts to optimize traditional integrated mariculture and adopt environmentally friendly prac-
tices have also helped to sustain and increase farmed production. Some cultivated seaweeds have high pro-
ductivity and can absorb N, P and CO,, produce O,, and have excellent effects on decreasing eutrophication.
G. lemaneiformis and P. haitanensis are two important commercial seaweeds cultured in inshore waters of
south-eastern China. The yields may reach 40-80 t/ha/yr and 30-60 t/ha/yr, respectively. Investigation
showed that the yield of G. lemaneaformis reached 50 t/ha/yr in the Nanao Sea area of Guangdong Province
in 2002. Fifty tonnes of seaweed can fix 1250 kg C and 125 kg N, indicating that seaweeds effectively absorb
nutrients from the surrounding waters. In addition, seaweeds can be widely used for human consumption,
fodder, a raw material for chemical products, and as an organic fertilizer. Large-scale seaweed cultivation will
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benefit both the environment and local economies. It could be a powerful method for removing large amounts
of nutrients and for bioremediation in marine animal farming areas (Fei et al. 1999).

Seaweeds can absorb N and D, just as filter feeders (e.g. bivalves) can remove particulate organic matter and
phytoplankton from the surrounding water. Clearing of nutrients generated by marine fish farming by sea-
weeds and filter feeders would be an attractive option, since this would alleviate nutrient overloading on the
one hand, and increase productivity on the other (Wu 1995; Yang and Fei 2003). Culturing shellfish to remove
N and plankton derived from fish farms appears to be a viable and a practical option, and should be adopted
in net-cage culture systems. However, caution must be exercised to avoid bacterial contamination of shellfish
from fish farms (Wu 1995).

Filter feeders can remove and benefit from nutrients in fish farms in two important ways. First, they con-
sume organic particulates, and prevent further release of nutrients from bacterial degradation of organic
matter. Second, they also feed on bacteria and phytoplankton that use inorganic nutrients for growth.
Cultivating filter-feeding bivalves, such as scallops and mussels, therefore, is recommended for integrated
culture systems because they consume organic particulates originating from fish feed and cultured species’
excretion, and directly lower the extent of organic pollution. Moreover, they remove dissolved inorganic pol-
lutants through consumption of phytoplankton, and thus reduce the fouling rates in fish cages and nets (Qian
et al. 2001).

Traditional polyculture may include combinations of shellfish, finfish and macroalgae, which are consid-
ered more sustainable than monoculture due to the reutilization of waste products of one species by the other.
Sustainable development will need to recognize the diversity of mariculture practices, as well as the social,
economic and environmental conditions in which they take place (Chopin and Yarish 1999; McVey et al.
2002).

1.3.5 Mariculture Management

The enforcement of management measures to mitigate deterioration of the quality of coastal waters, and
diminish the environmental impacts of mariculture development have now become urgent in mariculture
zone management in China. Mariculture is a land/water-use activity, just as in agriculture or forestry. Though
it may seem strange to talk about the production of aquatic products as being a land/water-use like the pro-
duction of sheep or trees, the coastal waters in which marine organisms live are intimately affected by the
nature of the adjacent land and events that happen on that land (Campbell 1994).

The production of high-quality aquatic products requires good water quality. Fish-cage farming has been
regarded as a source of organic pollution. Therefore, integrated management is necessary. Development of
integrated mariculture (e.g. fish + seaweeds) may help the mariculture industry avoid noncompliance, and
gain both direct and indirect benefits from improving water quality and coastal ecosystem health (Troell ez al.
2003).

The human component is an often neglected aspect of mariculture management. The elements of farmed
species are relatively easy to handle. However, the needs and demands of the farming communities are con-
siderably less predictable and meeting their needs is not easy to handle. The latter is particularly so in respect
of quality of mariculture operations, and the environmental impacts of the practices and the willingness to
incur any costs to improve the latter aspects.

Primary objectives for mariculture management in relation to eutrophication in coastal waters are to reduce
growth of microalgae, increase water clarity, and re-establish biodiversity richness. The key to improving and
maintaining the long-term health of mariculture ecosystems lies in instituting management practices over the
whole watershed. A control plus management strategy should be implemented as a whole in mariculture
zones, and some measures are suggested to achieve such objectives:

a) Control stocking density and number of labor involved in both fisheries and mariculture, and restrict the
total number of fish net-cages in all fish-culture zones, based on the carrying capacity of the waters.
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b) Periodic shifting of net-cages and/or a fallow period (suspending fish-culture activities) to be implemented
to facilitate the recovery of water quality and the benthic communities.

¢) Develop submersible net-cages to undertake fish-culture operations in deeper and well flushed waters.
Support and encourage offshore mariculture.

d) Encourage and promote the use of formulated pellet feeds, and eliminate the use of low-valued fish as feed.

e) Increase seaweed cultivation to reduce eutrophication and remediate coastal waters, especially in waters
of marine animal culture with high stocking rates.

f) Collect, analyze, and openly communicate data and information. Clearly define the roles, rights, and
responsibilities of stakeholders to align their interests with the overall objectives of sustainability.

Successful management of the mariculture industry depends upon establishing partnerships and fostering
interactions between experts from different but related disciplines and stakeholders. Mariculture definitely
has the potential to develop sustainably provided the industry is properly managed.

1.3.6 Conclusions

Mariculture has been developing rapidly in China since the 1950s and is considered as an important strategy
to meet the increasing demand for seafood internationally and domestically. Currently, seafood from maricul-
ture are well received by consumers, and mariculture is playing a critical role in the economic development of
coastal areas. It is estimated that more than 100 species of marine organism, including finfish, crustacean,
shellfish, sea weeds, echinoderms, and other species of commercial significance, are exploited and cultured
on a range of scales in China. Various farming modes have been developed, based on local socio-economic
and environmental conditions, and technical progress is promoting the advance of mariculture nationwide.

It should be pointed out that in discussions about the development of mariculture, more attention has been
paid to seafood production and its economic benefits, while its ecological impacts have usually been ignored.
Recent studies show that through the mariculture of shellfish and seaweeds, with an annual production of
>10 million tonnes in China, 3.79 + 0.37 x 10° t C yr ' are being sequestered, and 1.20 + 0.11 x 10° t C yr " are
being removed from the coastal ecosystem through harvesting. Cultivated shellfish and seaweed can indi-
rectly and directly take up a significant volume of coastal ocean carbon — shellfish accomplish this by removal
of phytoplankton and particulate organic matter through filter feeding, and seaweeds through photosynthe-
sis. Thus, cultivation of seaweed and shellfish plays an important role in carbon fixation, and therefore con-
tributes to improve the capacity of coastal ecosystems to absorb atmospheric CO, (Tang et al. 2011).

Mariculture undoubtedly has a promising future, even though some constraints and challenges need to be
properly addressed. The authors of this volume believe that in coming years, more attention should be paid to
reform the structure, improve the quality, and raise the efficiency of practices of the mariculture industry.
Some suggestions are presented in this volume to promote and facilitate mariculture development, including
new theories and ideas to be introduced and/or innovated on new farming techniques, and new types of
farming. Breeding new varieties with faster growth rate, and better performance and disease resistance should
be enhanced, and disease diagnosis, prevention and control techniques be strengthened and improved. Feed
quality and feeding schemes should also be improved. What should be emphasized is that, the authors believe,
mariculturists and related stakeholders must enhance their understanding on the interactions of mariculture
activities with the ecosystem, and practice ecosystem-based approaches for mariculture so as to maximize
profits while minimizing the impacts of farming activities on the ecosystems.
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1.4

Chinese Aquaculture: Its Contribution to Rural Development
and the Economy

Ningsheng Yang

Chinese Academy of Fishery Sciences, 150 Qingta Cun, Beijing, China

1.4.1 Introduction

China is the most highly populated country in the world. Its current population is 1.3 billion and is predicted
to rise to 1.6 billion by 2030. Due to rapid growth of its population, per capita agricultural land has steadily
decreased from 0.19 ha in 1949 to 0.076 ha in 2005 (Liu 2008). The acknowledgement of depletion of wild fish
stocks has focused Chinese fishery development policies on expanding inland, brackish and, in particular,
marine aquaculture as a key strategy for meeting changing national demand and consumer patterns.

As was apparent from the previous chapters, China is the largest fish producer in the world, with a very long
history of aquaculture. The earliest aquaculture practices started some 2500—3000 years ago (See Chapter 1.1).
Chinese aquaculture production has accounted for about 70 percent of the world total due to fast and steady
development in the past decades (Mai 2012). Since 1988, Chinese aquaculture has surpassed capture fisheries
in output and become a dominant subsector in Chinese fisheries (Yang 2000).

Aquaculture has been providing a very important source of animal protein for Chinese people, estimated at
25 kg per capita of aquatic products, equivalent to 20 percent of the animal protein intake for the Chinese
people (Miao 2010). Moreover, aquaculture plays a significant role in rural livelihoods and economic develop-
ment. Compared with other agricultural subsectors aquaculture has been a dynamic food production subsec-
tor in China, particularly over the last three decades. It is characterized by diverse farming systems and
practices, and by the wide range of organisms that are cultured. The sector has changed and restructured to
adapt to changes in socioeconomic and environmental conditions in China during the last three decades.
Some aquaculture systems and practices are effective in adapting to such changes, and still continue to play
an important role in improving rural livelihoods and contribute to food security.

This Chapter aims to review and evaluate the successful development of Chinese aquaculture in the past
decades and provides valuable experiences and lessons for comparable developments elsewhere.

1.4.2 Significance of Chinese Aquaculture Industry in 2014

For purposes of clarity in this Chapter the industry status in the year 2014 is taken as a base.

1.4.2.1 Outputs and Values

In 2014, the total output of fisheries in China was 64615200 tonnes, of which aquaculture accounted for
47480000 tonnes and capture fisheries 17 130000 tonnes (Figure 1.4.1). The production ratio of aquaculture

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.

55



56 | Aquaculture in China

50,000 Figure 1.4.1 Production output of aquaculture and
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to capture fisheries was 73:27. The total value of production was 1.086 trillion RMB (6 RMB = 1 US$), of which
aquaculture accounted for 788.805 billion RMB, and capture fisheries 237.628 billion RMB (Figure 1.4.2), and
fingerlings 59.687 million RMB. The value ratio of aquaculture to capture fisheries was 77:23 (China Fishery
Statistical Yearbook 2014).

1.4.2.2 Types of Aquaculture

The total aquaculture area in China in 2014 was about 8 386 000 ha. Among these, the area under mariculture
was about 2305000 ha, and the area under inland aquaculture was about 6081000 ha (Figure 1.4.3). The
proportion of marine to inland water was 27 to 73.

7 Figure 1.4.3 Inland and marine aquaculture areas in 2014.
6 Source: China Fishery Statistical Yearbook (2014).
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For inland aquaculture, the respective percentages of ponds, lakes, reservoirs, rivers, and other type of
systems were 44 percent, 17 percent, 33 percent, 4 percent and 2 percent (Figure 1.4.4).

In mariculture (also see Chang and Chen, 2008) the percentage area devoted to the culture of finfish was
4 percent, crustaceans 13 percent, shellfish 66 percent, algae 13 percent and others 66 percent (Figure 1.4.5).

In terms of culture commodities, finfish were dominant in inland aquaculture, with a production of
26030000 tonnes in 2014, while mollusks are the major cultured organism in mariculture, with a production
of 13170000 tonnes (Figure 1.4.6).

Figure 1.4.4 Share of inland aquaculture areas based on systems. Rivers
Source: China Fishery Statistical Yearbook (2014). 4%

Figure 1.4.5 The proportionate share (%) of areas used in mariculture of Finfishes
different species groups. Source: China Fishery Statistical Yearbook (2014). 4%
Algae

5%

Figure 1.4.6 Production of the major species groups in
inland and marine aquaculture in 2014. Source: China
Fishery Statistical Yearbook (2014).
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1.4.2.3 Net Income of Fishers

According to a survey of 10 000 fishery worker families, the per capitanetincome in 2014 was 14426.26 RMB,
an increase of 10.64 percent over the previous year.

1.4.2.4 Per Capita Availability of Aquatic Products

In 2014, per capita availability of aquatic products in China was 47.24 kg, an increase of 4.17 percent over the
previous year.

1.4.2.5 Fishery Workers

In 2014, the total number of people working in the fishery sector in China was 20350400, a decrease of
0.56 percent over the previous year (National Bureau of Statistics of China 2014). Among them, traditional
fishery workers were 6 864:000, a decrease of 3.66 percent from the previous year, and fishery workers were
14290200, a decrease of by 0.97 percent in comparison to the previous year. The proportion of full-time
workers engaged in aquaculture was 66 percent, capture fisheries 23 percent and other activities 11 percent
(Figure 1.4.7).

1.4.2.6 Aquatic Product Exports

1.4.2.6.1 Export Products
In 2014, 4160000 tonnes of aquatic products were exported, which was 5.16 percent higher than in the
previous year. The products ranged from squid, shrimp, mollusks, tilapia (Oreochromis spp.), eel (Anguilla
spp.), crabs, crawfish, large yellow croaker, etc., accounting for 34.66 percent of all exported aquatic prod-
ucts (Figure 1.4.8).

The export value reached US$ 21.698 billion, 7.08 percent higher than the previous year, and accounted for
30.15 percent of total agriculture exports (Figure 1.4.9).

1.4.2.6.2 Export Markets
Japan and the United States are listed at the top of China’s fishery export markets, followed by Southeast Asia,
Hong Kong China, the European Union, Korea and Taiwan China (Figures 1.4.10 and 1.4.11).

1.4.3 Experiences Gained from the Past Decades

The rapid development of the aquaculture industry in China has not only greatly increased the fish supply and
improved the civilian dietary profile, but it has also led to the expansion and consolidation of related industry
chains such as fish feed manufacture, fish processing, marketing, and import and export. The sector has

Figure 1.4.7 The percent distribution of full-time fishery workers in the different
Others sectors. Source: China Fishery Statistical Yearbook (2014).
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Figure 1.4.10 The main export markets, based on quantity, for fishery products of China. Source: Yearbook of China Fisheries
Import and Export (2014).

grown from a rural sideline in the past into a significant industry at present, and has therefore contributed to
adjustments in the structure of agriculture in China, the transfer of millions of surplus labor in the rural work-
force, the enhancement of farmers’ annual incomes, and the easing of pressures on wild fishery resources.
Looking back at the development of Chinese aquaculture in the past decades the primary drivers for the suc-
cess of the sector can be considered to be as follows.
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1.4.3.1 Government Policies

After the reforms and opening up of the economy during the early 1980s, the Chinese government introduced
a series of policies to promote aquaculture development. The growth of Chinese aquaculture can be broadly
divided into four phases: an initial phase, rapid growth phase, transition phase, and the current consolidation
phase.

1.4.3.1.1 The Initial Phase (1978-1984)

Faced with an inadequate supply of fish over a long period, the government of China started to promote fish-
ery development by implementing reforms in the way fish markets operate, and in price and supply, which
used to be under tight government control. The government introduced a “double-track” price system, which
is a combination of government control and prevailing market forces. Under this system, most aquatic prod-
ucts were allowed to be traded freely in the markets except those staple fish products in that time such as
shrimp, hairtail fish (Trichiurus lepturus), etc. The previous collective production system of aquaculture
management was gradually discontinued, and Household Responsibility System was introduced to encourage
farmers to engage in aquaculture. These changes were enthusiastically adopted, and aquaculture became one
of the most important sources of income for farmers in rural areas. In addition, to further stimulate the devel-
opment of aquaculture, the government issued permits for the use of tidal flats. Since then, mariculture has
become increasingly popular. In 1984, China’s fishery output reached 7080000 tonnes, of which aquaculture
production was 2920000 tonnes. As a result of these developments, the fish supply for urban and rural resi-
dents began to improve.

1.4.3.1.2 Rapid Growth Phase (1985-1994)

On the basis of the encouraging outcomes of the initial development stage, the government reinforced its
fisheries policies, particularly as regards the Household Responsibility System and operating market forces
impacting on fish prices. In 1986, the Fishery Act of the People’s Republic of China was enacted. This Act
clearly specified that the Chinese fishery sector should simultaneously develop aquaculture, capture fisheries
and fish-processing industries, with an emphasis on aquaculture. These initiatives drove the sector into rapid
growth, and brought considerable social and economic benefits. Within a decade, Chinese fishery output
increased to 25160000 tonnes in 1994, from 8020000 tonnes in 1985, of which aquaculture accounted for
55 percent. The number of fishery workers increased from 5950000 to 10840000 and fishery workers per
capita net income rose from 626 RMB to 2936 RMB — about 3.7 times that of the previous decade.
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1.4.3.1.3 Transition Phase (1995-2001)

With its rapid development, the fisheries sector faced further challenges. The most significant of these being
the decline in natural resources and problems of environmental pollution. In 1996, in order to resolve these
issues the government put forward guidance on “two fundamental shifts’, that is a shift in the structure of
economic development, and in the mode of economic growth. This guidance pointed out that in fisheries
development attention should be paid not only to growth of production volume, but also equally to the pro-
tection of the environment and wild fishery resources. Since then, the government has emphasized the con-
servation of fishery resources. In order to rationalize use of limited fishery resources, the sector was authorized
to control fishing in inshore and inland waters, and encouraged to explore fishery resources in distant waters.
China developed international collaboration in fishery explorations with a number of countries, and expanded
its fishing fleets to operate in international waters. In 1999, China implemented a zero growth plan in marine
capture fishery, strictly limiting inshore fishing. On the other hand, the government advocated the develop-
ment of aquaculture, particularly mariculture (Chang and Chen 2008). In 2001, China’s aquaculture produc-
tion reached 37 960000 tonnes, accounting for 62 percent of the country’s total fishery output. The export of
aquatic products was valued at US$ 3.83 billion, ranking top amongst agricultural export commodities.

1.4.3.1.4 Consolidation Phase (2002 to Present)
After 2002, under the guidance of the Scientific Outlook on Development raised in the Sixteenth National
Congress of the Communist Party of China, the nation entered a new period of economic development. In
this period, China recognized that economic developments need to harmonize with resource utilization and
environmental protection in order to achieve sustainable development. The central government has further
strengthened political and economic support for agriculture development in rural areas, and for improving
farmer livelihoods. The fishery sector benefited from this political environment. First, the sector received
14.235 billion RMB in financial support from the central government between 2002 and 2007 to help it over-
come the difficulties of development transition. Second, the improvement of fishery worker livelihoods have
been placed in the government agenda. Since 2002, most agriculture taxes in China, including aquaculture,
have gradually been eliminated, thereby significantly easing the tax burden on farmers. In 2007, the new
National Property Law stipulated the rights of fishery workers in using the waters and tidal flats for aquacul-
ture. This fundamentally pushed forward the rate of development of Chinese aquaculture industry. Third, the
fishery administrations in China began attaching great importance to overall planning, and carried out the
Strategy on Developing Competitive Aquaculture Zones for Export. This initiative accelerated the process of
Chinese aquaculture in terms of standardization, scale of production, and industrialization. In 2014, Chinese
exports of aquatic products amounted to US$ 21.7 billion, ranking top in the country’s agricultural exports for
15 consecutive years. Since then Chinese aquaculture has begun to develop along a healthier and more sus-
tainable path.

Some aspects of the above changes and trends are depicted in Figures 1.4.12, 1.4.13, and 1.4.14. These
Figures essentially show the development of Chinese fisheries and aquaculture in the past three decades.

1.4.3.2 Advance of Science and Technologies: Key Drivers

The fast development of Chinese aquaculture has relied largely, in addition to the principles and policies of
the government, on scientific and technical advances, especially on technical breakthroughs in hatchery,
nursery and grow-out technologies.

The first significant and historical achievement was the success of seaweed culture during the 1950s, which
was the result of technical breakthroughs in the artificial propagation of kelp (also see Chapter 1.3). By the end
of the 1970s, annual seaweed production in China had reached 250000 tonnes in dry weight (approximately
1500000 tonnes fresh equivalent).

The second prominent achievement was the success of artificial propagation of the four major Chinese carp
species in the 1960s which led to a rapid development of inland water fish culture in China. Currently, the
output of inland aquaculture is about three-fifths of the total output of Chinese aquaculture.
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7000 Figure 1.4.12 Trends in capture fisheries
and aquaculture production. Source: China
Statistical Abstract (2014).
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The third remarkable technological breakthrough was the artificial propagation of scallop in the 1970s
which enabled the rapid development of Chinese mollusk production. Since then, China has expanded mol-
lusk culture beyond the four traditional species (oyster, cockle, razor clam and ruditapes clam (Ruditapes
philippinarum)). Mussel culture was the first new industry to emerge, followed by scallop culture in the
1980s. Abalone culture has become a major industry since the 1990s. Traditional oyster and clam culture
have also advanced and expanded in recent years. Now more than 30 species of marine mollusk are cultured
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commercially in China. Due of its rapid development in recent years, mollusk culture has become the largest
industry of Chinese mariculture, accounting for 81 percent of the total production by weight.

The fourth contribution was the breakthrough in shrimp hatchery technology in the 1980s. This important
achievement has enabled the shrimp industry to become a very important export market. Annual shrimp
production reached 210000 tonnes in 1992, though this reduced in subsequent years due to disease out-
breaks. Freshwater crab culture also began to contribute to the development of aquaculture in the 1980s, due
to technical progress in hatchery and nursery technologies in seawater and brackish water.

The fifth technical achievement was the introduction of European eel (Anguilla anguilla) farming in 1990s.
The successful technology enabled large-scale eel farming in China changed the overall pattern of the Asian
eel farming industry, and brought China to a dominant position in the global eel export markets.

The above five significant technical advances in Chinese aquaculture, occurring approximately once every
ten years, are known as the “five waves of Chinese aquaculture development”. Each technical breakthrough
has lifted Chinese aquaculture to a new level (Chinese Academy of Engineering 2013).

Entering into the 21st century, Chinese aquaculture is still driven by advances of sciences and technologies.
More and more research projects have been prioritized in fields such as seed production, disease control, feed
technology, the development of improved strains and varieties, improvements to aquaculture facilities, and
fish processing. Concurrently, the extension services have been improved in recent years in order to enhance
the efficacy of transfer of technologies to fish farmers. It is reported that contribution by the advance of sci-
ence and technologies to Chinese fishery production is about 55 percent, out of all the driving factors (Chinese
Academy of Engineering 2013).

1.4.3.3 Diversification of Aquaculture

1.4.3.3.1 Diversification of Culture Practices

After more than 30 years, China has developed a number of aquaculture approaches to make full use of vari-
ous culture environments such as shallow sea areas, tidal flats, ponds, rivers, lakes, reservoirs, paddy fields
and saline wasteland. Table 1.4.1 shows the various culture species with different culture practices.

In inland waters, pond fish culture is the most popular, followed by aquaculture in reservoirs, lakes, paddy
fields, rivers and other types of waters (Figure 1.4.15). In mariculture, shallow sea culture is the primary pro-
duction approach which includes hanging, floating net, long-line and net-cage culture. Tidal flat aquaculture
plays an important role in mollusk culture including scallops, mussels, oysters, clams and abalone. Mariculture
in land-based facilities has been developed very fast in recent years. It includes fish ponds and household fish

Table 1.4.1 Aquaculture methods used in China.

Commodity Culture methods
Finfish Land based tank culture; pond culture; cage culture; other methods
Crustaceans Pond culture
Shell fish Hanging culture (scallop, oyster, abalone, mussel, etc.); Bottom culture (clam, oyster, abalone etc.);
Land- based tank culture (abalone)
Seaweeds Floating net method; longline methods; others
Others Pond culture
Sea cucumber Pond culture
Polychaetes Pond culture
Jelly fish Bottom culture
Sea urchin

Source: Liu (2008).
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tanks, which are widely used for rearing valuable commodities for exports such as shrimp, sea cucumber and
high-valued finfish (Figure 1.4.16).

1.4.3.3.2 Diversification of Organisms Cultured

Diversification of the types of organism cultured has not only promoted the development of Chinese aquacul-
ture but has also met market needs. It has been reported that organisms currently cultured in China exceed
200, and include finfish, shrimp, crab, mollusk, algae, echinoderms and amphibians (Chinese Academy of
Engineering 2013).

In freshwater aquaculture more than 120 organisms are utilized. The major organisms are grass carp, silver
carp, big head carp, common carp, crucian carp (Carassius auratus)and tilapia, and the annual output of each
of these exceeds 1000000 tonnes (Chinese Academy of Engineering 2013). Mariculture has also expanded
comprehensively in the number of cultured organisms. At present about 60 kinds of finfish are cultivated
achieving a total annual output 600000 tonnes. Penaeus vannamei, the introduced shrimp species, has been
successfully cultivated in China and contributes 50 percent to Chinese shrimp production per annum (Liu
2008). Table 1.4.2 shows the major cultured species in northern China.
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Table 1.4.2 Marine species cultured in northern China. Source: Liu (2008).

Marine species cultured in northern China

Molluscs

Marine fish

Crustaceans

Seaweeds

Echinoderms

Crassostrea gigas, C. plicatula, C. rivularis, C. talienwhensis, Chlamys farreri, Argopecten irradians,
Patinopecten yessoensis, Mytilus edulis, Ruditapes philippinarum, Meretrix meretrix, Cyclina sinensis,
Mercenaria mercenaria, Mactra antiquata, M. veneriformis, Saxidomus purpuratus, Tegillarca
granosa, Scapharca subcrenata, S. broughtonii, Sinonovacula constricta, Haliotis discus hannai,

H. gigantea, Rapana venosa, Bullacta exarata

Pagrus major, Lateolabrax japonicus, Fugu sp., Paralichthys olivaceus, Scophthalmus maximus,
Cynoglossus semilaevis, C. trigrammus, Kareius bicoloratus, Verasper variegates, Sebastodes fuscescens,

Mugil cephalus, Liza tade, Hexagrammos otakii, Seriola lalandi

Fenneropenaeus chinensis, Penaeus monodon, P. japonicus, P. merguinsis, Litopenaeus vannameli,

Eriocheir sinensis, Callinectes sapidus, Scylla serrata
Laminaria japonica, Undaria pinnatifida, Porphyra yezoensis

Apostichopus japonicus, Strongylocentrotus intermedius, S. nudus

Major mariculture species and production (tonnes) in 2014, for selected spaces

Finfish

Crustaceans

Shellfish

Bastard halibut (Paralichthys olivaceus)
Blackfin seabass (Lateolabrax latus)

Convict grouper (Epinephelus septemfascitus)
Black porgy (Acanthopagrus schlegelii)
Parrotfish (Oplegnathus fasciatus)

Red seatream (Pagrus major)

Other seabreams

Brown croaker (Miichthys miiuy)

Red drum (Sciaenops ocellatus)

Yellowtail (Seriola quinqueradiata)

Puffers

Korean rockfish (Sebastes schlegeli)

Other rockfishes

Mullets (Mugil spp.)

Okhostk atka mackerel (Pleurogrammus azonus)
Konoshiro gizzard shad (Konosirus punctatus)

File fishes (Stephanolepis sp., Thamnaconus sp.)

Otbher finfish

Subtotal
Fenneropenaeus chinensis
Penaeus japonicus

Subtotal

Crassostrea gigas
Rapana venosa
Haliotis discush hannai

Chlamys Farreri nipponensis

57 270
80 625
33033
46 248

43 506
12572
14861

582 566
54380
45173

722172

3750910

202 452

(Continued)
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Table 1.4.2 (Continued)

Major mariculture species and production (tonnes) in 2014, for selected spaces

Cyclina sinensis 2799 004
Mactra chinensis —

Scapharca subcrenata 323225
Solen spp. 676 391

Ruditapes philippinarum _
Meretrix lusoria —
Atrina pectinata -
Scapharca broughtonii _

Mactra veneriformis —

Mytilus coruscus 717 368
Other shellfish —
Subtotal 10247 151
Seaweeds Porphyra spp. 81017
Laminaria japonica 801 128
Undaria pinnatifida 219 607
Gelidium amansii 115
Gigartina spp. —
Codium fragile —

Hijika fusiforme —
Enteromorpha spp. —
Other seaweeds —

Subtotal 1467 545

1.4.4 Potential of Chinese Aquaculture

Human population and income growth, together with urbanization and dietary diversification, are expected
to create additional demands for animal products, including fish, in China. International market demands will
also play an important role in the expansion of the Chinese aquaculture industry.

1.4.4.1 Population Growth and Increasing Demand for Aquatic Products

In a world where more than 800 million people continue to suffer from chronic malnourishment, and
where the global population is expected to grow by another 2 billion to reach 9.6 billion people by 2050, the
world is faced with more challenges than ever before. It is predicted that global food fish availability will
continue to outpace world population growth, and aquaculture remains one of the fastest-growing food
producing sectors (FAO 2014). In 2012, aquaculture set another all-time production high, and now pro-
vides almost half of all fish for human food, a significant change from a hunted to a farmed supply domi-
nance, as with all our other staples (De Silva 2012). This share is projected to rise to 62 percent by 2030
(FAO 2014). The significant role that aquaculture has played in eliminating hunger, promoting health and
reducing poverty has to be acknowledged. Never before have people consumed so much fish or depended
so greatly on the sector for their well-being. It has been predicted that by 2030 global aquaculture produc-
tion will need to increase by two and half times to prevent the present global per capita fish supply from
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Table 1.4.3 Prediction of the domestic fish demand 2020-2030 in China.

Year 2000 2010 2020 2030
Population (x 100 million) 12.7 13.4 14.6 15
Percentage of urbanization (%) 36.2 47.5 60 70
Fish availability per capita (kg) 29.4 40 45 50
Total fishery production (10000 t) 3706 5373 6570 7500

Source: Chinese Academy of Engineering (2013).

falling. If responsibly developed and practiced, aquaculture can generate lasting benefits for global food
security and economic growth.

China is the most populated country in the world with more than 1.3 billion population now and is
predicted to rise to 1.6 billion by 2030. If the current 50 kg per capita fish availability (Chinese Academy
of Engineering 2013) is to be maintained China will need a total 75000000 tonnes of fish, about
20000000 tonnes above the present production (Table 1.4.3). This additional production has to be contrib-
uted through aquaculture as China has inadequate natural fishery resources to exploit, and let alone safe-
guarding natural resources for future generations.

1.4.4.2 Economic and Social Development to Boost the Demand for Aquatic Products

Fish play an important role in food and nutrition security, poverty alleviation and general well-being.
According to the Committee on World Food Security (CES 2014), food security exists when, ‘all people, at all
times, have physical, social and economic access to sufficient, safe and nutritious food which meets their
dietary needs and food preferences for an active and healthy life! Consumption of fish provides energy, pro-
tein, and a range of essential nutrients. In many cases, there may be no alternative affordable food sources for
many of these essential nutrients. Fish accounts for about 17 percent of the global population’s intake of ani-
mal protein (CFS 2014).

In recent decades, average per capita apparent food consumption has also been growing, and global dietary
patterns have become more homogeneous and globalized. Such changes have been the result of several fac-
tors, including rising living standards, population growth, rapid urbanization, and opportunities for trade and
transformations in food distribution. These patterns of change have fueled growing demand for protein food
products, in particular meat, fish (Figure 1.4.17), milk, eggs, as well as vegetables, with a reduction in the
share of staples such as roots and tubers in the diet (FAO 2014). In addition, growing urbanization is a major

Figure 1.4.17 Comparative changes in the per 60
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driving force influencing food consumption patterns, with an impact also on the demand for fishery products.
City dwellers tend to devote a higher proportion of their income to food purchased than do rural populations
on lower incomes. In addition, the former groups generally eat out of the home more frequently, and purchase
larger quantities of fast and convenience foods.

Despite the overall increase in the availability of fish to most Chinese consumers, growth patterns of per
capita apparent fish consumption have been uneven. The supply of animal protein continues to remain sig-
nificantly higher in urban areas than in rural areas. Fish consumption in urban areas (57 percent of the
national population; www.wapbaike.baidu.com) accounts for 70 percent of the country’s total (Chinese
Academy of Engineering 2013). Along with increasing urbanization in China, the urban population will
increase rapidly, and the consumption demand for aquatic products will also increase substantially in the
future.

1.4.4.3 International Trade and Growth

Fish remains the most traded food commodity worldwide. The fish trade is especially important for develop-
ing nations, in some cases accounting for more than half of the total value of traded commodities. In 2012, it
represented about ten percent of total global agricultural exports and 1 percent of world merchandise trade
in value terms. The share of total fishery products exported in different forms for human consumption or
non-edible purposes grew from 25 percent in 1976 to 37 percent in 2012 (FAO 2014).

The European Union is the largest market for imported fish and fishery products, and its dependence on
imports is growing. An important change in trade patterns is the increased share of developing countries in
fishery trade. Exports from developing countries have increased significantly in recent decades driven by a
lowering of tariffs. This trend follows the expanding membership of the World Trade Organization (WTO),
the entry into it facilitates bilateral and multilateral trade agreements, and rising disposable incomes in
emerging economies. Developing economies saw their share rise to 54 percent of total fishery exports by
value in 2012 and more than 60 percent by quantity (FAO 2014).

China is, by far, the largest exporter of fish and fishery products, and since 2011, it has become the world’s
third-largest importing country. At present, about 40 percent of world fish products are traded in the inter-
national markets. However, only ten percent of Chinese fish products are exported. There is great potential
for China to gain a bigger share of the international fish trade. As global fish consumption continues to grow
and the decline of the world fishery resources also continues, growing market demands will mainly rely on
aquaculture to make up the deficit in the supplies. This will obviously provide an opportunity for China to
increase its fish export to the international markets.

1.4.5 Conclusions

Aquaculture is a vital source of income, nutritious food and economic opportunities, and has a key role to play
in meeting one of the world’s greatest challenges: feeding a population set to rise to 9.6 billion by 2050.
Employment in the sector has grown faster than the world’s population. It provides jobs to tens of millions,
and supports the livelihoods of hundreds of millions.

China, as the largest fish producer and most populated country in the world, would inevitably meet the ris-
ing demand from a growing population by continuing its aquaculture growth in both quantity and quality.
However, we also need to look beyond the economics and ensure that environmental well-being is compatible
with human well-being, in order to make long-term sustainable prosperity a reality for all. To this end, pro-
moting responsible and sustainable aquaculture is central to our work and purpose. That is, we need to
increase aquaculture production sustainably in a context of climate change, greater competition for natural
resources, and conflicting interests. Improved science, technology and governance should be all combined to
create an overall strategy to help meet the goals of responsible and sustainable use of aquatic resources in
order to secure valuable resources for the benefit of present and future generations.
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To meet these rising demands, China needs to formulate and refine its aquaculture development policies,
targeting specific national, provincial and farm-level issues aimed at transforming the aquaculture sector
from traditional, extensive governance to modernized intensive governance.

To address key issues such as pollution, the government needs to introduce legislation to control water
quality in order to ensure healthy aquaculture development.

To promote sustained aquaculture development, the Chinese government needs to continue to improve
technology transfer, and reduce some of the investment risks. There are more tasks facing China, including:

e restructuring of the entire aquaculture sector to improve quality and increase income (not only increase
production) to add value to the sector;

e provide opportunities for preferential loans, improve fiscal conditions, and improve technical support to

operators;

extend the use of manufactured feeds to reduce eutrophication;

support the transformation of aquaculture into a professional industry with producer associations;

upgrading of the national technological base; and

strengthening of scientific research, education and training to improve research capability and prepared-

ness for emergencies.
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1.5.1 Introduction

China is considered the ‘Home of Aquaculture’ The country is recognized not only for having a long history
in aquaculture, but also for its important role in the development of aquaculture in modern times, and its
contributions to global food security. In the mid-to-late twentieth century, after nearly 30 years of debate,
discussion, and improved practices, China advocated a “culture-oriented” development policy in fisheries
in 1986 (SNPC 1986), thus contributing to the rapid development of aquaculture. Aquaculture production
increased from less than 100000 tonnes in 1950 to 3630000 tonnes in 1985, and to 49380000 tonnes in
2015, resulting in an increased proportion of aquaculture in fisheries from 8 percent to 45 percent and then
to 74 percent, respectively, with nearly four-fold production enhancement in the last 30 years (China
Fishery Statistical Yearbook 2004-2016; TFCA 2013). Aquaculture has become one of the fastest-growing
industries in the large-scale agricultural development of China. An analysis of the reasons for the rapid
growth of Chinese aquaculture revealed that, in addition to being driven by decision-making and techno-
logical advances, an undeniable reason for the sector’s growth is that external feed inputs (non-fed) were
not required for a considerable proportion of aquaculture species (TFCA 2013; Tang et al. 2014). Non-fed
means:

o lower production costs and investments that favor industry development;

o cultured aquaculture species occupy a low trophic level in the food chain, exhibiting characteristics of high
food conversion efficiency and a large output; and

o less fishmeal demand for aquaculture, thus reducing the pressure on wild fishery resources.

Therefore, the fact that a considerable proportion of aquaculture is non-fed species is an important charac-
teristics of Chinese aquaculture, which is determined by a unique species composition and the trophic levels
of these species.

A recent critique on Chinese aquaculture and the world’s wild fisheries (Cao et al. 2015) has been contro-
versial and consequently initiated much discussion. On the one hand, the media hype surrounding this

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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critique further amplified the conclusions of the article, namely that “China’s aquaculture is destined to cut
the resource of the world’s wild fisheries’, claiming “China’s aquaculture is ‘dangerous’ to wild fisheries”'
while on the other hand, many experts in the field did not agree with the conclusions thereof and believed
that the development of Chinese aquaculture is not necessarily related to changes in the world’s fisheries
resources. Aquaculture could provide food for China and the world and reduce the demand for wild fisheries
resources; that is, China uses only approximately 25 percent of the world’s fishmeal, but accounts for more
than 60 percent of global aquaculture production (Han et al. 2015; Shan et al. 2015; Han et al. 2016). Many
reasons exist for the different views, but the technical reason is the a lack of a comprehensive in-depth under-
standing of the unique way in which aquaculture has been developed in China, and a lack of understanding
of the basic status of species composition, of the use of species that are not provided with an external feed
input (non-fed species), and of the trophic levels occupied by many species that are predominant in Chinese
aquaculture.

Therefore, based on Tang et al. (2016a), the basic characteristics and changes in the species composition,
the percentage of non-fed species, and the general trophic levels of predominant species in Chinese aquacul-
ture are analyzed in this Chapter, and the future development trends and the likely patterns of Chinese aqua-
culture are discussed.

1.5.2 Species Composition of Chinese Aquaculture

The initial stage of modern Chinese aquaculture development began in the 1950s with only dozens of species.
With the development of artificial propagation technology for the four major cultured carp species, viz. black
carp (Mylopharyngodon piceus), grass carp (Ctenopharynogodon idellus), silver carp (Hypophthalmichthys
molitrix), and bighead carp (Aristichthuy nobilis), as well as for marine mollusks, seaweeds, and other species,
up to one hundred aquatic species became available for culture in the 1980s (Ding 1989; Lei 2005; China
Fishery Statistical Yearbook 2004—2016; TFCA 2013; FAO 1950-2013). In the twenty-first century, due to the
continuous progress and improvements in artificial propagation and farming technologies, the number of
cultured species increased significantly. As given in Tables 1.5.1 and 1.5.2, currently, there are 296 species
(including 25 introduced species) and 143 varieties (including 138 newly bred varieties and 5 introduced vari-
eties) in Chinese aquaculture, amounting to 439 farmed species and varieties.

Among the five categories of introduced species are 189, 54,21, 15 and 17 fish, mollusks, algae, crustaceans,
and miscellaneous species, respectively. Each of these account for 63.9 percent, 18.2 percent, 7.1 percent,
5.1 percent and 5.7 percent of the overall number of species cultured in China. Figure 1.5.1a and b shows
the changes in the proportion of the production for the five major categories from 1950 to 2014. Fish
showed the highest proportion of change from 86.8—-55.3 percent, followed by mollusks, algae, crustaceans
and other species, which accounted for 12.5-36.1 percent, 0.1-9.3 percent, 0.1-8.4 percent and 0.1-2.0 per-
cent, respectively, with relatively large annual variations. Over the past decade, however, development has
stabilized, with smaller annual variations, and the proportions of production of the five categories in 2003—
2014 were 57.3-55.3 percent, 28.3—-33.1 percent, 5.7—8.4 percent, 4.0-4.6 percent, 1.3—1.9 percent of fish,
mollusks, crustaceans, algae and other species, respectively. In 2014, aquaculture production was
47484.000 tonnes, and the proportions of the production for the five categories were 57.3 percent, 28.3
percent, 8.4 percent, 4.2 percent and 1.8 percent for fish, mollusks, crustaceans, algae and other species,
respectively with a relatively large increase in crustaceans compared with the previous data.

Due to the different culture environments, the species composition of Chinese aquaculture showed signifi-
cant regional differences, with fish dominating freshwater culture, and mollusks and algae dominating marine
culture.

1 Researchers: China aquaculture ‘dangerous’ to wild fisheries. http://www.seafoodsource.com/news/environment-sustainability/27496-
researchers-china-aquaculture-dangerous-to-wild-fisheries#sthash.iQYKgFMR.dpuf. 2015
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Table 1.5.1 Species and varieties used in Chinese freshwater aguaculture.

Not reported by China Fishery Statistical

Categories Reported by China Fishery Statistical Yearbooks "' Yearbooks”
Fish Myloph g piceus, C haryngodon idellus, silver carp (Hypophthalmichthys molitrix, Changfeng  Elopichthys bambusa, Odontobutis
silver Carp , Jin silver carp ), Hypuphthafmichrhys nobilis, carp (Cyprinus carpio, C. carpio yuankiang, sinensis, Channa asiatica, Perccottus

C. carpio rubrofuscus, C. r:arpto pterus, C. carpio Xiangjiangnensis, C. carpio chilia, C. carpio
var. Jian?, Germany mirror carp”, Scatter scale mirror carp”, Ukralne scaly carp”, German mirror

carp selection”, C. carpio Trlplmd C. carpio var. smguonens;s ), C. carpio var. wuyuanens:s‘“ The strain
of fight lucius of red common carp”, J C. carp(o var. wananensis Songpu carp”, Songpu mlrror carp”,
Songpuhong mirror carp’ Malang carp”, ! Yuxuan huanghe carp”, Songhe carp® ]lnxm carp”, Y‘bu
common carp” FFRC stram common carp C. carpio var. color “Longshen No 1 . Ying carp s Feng
carp”, Yuanhe hybrid carp”, Yue carp”, Hybrid common carp”, Furong carp”, Carp “Jinxin No.2"%),
crucian carp (Carassius auratus, C. auratusgtbeito. C. aumtus gibelio™, C. aumtus g(bef(o “Cas 11",

C. aumtus var. Xlangyuns, C. aumtus var. ang}'un “No. 2", C. aumtus var. l’engze C. aumtus
gibelio Songpu3J C. aumtus var. Pingxi , C. hongbaichangwei ¥ C aumms

baijinfengchan”, C. aumtus lanhuachangwei”, Huangjin crucian ::arp3J C. aumtus jinxinwu”, Hybnd

glenii, Channa “Hangli No.1",

Wuban Channa®, Spinibarbus sinensis,
Puntius goniontus, culter (Erythroculter
ilish eforrmis, E. licus, E. d'abryx.
Culter “'Xlanfeng No. 1'“ & s Lutaifang
Culter™), Xenocypris (Xenocypris
m;crﬂfep:s,)( argentea, X. davidi, hybrid
Xenocypri N, Myxo gprmus asiaticus,
Zctiobus cyprinellus”, Hemibarbus labeo,
H. maculates, Phoxinus lagowskii,
Chalcalburnus chalcoides aralensis,
Squaliobarbus curriculus, Escox lucius,

crucian carp™, C. aumtus ganchangli™, C. aumtus var. Changfeng™), Megalobrama (Parab
Abramis brama orientalis, Megalobrama amblycephala, M. terminalis, H)"bl'ld bream”, M. ambfycephaia
“Pujiang No. 1™ ') loach (Cobitis taenia, Pamm.rsgumus dabryanus), letalurus (Ietalurus nebulosus,
1. punctatus”, I punctatus "Jlangﬁ:ng No.1"™), Silurus (Pangasius sutchi, Silurus soldatovi meridionalis, S.
soldatovi, Clarias ganepmus "), Pseudobagrus (“ dobagrus fulvidraco, P. fulvidraco “Quanxiong No.1
Piaractus bmchypomus 3 us albus, S ',_ ca (Siniperca scherzeri, S. chuatsi, S. kneri, Qiupu
hybrid 5. scherzeri”, S. chuatsi “Huakang No.1""), bass [’Perca [fluviatilis, Lucioperca lucioperca,
Micmprerus ! "*c ], M. sal, ids “Youlu No.1" I Ophacepha!usargus, tilapia (Oreochromis
niloticus”, O. aureus ', O. niloticus “Luxiong No 1Y, GIFT traln Nile tilapia® .]|fu tilapia “Zhongwel No.
1" , Jifu new tllapla | O. aureus “Xiaao No. 1™ Aomnlapla Fushou nlapla ) Jiao ulapla ) Jili tllapm‘“.
Mohe tilapia “Guangfu No. 1"”), Anguilla (Anguilla japonica, A. rostrate), sturgeon (Ac: enser baeri, A.
schrenckii, A ldenstaedti, A. ruth Y Huso dauricus, H. huso, Paiyadon spathuia A. stellatus,
Hybrid sturgcon} trout (Salmo gaxm‘nerx ! Oncorhynchus donaldsons”, O. mykiss, O. masou masou,
steelhead trout, S. trutta fario, O. mykiss™), Hypomesus olidus, icefish (Pm!asa:’anx Iylocranius, Neosalanx
reganius), Leioeasis longirostris, Fugu (Takifugu obscurus, T. ocellatus), salmon (Hucho taimen,
Brachymystaxc lenok, Salvelinus fontinalis, Oncarhynchus kisutch, Salmo salar, S. leucomaenis, S. alpinus,
S, malma, S. leuc is, Coregouns peled”, O. keta)

..tl)
y

Macrura reeuesu, Leuciscus waleckii,
Labeo rohita" Pfecoglossus altivelis,

P altivelis “Zhemin No.1"”,

Opsariichthys bidens, Lota iota, Zacco
platypus, Onychostoma sima, Coreius
heterodon, Schizothorax (Gymnocypris
przewalskii przewalskii, Schizothorax
prenanti, S. yunnanensis, S. wangchiachii,
S. kozlovi, S. parvus), Aspiorhynchus
laticeps, Scortum barcoo, Trachidermus
fasciatus, Oxyeleotris marmoratus, Tinca
tinca, Cichlasoma managuense, Mystus
macropterus, Pangasius sutchfu.
Xiphophorus helleri RP-B strain”



Crustaceans  Macrobrachium r bergii*, M. bergii “Nantaihu No.2"", M. nipponense, Hybrid M. nipp Metap ensis, Cherax
“Taihu No.1"”, Procambarus clarkia, Lit 7% i, Eriocheir si is, E. si is “Guanghe quadricarinatus
No.1"%, E. sinensis “Changjiang No.1"?, E. sinensis “Changjiang No. 2%, E. sinensis “Jlianghai No.1™?
Mollusks Unionidae (Hyriopsis cumingii, Cristaria plicata, Anodont. di H. schleg li", Kangle H. cum.ingx‘x‘g]).
Gastropod, Corbiculid
Algae Spirulina
Others Turtle (Chinemys reevesii, Macrochelys inckii"), soft-shelled turtle (Pelodi: s si is, Apalone ferox, Whitmania pigra, Andrias davidianus
P sinensis “Zhexinhuabie™”, P sinensis “Qingxiwubie™, P sinensis Japanese strain”), Rana (Rana
catesbeiana®, R. giglio™)
Naote:

1) Aquaculture species were reported by China Fishery Statistical Yearbooks from 2003 to 2015. The statistical data of some species are carried out with category, and their
aquaculture species and bred species (cultivated varieties) listed in parentheses.

2)  Data in the table were from Ding (1989) and expert consultation.

3) Varieties (bred species).

4) Introduced species.

5) Introduced bred species (NCAV 2016).



Table 1.5.2 Species and varieties used in Chinese mariculture.

Categories

Reported by China Fishery Statistical Yearbooks'

Not reported by China Fishery Statistical
Yearbooks

Mollusks

Algae

Crustaceans

oyster (Crassostrca gigas”, C. rivularis, C. plicatula, Ostrea denselamellosa, C. angulate, C. gigas
“Haida No.1"" » O. gigas thunberg” Huanan No. 1"“), abalone (Ha!ioz.rs discus hannai, H. diversicolor,
H. asinine, H. ovina, Hybrid abalone “Dalian No.1"”, Xipan abalone”, Abalone “Dongyou No.1""),
conch (Bullacta exarata, Turritella terebra, Nassariidae, Rapana venosa, Neptunea cumingi, Thais
luteostoma, Nevertia didyma, Babylonia areolata, Hemifusus tuba), cockle (Scapharca subcrenata,
S. broughtonii, Tegillarca granosa, T. granosa “Legingwan No.1""), mussel (Mytilus edulis,
M. crassitesta, Perna wﬂd:s), Atrina pectinate, scallop (Chlamys farreri, Patinopecten yessoense‘s'n,
Argapecten lrradmm + C. nobilis, Pinctada martcnsu. Pteria penguin, P maxxma, C. fa! reri
ensglalhong , C. farreri "Penglaihong No. 2 ¢, farreri "Bohalhon% , P yessoensis "Haida Jin
Bei"”, P yessoensis “Zhangzidaohong™, A. xrmd'mns “Zhongkehong” ,A (rradmm "Zhongke
No. 2"“ , Mimachlamys nobilis "Nanao JinBei"™, P martensi "Halgau No.1"™, P martensi “Haixuan
No.1"¥, P martensi “Nanzhen No.1"”, P martenst' “Nanke No.1""), clam (Meretr!x meretrix,
Venerupis philippinarum, V. variegate, Mactra veneriformis, M. chmensis. Mercenaria mercenaria,
Paphia undulate, Saxxdomus purpuratus, Cyclina sinensis, Dosinia, M. meretrix “Kezhe No. 1",
M. meretrix" Wanhhung » V. philippinarum "Banmage" J) razor clam (Sinonovacula constricta,
Solen grandis, Cultelles)

kelp (Saccharina Jjaponica, Kelg "Ronghal‘“j] hybrid kelp “Dongfang No.2"”, hybrid kelp “Dongfang
No.3", Kelg “Dongfang No.6"" s Kelp. "Dongfang No.7", Kelp “901"", Kelp “Sanhai”, Kelp
“Ailunwan™, Kelp “'Huangguan No.1"”, Kelp “205™"), sea mustard (Undaria pinnatifida,

U. pinnatifi a’a “Haibao No.1", 11, pmmm ida “Haibao No.2""), laver {Porphym yezoensis,

P haitanensis, P! yezoensis Sutong No.1"", P yezoensis “Sutong No.2"”, P haitanensis “Shenfu No.1"”,
P haitanensis “Minfeng No. 1" p hmmnens:s “Shenfu No.2"™”, P hmranens:s “Zhedong No. 1),
Gracilaria (Gracilaria lemaneaformis, G. tenuistipitata, G. chouae, G. lichenoides, G. I formis
“Lulong No.1"?, G. I formis “981"", G. 1 formis “2007"), Euck Gelidi i
Sargassum fusiforme, Ulva lactuca, Entemmorpha clathrata, E. intestinalis, E. linza, E. prolifera

Py i(P i P i “Kehai No.1", B vannamei “Zhongke No.1™ p
vannamei “Zhong No. 1"¥, B vannamei “Guihai No 1", P vannamei “Renhai Na 1"), Penaeus

don (P lon, P don “Nanhai No.1" ),u:m.m P chi (F chi is, E
chinensis “Huanghai No 1"%, E chinensis “Huanghai No.2"", E chinensis “Huanghal No.3"), P
Japonicus, Portunus (Portunus trituberculata, P. trituberculata "Huangxuan No.1™ I P trituberculata
“Keyong No. 1Y), Scylla serrata

Panopea generosa, Sepia esculenta, Octopus
variabilis

Sarg 5. thunbergii, Gelidiella aceyosa,
Grateloupia filicina

Exopalaemon carinicauda, P merguiensis, P
penicillatus, Marsupenaeus japonicus “Minhai
No.1™



Fish Lateolabrax japonicus, lefteyed flounders (Scophthalmus mazximus®, 8. maximus “Duobao No.1

.u3J

S. maximus “Danfaping™”, Para!ichrhyx olivaceus, P. olivaceus “Plngyou No.1"", P olivaceus "Bﬂplng
No.1"", P olivaceus “Beiping No. 29 p denmms B lethostigma o, large yellow croaker
(Lar!m;chrhys crocea, L. crocea “Minyou No.1"”, L. crocea “Donghai No.1""), Rachycemron

Cynoscion nebulosus, Nibea albiflora, N.
miichthioides, N. coibor, Miichthys miiuy,
Megalonibea fusca, Trachinotus ovatus, T. blochii,
Plectorhynchus cinctus, Hapalogenys nitens,

canadum, Seriola (Seriola dumerili, 5. quingueradiata, 5. aureovittata), sea bream (Pag P dasy hasta, Parapristipoma trilineatus,
major, Sparus microcephalus, S. latus, S, ta, S.berda, Rhabdosargus sarba), Sciaenops ocellatus,  Lutjanus russelli, L. erythropterus, L.
Fugu (Fugu rubripes, E pseudommus, F. obscurus, F. bimaculatus, F. hopterus), Epinephel argenti latus, L. bohar, Mugil cephalus,

(Epinephelus lanceolatus, E. awoara, E. akaara, E. fario, E. malabaricus, E. tauvina, Cromileptes
af!wehs). r1ghte'_red flounders (Kareius bicoloratus, Verasper variegates, V. moseri, Hippoglossus
; Pseudopleurnectes yokohamae)

G

Others sea cucumber (Apostichopus japonicus, A, japonicus “Kongdongdao No. 1" A, Japonicus "Shuwuan

M. macrolepis, Liza haematocheila, Sebastes
schlegeli, Sebastiscus marmoratus, Inimicus
japonicus, Hippocampus trimaculatus, H.
ramulosus, H. japonicus, Solea solea,

5. senegalensis, Oreochromis niloticus, O. aureus,
Anguilla japonica, A. Anguilla, Sigauns fuscesens,
5. oramin, Oplegnathus fasciatus, Bostrichthys
sinensis, Boleophthalmus pectinirostris,
Hexag otakii, Cl d
Morone saxatilis, Coryphaena h:ppums,
Acipenser sinensis, Chilocsyllium plagiosum,
Cynoglossus semilaevis, Lates calcarifer,
Muraenesox cinereius, Chanos Chanos

tatus,

Urechis unicinctus, Nereis diversicolor,
CF I.

No.1" ; sea urchin (Strongylocentrotus intermedius, Anthocidaris cr S. inter

“Dajin” ", Rhopilema

(i

i nudus, Tachypleus tridentatus,
Pyrosomella verticilliata

Note:
Species were reported by China Fishery Statistical Yearbooks from 2003 to 2015, The statistical data of some species are carried out with categories, and their aquaculture

1)

2)
3)
4
5)

species listed in parentheses.

Data in the table were from Lei (2005), Xie (2014) and expert consultation.
Varieties (bred species).

Introduced species.

Introduced bred species (NCAV 2016).
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Figure 1.5.1 Decadal (a) and annual (b) changes in Chinese aquaculture production by species groups. Data source: China
Fishery Statistical Yearbook (2004-2016); FAO (1950-2013).

1.5.2.1 Species Used in Freshwater Aquaculture

There are 135 aquaculture species (including 19 introduced species, and five species cultured in both fresh-
water and marine water) and 79 varieties (74 newly bred varieties and five introduced varieties), resulting
in a total of 214 species and varieties utilized in freshwater aquaculture. In freshwater aquaculture 113,
7,6, 1, and 8 species of fish, crustaceans, mollusks, algae, and others, respectively are utilized. Each accounts
for 83.7 percent, 5.2 percent, 4.5 percent, 0.7 percent and 5.9 percent of the total species that are cultured
in China (1.5.1.). Figure 1.5.2a and b shows the change in the proportion of the production of the five
categories. In 1950-2014, fish had the highest proportion, accounting for 100—88.7 percent, followed by
crustaceans accounting for 0-8.7 percent, mollusks 0-0.9 percent, algae 0.0 percent and other species
0-1.7 percent. In 2003-2014, the proportions of the production of the five categories were 91.4—88.0 per-
cent for fish, 6.0-9.1 percent for crustaceans, 0.9—1.1 percent for mollusks, 0.02—0.04 percent for algae, and
1.5-1.8 percent for other species. In 2014, freshwater aquaculture production was 29358 000 tonnes, and
the proportionate contribution of fish was 88.7 percent, crustaceans 8.7 percent, mollusks 0.9 percent, algae
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Figure 1.5.2 Decadal (a) and annual (b) changes in Chinese freshwater aquaculture production by species groups. Data source:
China Fishery Statistical Yearbook (2004-2016); FAO (1950-2013).
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0.02 percent, and other species 1.7 percent. Species with a production higher than 1000000 tonnes included
grass carp, silver carp, bighead carp, common carp, crucian carp (Carassius carassius), and tilapia, which
are filter feeding, herbivorous and omnivorous species, and accounted for 69.6 percent of the freshwater
aquaculture production. Species with a production of 0.5—1 million tonnes included Chinese mitten crab
(Eriocheir sinensis), blunt snout bream (Megalobrama spp.), white legged shrimp (Litopenaeus vannamei),
freshwater crayfish (Procambarus clarkii), black carp, and the snakehead (Channa argus), which are
omnivorous and carnivorous species, accounting for 13.7 percent of the freshwater aquaculture production.
The species with a production of 0.1-0.5 million tonnes include catfish (Silurus spp.), Asian swamp eel
(Monopterus albus), bass, loach (Misgurnus spp.), soft-shelled turtle (Pseudobagrus), Mandarin fish
(Siniperca), mantis shrimp (Squilla spp.), catfish (Ictalurus spp.), eel (Anguilla spp.), giant freshwater prawn
(Macrobrachium rosenbergii), gastropods, and pirapitinga (Piaractus brachypomus), which are mostly car-
nivorous species, accounting for 12.1 percent of freshwater aquaculture production. The total production
of the above 25 species accounted for 95.4 percent of the freshwater aquaculture production (the produc-
tion of the top 12 species accounted for 83.3 percent).

1.5.2.2 Species Used in Mariculture

There are 166 species (including six introduced species, and five species for both freshwater and marine
water) and 64 new varieties, resulting in a total of 230 species and varieties used in mariculture. The five
categories composing marine aquaculture include 80, 48, 9, 20 and 9 species of fish, mollusks, crustaceans,
algae, and other species, respectively and each group accounted in order for 48.2 percent, 28.9 percent,
5.4 percent and 12.1 percent of the total number of species used in mariculture (Table 1.5.2). Figure 1.5.3a
and b shows the changes in the production of the five categories during 1950—2014. Mollusks showed the
greatest changes, accounting for 100-54.1 percent during that period, followed by algae 0—37.8 percent,
crustaceans 0—11.6 percent, fish 0-6.6 percent, and other species 0—1.8 percent. In 1950-1980, cultured
algae and mollusks accounted for more than 97 percent of mariculture production, followed by an increased
annual production of other species; the proportion of the production for the last decade gradually stabi-
lized, with smaller annual variations. During 2003-2014, the proportion of the production for the five
categories was 72.6—78.6 % for mollusks, 10.3-11.1 percent for algae, 5.3-7.9 percent for crustaceans,
4.1-6.6 percent for fish, and 0.9-2.2 percent for other species. In 2014, the total mariculture production
was 18126 000 tonnes, and the proportion of the production of the five major categories was 72.6 percent
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Figure 1.5.3 Decadal (a) and annual (b) changes in Chinese mariculture production by species group. Data source: China
Fishery Statistical Yearbook (2004-2016); FAO (1950-2013).
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for mollusks, 11.1 percent for algae, 7.9 percent for crustaceans, 6.6 percent for fish, and 1.8 percent for
other species. Productions of more than 1000000 tonnes were filter feeding and autotrophic species such
as oysters, clams, scallops and kelp, which together contributed 62.5 percent of the total mariculture pro-
duction. The species with productions between 0.5—1 million tonnes included L. vannamei, mussels, and
razor clams, which are either omnivorous or filter-feeding species, and together accounted for 13.6 percent
of total mariculture production. Species the productions of which was between 0.1-0.5 million tonnes
include cockle, Gracilaria, conch, Undaria pinnatifida, sea cacumber, Scylla serrata, Larimichthys crocea,
left-eyed flounder, Arnoglossus spp. Trachinotus ovatus, Portunus tritubercularus, Haliotis spp., Porphyra
spp., and sea bass, which are filter feeding, autotrophic, carnivorous, and omnivorous species, and account
for 12.3 percent of total mariculture production. The total production of the above 20 species accounted
for 88.4 percent of total mariculture production (the production of the top seven species accounted for
76.1 percent).

1.5.3 Diversity of Cultured Species

The estimation of the biodiversity index (FAO 1950-2013) showed that, compared with other leading aqua-
culture-producing nations (14 countries), and regional representative aquaculture-producing countries
(seven countries) species cultured in China have a higher diversity, richness, and evenness, with a relatively
low dominance of individual species (Table 1.5.3). Cluster analysis results of the diversity index (H') show that
China is unique, representing an independent group largely different from the other countries (Figure 1.5.4).
European countries (and Australia, but excluding Russia) are clustered together, with Norway being different
from the other four European countries, with lower diversity, richness, and evenness. The remaining 16 coun-
tries are clustered into one group, which is then divided into three subgroups. Bangladesh alone is a subgroup
with a relatively high diversity index; Korea, the USA, Japan, Vietnam, and Thailand form another subgroup;
and all other countries belong to the third subgroup. Figure 1.5.5 shows the changes in the species diversity
index H' in the major aquaculture-producing countries for the period 1950-2013. These changes can be
divided into two stages: the H'index of most countries showed a rising trend before 1995; only China showed
a sharp increase after 1980. The H' of most countries barely changed or even declined after 1995; whereas
China, Vietnam, Spain, and the USA exhibited a trend of continuous increase. These characteristics of diver-
sity indicate that the species structure of Chinese aquaculture has significant high diversity, with a trend
towards good development. High biological diversity is important for the protection of genetic diversity of
species, the stability and sustainability of aquaculture ecosystems, and achieves high efficiency of biomass
output.

1.5.4 Cultured Species that are Independent of an External Feed Inputs

The contribution of species that are not dependent on an external feed input in Chinese aquaculture varied
greatly in different periods, and shows a significant downward trend. Before 1990, aquaculture of most spe-
cies was based on food produced naturally, with a high non-fed rate of 96.7-100 percent. Thereafter, the
contribution of non-fed species was largely reduced from 90.5 percent in 1995 to 59.2 percent in 2010 and has
remained stable for the last three years, showing a smaller decline (53.4—54.2 percent) (Figure 1.5.6a and b).
However, compared with the world average of culture of non-fed species (33.3 percent, 2010) (FAO 2012), the
current non-fed rate of Chinese aquaculture remains relatively high.

Among the five categories (Figure 1.5.6a and b), the non-fed numbers for farmed fish has dropped greatly.
Before 1990, aquaculture in natural waters was mainly for filter feeding and herbivorous, non-fed species.
After that, due to the availability and use of compound feeds, attempts to improve production efficiency and
to increase the contributions from omnivorous and carnivorous fish species, numbers and contributions
of non-fed species decreased from 87.6 percent in 1995 to 41.8 percent in 2010, becoming stable during
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Table 1.5.3 Biodiversity indices of cultured species.

Country Production” Species H dam J D Region

China” 57113175 92 3.438 5.095 0.760 0.047 East Asia
Korea? 1533446 61 1.905 4.213 0.463 0.201 East Asia

]apanZ) 1027185 44 2.070 3.106 0.547 0.176 East Asia
Indonesia” 13147297 47 1.533 2.806 0.398 0.417 Southeast Asia
Vietnam? 3294480 26 2.005 1.666 0.615 0.195 Southeast Asia
Bangladeshz) 1859808 30 2.554 2.009 0.751 0.099 Southeast Asia
Thailand? 1056944 41 2.143 2.884 0.577 0.167 Southeast Asia
Myanmarz) 930780 25 1.476 1.746 0.459 0.443 Southeast Asia
India® 4554109 28 1.565 1.761 0.47 0.34 South Asia
Philippinesz) 2373386 35 1.463 2.316 0.412 0.395 South Asia
Egyptz) 1097 544 25 1.567 1.726 0.487 0.34 Africa

USA? 441098 45 1.938 3.385 0.509 0.215 North America
Canada” 174343 17 1.714 1.326 0.605 0.252 North America
Chile? 1045718 23 1.520 1.587 0.485 0.289 South America
Brazil” 474159 44 1.580 3.290 0.532 0.162 South America
Norwayz) 1247865 15 0473 0.936 0.175 0.142 Northern Europe
Spains) 223698 49 1.060 3.897 0.272 0.542 Southern Europe
Italy® 162596 46 1.482 3.750 0.387 0.318 Southern Europe
France” 202178 57 1.076 4.584 0.412 0.271 ‘Western Europe
UK? 194632 34 0.697 2.710 0.198 0.649 Western Europe
Australia® 68761 22 1.254 1.885 0.406 0.429 Oceanica
Russia® 155540 22 1.862 1.757 0.603 0.206 Eurasia

1) Aquaculture species and production cited from FAO statistics data in 2013.
2) Farmed food fish production by top 15 producers.
3) Regionally representative producers from different continents.

2013-2016 (33.7-34.7 percent), and reaching 34.5 percent in 2014. Crustacean culture is based on fed spe-
cies; with a very low number of non-fed species, 5.0—-8.5 percent from 1985-1995. After that time, due to
some changes in aquaculture, the non-fed rate fluctuated at approximately 20 percent, reaching 22.2 percent
in 2014. Mollusks usually do not require external feed, and almost 98—100 percent of the species cultured are
non-fed, whereas algae depend solely on sunlight and nutrients in the water. For other species, in order to
increase output efficiency, the non-fed rate declined from 80.0 percent in 1995 to 13.9 percent in 2014. The
large proportion of finfish culture output is related to a concurrent decrease in non-fed species in China in
recent years (as shown in Figure 1.5.6).

1.5.4.1 Non-Fed Species in Freshwater Aquaculture

The contribution of non-fed species in aquaculture has decreased greatly. From 1950 to 1990, freshwater
aquaculture species dependent on naturally available food was dominant. After that, extensive aquaculture
methods relying on natural food types were slowly replaced with fed-aquaculture, and the non-fed numbers
declined from 87.3 percent in 1995 to 42.5 percent in 2010, becoming stable during 2011-2014 (34.8—
35.8 percent) and reaching 35.7 percent in 2014 (Figure 1.5.7a and b).
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Figure 1.5.4 Cluster analysis of Shannon-Wiener index (H') of the main aquaculture producers in the world. Data source: FAO

(1950-2013).

Figure 1.5.5 Changes in Shannon-Wiener index
(H") of the main aquaculture producers in the
world. Data source: FAO (1950-2013).
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Figure 1.5.6 Decadal (a) and annual (b) changes in the use of non-fed species in Chinese aquaculture. Data source: Tang et al.
(20164, App. 1-2).
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Figure 1.5.7 Decadal (a) and annual (b) changes in the percentage of non-fed species in Chinese freshwater aquaculture.
Data source: Tang et al. (2016a, App. 1).

As shown in Figure 1.5.7, among the five categories, non-fed species in freshwater aquaculture declined
greatly. After 1990, when compound feeds began to be used for fish such as black carp, grass carp, common
carp and crucian carp, and the proportion of production of fed species increased rapidly. By 2014, the pro-
portion of fed fish reached 85 percent of total fish culture production. Previously, no feed was provided for
culture of silver carp and bighead carp, which mainly relied on natural food in the water. After 2012, 5 per-
cent of silver carp and bighead carp culture used external feeds, however, the proportion of silver carp and
bighead carp production in the total freshwater aquaculture production continued to decrease, from
65 percent in 1950 down to 25 percent in 2014. These changes greatly contributed to the decrease of non-
fed species in freshwater aquaculture. Artificial feeds are used in all cultured Siniperca and bass. The farm-
ing of other fish, including sturgeon (Acipenser spp.), trout (Salmo trutta), pond smelt (Hypomesus spp.),
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long-snout catfish (Leiocassis longirostris), Fugu, and salmon (Salmo salar), are based on formulated feeds.
Therefore, the contribution of non-fed species to freshwater aquaculture declined from 87.6 percent in
1995 to 43.5 percent in 2010, becoming stable in 2011-2014 (35.2—-36.3 percent) and reaching 36.1 percent
in 2014. In 1985-1995, cultured crustaceans were fed fresh fish, and the non-fed rate was as low as 0.0—
15.0 percent. After 2000, a big change was made when the proportion of M. rosenbergii production based
on formulated feed increased gradually, and based entirely on external diets in 2013. For cultured Squilla,
an 80 percent feeding rate was achieved. Before 2009, the aquaculture of P clarkii was based on the
Potamogeton malaianus, black algae, and other large aquatic plants, without the use of compound feeds.
Since 2010, 5-10 percent of the production of P. clarkii is on formulated feeds. In recent years, large-sized
crabs were raised by feeding on gastropods farmed on planted grass; therefore, the proportion of crab cul-
ture based on compound feeds gradually declined. Thus, since 2000, the percentage of non-fed species has
fluctuated between 24.9 percent and 35.7 percent, reaching 33.0 percent in 2014. As regards the culture of
the soft-shelled turtle (Trionyx sinensis), other turtles, and Rana spp. the proportion based on compound
feeds increased after 2000, accounting for 60 percent of production, and nutritionally wholesome diets
began to be used by 2013.

1.5.4.2 Non-Fed Species in Mariculture

Non-fed species used in mariculture has remained at a high level. From 1950 to 1980, mariculture relied on
natural foods, with non-fed species being nearly 100 percent. From 1985-2000, the proportion of non-fed
species fluctuated between 88.1 percent and 97.8 percent, and then gradually dropped slightly from 89.1
percent in 2003, becoming stable during 2011-2013 (83.0—83.7 percent), reaching 83.0 percent in 2014
(Figure 1.5.8).

The situations of the five categories are shown in Figure 1.5.8. All mollusks cultured prior to 1995 were non
fed. There are a few mollusk species that are fed, which reduced the non-fed proportion to 99.9-98.1 percent
from 2000-2014. The number of non-fed crustaceans was relatively low. Although the non-fed proportion of
some species (such as Penaeus japonicus) has increased to 20 percent since 2009, the overall impact is minor
due to the small overall proportion produced. The non-fed proportion of crustaceans was 5.0 percent from
1985-2000 and 0.5-1.3 percent from 2003—2014; mariculture for fish is based on feeding. The recent increase
in fish farming is also the main factor affecting the decrease in the proportion of non-fed species in maricul-
ture. For other species, sea urchin culture was partially based on cage feeding with kelp and wakame
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Figure 1.5.8 Decadal (a) and annual (b) changes in non-fed species of Chinese mariculture. Data source: Tang et al. (2016a, App. 2).
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(U pinnatifida); the overall non-fed proportion of sea urchin reached 70-80 percent. The use of compound
formulated feed in Rhopilema culture gradually increased from 3 percent in 2003 to 30 percent in 2014, and
other aquaculture feeds included copepods and other zooplankton, with a non-fed proportion of 97-70 per-
cent. In the last 10 years, the proportion of compound feeds (main components are algae and sea mud) used
in sea cucumber culture has increased, with the non-fed proportion decreasing from 80 percent in 1995 to
2 percent in 2014.

1.5.5 Trophic Levels of Cultured Species

The trophic level of species used in Chinese aquaculture is low and relatively stable, with a slight decline in
recent years. As shown in Figure 1.5.9a and b, although the trophic levels fluctuated in different periods of
development due to the changes in species composition (mainly the exploration and development of marine
aquaculture), the extent of the change was small (2.12-2.33). The changes over many years can be divided into
three stages:

e from 1950-1980, the trophic level dropped to 2.12 from 2.33;

e 1985-2005, the trophic level showed an increase-decrease-increase pattern between 2.17-2.32;

e 2006-2014, due to the widespread application of compound feeds, and a decrease in the use of fishmeal and
fish oil (Tang et al. 2016a, App. 3—4; Han et al. 2016), the trophic level dropped to 2.25 from 2.32.

During 2011-2013, the variation in the trophic levels was small (2.25-2.27), reaching 2.25 in 2014. The
trophic level of Chinese aquaculture is not only lower than that in the developed countries (such as European
countries), but also lower than that of other developing countries (e.g. Southeast Asia) (Tacon et al. 2010;
Olsen 2011).

The annual changes in the trophic level pyramid structure shown in Figure 1.5.10a (1985-2014) further
demonstrates that the trophic level pyramid for Chinese aquaculture sits on a sturdy base of trophic level 2,
accounting for 62.8—71.3 percent of production, followed by trophic level 3 at 20.7-27.7 percent, while trophic
levels 1 and 4 showed very low proportions of 4.2—8.9 percent and 0.8—3.4 percent, respectively. The founda-
tion for the trophic level pyramid of global aquaculture, however, is trophic level 3 (Tacon et al. 2010), indicat-
ing that Chinese aquaculture ecosystems have more biomass output.
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Figure 1.5.9 Decadal (a) and annual (b) changes in mean trophic level of species used in Chinese aquaculture. Data source: Tang
etal. (2016a, App. 5-6).
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A Aquaculture B Freshwater aquaculture C Mariculture
2014
2010
2005
2000
1995
1990
1985
Year 0 9 18 0 25 50 0 5 10 0 25 50 0 35 7 0 25 50
Million metric tonnes Percentage Million metric tonnes Percentage Million metric tonnes Percentage
Algae 1.5 < Trophic level <2.5 2.5< Trophic level <3.5 3.5 < Trophic level <4.5

Figure 1.5.10 Changes in trophic pyramid structure of Chinese aquaculture, and aquaculture, freshwater aquaculture and
mariculture production by calculated weighted mean trophic level, the percentage based on the proportional contribution to
the total production, total species production taken from China Fishery Statistical Yearbook (2004-2016) and FAO (1950-2013),
and trophic levels for individual species taken from App. 5-6 of Tang et al. (2016a).

For the five categories (Figure 1.5.9a and b), the trophic level for finfish culture changed slightly, varying
from 2.38-2.48 over the years, with a trophic level of 2.38-2.40 for 1950—-1990 and a slight increase during
1995-2005 (2.44-2.48), attributable primarily to the development of marine finfish with species at higher
trophic levels. After 2006, the trophic level for finfish culture showed a downward trend, and in recent years
the trophic level has stabilized (2.38—2.39), and was at 2.38 in 2014. Although the fluctuations in the trophic
level of finfish were relatively small, due to the relatively large proportion of finfish in aquaculture production,
its impact on the overall trophic level of aquaculture is high. The trophic level of mollusks after 2003 increased
slightly (by 0.02—0.04), stabilizing at 2. The trophic level of algae is 1. The continuous development of aqua-
culture for species occupying low trophic levels, such as marine algae and mollusks, had an important effect
on the decline of the total aquaculture trophic level from 1950-1980, as well as on subsequent fluctuations.
The changes in the trophic levels for crustaceans and other species were relatively large. These levels declined
gradually from 3.80 in 1970 for crustaceans, and fluctuated between 2.84 and 3.03 from 1960-2010 for other
species, becoming stable during 2011-2013, with trophic levels of 2.73 and 2.67 in 2014, respectively. Although
the total amount of aquaculture production of these two categories was small, the changes were relatively
large, showing a certain influence on the overall trophic level.

1.5.5.1 Trophic Levels in Freshwater Aquaculture

The trophic levels for species and categories, as well as the respective annual changes are listed in Table 1.5.4.
The trophic level for freshwater aquaculture showed minor fluctuations, in the range of 2.35-2.45. The
changes in this level over many years were as follows: the trophic level from 1950—-1990 stabilized at 2.38; in
1995-2006, the trophic level increased to 2.40-2.45; and after 2006, it gradually decreased, showing little
change in the last three years (2.35-2.37), reaching 2.35 in 2014. In 2014, species at this level accounted for



Table 1.5.4 Trophic level of Chinese freshwater aguaculture by species and species groups from 1950 to 2014.

Species 1950-1985 1990 1995 2000 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Fish 2.38 238 241 237 240 240 241 241 240 239 237 237 236 233 232 232
Ctenopharyngodon idellus 2.00 200 203 206 207 207 207 207 206 205 203 203 203 203 200 203
Hypophthalmichthys molitrix 220 220 2.20 2.20 2.20 220 220 220 2.20 2.20 2.20 2.20 2.20 2.19 2.19 2.19
common carp 292 292 282 257 254 254 251 248 244 240 234 234 233 224 224 224
Hypophthalmichthys nobilis 277 277 277 2277 277 277 277 277 277 277277 OA77 477 273 273 173
Carassius carassius 228 228 231 231 231 231 232 229 228 227 223 223 220 218 218 218
Tilapia 2.60 260 254 237 235 233 233 232 229 229 225 225 223 217 217 217
Megalobrama 2.00 200 206 213 214 214 215 215 215 214 213 213 213 210 210 210
Mylopharyngodon piceus 3.33 333 319 289 280 280 275 275 268 267 257 257 253 246 237 237
Ophicephalus argus - - - 344 336 333 333 329 327 323 321 319 3.09 298 29
Silurus - — — 328 320 317 316 312 307 305 300 287 28 275 271
Monopterus albus - — — 343 342 340 338 333 331 324 322 322 317 317 317
Bass - — — 333 333 331 331 331 331 331 330 329 327 326 325
Loach —_ —_ _ 3.06 295 2.86 2.86 279 274 272 267 261 251 243 2.37
Pseudobagrus - - 312 302 299 292 288 280 277 277 264 260 254 254
Siniperca - 334 334 334 334 334 334 334 334 334 334 334 334 334 334
Ietalurus — — 247 240 239 239 234 233 231 231 226 222 2le 2le
Anguilla 333 332 332 331 331 331 331 325 325 321 321 317 311 310 310
Piaractus brachypomus - - - 246 233 232 232 2.28 2.26 2.26 223 217 213 2.10 2.10
Icefish - - - 310 310 310 310 310 310 310 310 310 310 310 310
Other fish - - - 250 248 246 245 244 243 242 241 240 240 240 240
Crustaceans - 333 333 308 303 29 288 286 282 279 274 273 270 266 267 264
Macrobrachiwm rosenbergii - — 308 303 298 293 293 291 282 279 279 267 261 256 256
Squilla - — 315 309 3.03 296 296 290 287 28 276 272 268 260 260
Procambarus clarkii - — 260 260 260 260 260 260 260 259 258 258 256 256
Litopenaeus vannamei - — 306 294+ 291 288 284 282 273 273 263 257 256 256
Eriocheir sinensis - 333 333 305 298 291 284 284 281 285 281 281 28 279 278 278
Mollusks - — — 225 225 225 225 225 225 225 225 225 225 225 225

(Continued)



Table 1.5.4 (Continued)

Species 1950-1985 1990 1995 2000 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Unionid — — 225 225 225 225 225 225 225 225 225 225 225 225
Gastropod - - - 225 225 225 225 225 225 225 225 225 225 225 225
Corbiculid - — 225 225 225 225 225 225 225 225 225 225 225 225
Algae - - .00 100 100 100 100 10D 1000 100 100 100  LOO 100
Spirulina - - .00 1000 100 100  LO0O  LOD 100 100  L0O0  LOO  LOO  LODO
Others — 328 311 317 316 315 315 310 310 3.04 305 3.02 295 290 290
soft-shelled turtle - — - 323 322 322 322 318 319 312 312 311 305 300 3.00
Rana - - - 306 305 303 303 29 293 287 285 275 265 264 264
Turtle - 328 311 307 305 3.03 299 29 293 290 290 278 268 264 264
Freshwater culture 2,38 238 241 240 245 245 245 245 244 243 241 241 240 237 236 235

Naote: Trophic level of culture species calculated by 1+ (percentage fed compound aquafeed * trophic level of compound aquafeed+ percentage fed non-compound aquafeed

* trophic level of the other diets+ percentage non-fed * trophic level of the species in natural waters) Year 1950-1990 represents year 1950, 1955, 1960, 1965, 1970, 1975, 1980 and
1985, respectively. “—" indicates that the species has been cultured but there is no data from China Fishery Statistical Yearbook. Blank space in the table means no culture for the
species. The method of trophic level calculation was found in Tang et al. 2016a.
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69.6 percent of freshwater aquaculture production. The weighted trophic level of six species with an indi-
vidual annual production of more than 1000000 tonnes was 2.24. Of these, five species (grass carp, silver
carp, common carp, crucian carp, and tilapia) showed a trophic level of less than 2.25, whereas bighead carp,
which depends on natural food showed a slightly higher trophic level (2.73), indicating that low-trophic-level
fish dominated Chinese freshwater aquaculture. Figure 1.5.10b shows that in the trophic level pyramid struc-
ture of freshwater aquaculture, level 2 accounted for approximately 65 percent, and trophic level 3 accounted
for approximately 35 percent.

For the five categories (Table 1.5.4), the trophic level of finfish in freshwater aquaculture fluctuated slightly
in the range of 2.32-2.41 and changed over many years. The trophic level of finfish was 2.38 in 1950-1990. In
1995-2006, due to the aquaculture development of carnivorous fish, including the snake head (C. argus),
catfish (M. albus), bass, Mandarin fish (Siniperca chuasti), eel (Anguilla spp.), icefish (Neosalanx spp.), and
Silurus spp., the trophic level increased slightly, reaching 2.40-2.41. After 2006, due to the widespread use of
compound feeds, the trophic level showed a decreasing trend, becoming stable in recent years (2.32-2.33),
and was at 2.32 in 2014. For crustaceans and other species, respectively, due to the popularization of
compound feeds, the trophic levels decreased from 3.33 and 3.28 in 1995, to 2.64 and 2.90 in 2014. The
trophic levels of mollusks and algae remained at 2.25 and 1.00, respectively.

1.5.5.2 Trophic Levels in Mariculture

Mariculture is mostly mollusks and algae which are at low trophic levels, resulting in a significantly lower
overall trophic level than that of freshwater aquaculture (Table 1.5.5). Changes also occurred in the trophic
level in mariculture over many years. Mariculture before 1985 was mostly of mollusks and algae, with a
trophic level of 1.71-2.00. In 1990-2008, due the development of crustacean and finfish aquaculture, the
trophic level increased to 1.95-2.13. After 2009, due to the widespread application of compound feeds, the
trophic level decreased to 2.12-2.10, reaching 2.10 in 2014. Crustacean and finfish aquaculture production
accounted for 62.5 percent of mariculture production in 2014. The species with an individual production of
more than 1000000 tonnes included oysters, clams, scallops, and kelp, with a weighted overall trophic level
of 1.88, accounting for 13.6 percent of mariculture production. The species with an individual production of
0.5-1 million tonnes included L. vannamei, mussels, and razor clams, with a weighted overall trophic level of
2.19, of which the trophic level of L. vannamei was slightly higher (2.54). The trophic levels of the other two
species were both 2.00, indicating that species with low trophic levels are the main features of Chinese mari-
culture. Figure 1.5.10c. clearly demonstrates this characteristic, with annual variations in the trophic level
pyramid structure for mariculture.

For the five categories (Table 1.5.5), due to the aquaculture development of carnivorous gastropods, the
trophic level of mollusks increased slightly from 2.02—2.04. The trophic level of algae is 1.00, and the trophic
level of crustaceans varies widely. Due to the increase in the proportion of species receiving compound feeds,
and the corresponding reduction in the culture of freshwater low-valued fish and mollusks, and feeding of
fresh low-valued fish/mollusks feeding, the trophic level declined from 3.50 in 1985 to 2.89 in 2014. For the
same reason, the trophic level of finfish decreased from 4.50 in 1985 to 3.77 in 2014, and the trophic level of
other species dropped from 3.00 in 1985 to 2.31 in 2014.

1.5.6 Concluding Remarks

The results presented in this Chapter show that the structure (trophic) of Chinese aquaculture is relatively sta-
ble, with small variations occurring over the years. It is characterized by a large number of species, rich diver-
sity, multi-trophic levels, lower overall trophic level, higher eco-efficiency, and higher biomass output. These
characteristics are driven by many factors, including cultural traits and developing demand; the four major
freshwater aquaculture species that include black carp, grass carp, silver carp, and bighead carp, all have a long
aquaculture history. Except black carp, these species are either filter feeding or herbivorous. The culture of
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Table 1.5.5 Trophic level of Chinese mariculture by species and species groups from 1985 to 2014.

Species 1950-1980 1985 1990 1995 2000 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Mollusks 2.00 200 200 200 200 202 203 203 203 204 203 203 203 203 203 202 203
Haliotis 200 200 200 201 201 201 201 201 201 201 201 201 201 201 201
Conch — — — — 350 350 350 350 348 348 348 348 348 346 346 346
Oyster 2.00 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Cockle 2.00 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Mussel 2.00 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Alrina pectinata 200 200 200 200 200 200 200 200 200 200 200 200
Scallop 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Clam 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Razor clam 2.00 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
Algae 1.00 .00 100 100 100 1.00 100 100 100 100 100 1.00 1.00 100 100 100  1.00
Crustaceans — 350 337 338 332 298 325 315 307 307 314 3.00 296 295 290 289 289
Penaeus vannamei - - - - 3.04 291 2.78 2.70 2.70 2,70 2.64 2.60 2.60 2.56 2.54 2.54
Penaeus monodon - — — — 302 297 287 287 286 379 270 264 260 260 260 260
Fenneropenaeus chinesis - 350 337 333 325 310 295 295 295 291 291 28 286 282 282 282 28
Penacus japonicas — — — — 337 337 337 333 333 331 321 320 320 320 320 320
Portunus tritubercularus. — — — — 401 401 401 401 399 398 393 391 391 385 385 3.85
Seylla serrate — — — — 401 401 401 401 401 398 398 398 397 397 397 397
Fish — 4.59 4.56 4.53 450 446 4.42 4.33 4.29 4.19 4.13 4.07 4.02 3.87 3.84 3.76 3.77
Lateolabrax japonicus - - - — 429 413 378 378 342 342 341 338 314 311 293 293

Lefteyed flounders - - — 433 432 403 399 395 395 398 383 380 380 364 364



Larimichthys crocea
Rachycentron canadum
Seriola

Sea bream
Sciaenops ocellatus
Fugu

Epinephelus
Righteyed flounders
Trachinotus ovatus
Other fishes

Others

Sea cucumber

Sea urchin
Rhopilema

Mariculture

4,52
4.56
4.53
4.44
4.46
4.44
4.56
4.33
4.08
4.52
2.69
2.28
1.98
2.50
2.07

4.52
4.56
4.53
4.44
4.45
4.44
4.56
4.31
4.08
4.52
2.61
2.26
1.98
2.50
2,09

4.52
4.52
4.52
4.44
4.38
4.44
4.52
4.31
4.08
4.52
2.57
2.26
2.28
251
2.10

4.52
4.52
4.52
4.29
4.37
443
4.52
4.16
391
443
251
225
228

25
211

4.49
4.51
4.52
4.27
4.29
4.43
4.52
4.16
3.75
4.43
2.52
223
2.28

2.5
212

4.48
4.51
4.43
4.26
4.27
4.43
4.52
4.02
3.34
4.27
2.63
221

23

25
2.13

4.43
4.51
443
4.08
4.27
443
4.45
3.99
3.34
4.27
2.61
221

23

25
212

4.43
4.43
4.43
4.08
4.25
4.42
4.44
3.85
3.16
4.27
2.56
2,18
2.31
2.48
2.11

4.35
4.43
4.42
3.91
4.25
4.25
444
3.70
3.08
4.08
2.40
2.13
231
2.48
211

4.35
4.42
4.25
391
4.07
4.24
4.28
3.48
2.89
4.08
2.36
2.10
231
248
210

4.25
4.42
4.25
3.75
4.05
4.24
4.35
3.24
2.89
3.91
2.35
2.10
2.32
247
2.10

4.25
4.42
4.25
3.75
4.05
4.24
4.35
3.24
2.79
3.91
231
2.10
2.32
247
2.10

Note: Same as Table 1.5.4.
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mollusks and algae, which either directly prey on phytoplankton by filter feeding or absorb nutrients in the
water through photosynthesis, has been developing rapidly since its early stages in order to resolve the prob-
lems of an insufficient seafood supply. The common feature of these species is low trophic level and high pro-
duction, and relatively low technical requirements in culture, which enabled a rapid expansion and
commercialization. We are well aware of the varying food habits of different ethnic groups: for example, the
Japanese are accustomed to eating raw fish and surimi, Westerners prefer to eat fish fillets, while Chinese prefer
fresh and live seafood. Chinese people enjoy a variety of aquaculture products, and sometimes prefer new
dishes to routine ones. These preferences have significantly affected the selection of aquaculture species, as well
as the production structure, and the amount of production, thereby promoting the development and the diver-
sification of cultured species. Through long-term development, the structural characteristics of Chinese aqua-
culture have been effective, and have been in accordance with the needs and norms of modern development,
with high production levels achieved as shown earlier. Aquaculture can not only solve the problem of the lack
of seafood resources, increase the income of fish farmers, provide high-quality protein, and contribute signifi-
cantly to adjustments in the fisheries structure (TFCA 2013), but it can also play an active role in reducing the
release of CO, and alleviating eutrophication in waters (Tang et al. 2007, 2011; De Silva and Soto 2009; Xie et
al. 2013).

Based on the above analysis, the future development of Chinese aquaculture should follow green, sustain-
able, and environmentally friendly development concepts, aim at aquaculture with higher efficiency, higher
quality, better ecology, health and safety. Therefore, Chinese aquaculture should explore new production
models for appropriate developments, with different characteristics, including effective aquaculture models,
ecological favorable farming models, Integrated Multi-Trophic Aquaculture (IMTA) models, recirculating
aquaculture system (RAS) models, and integrated rice-fish farming models; develop an ecosystem-based
approach for aquaculture (EAA) based on carrying capacity to enable the construction of environmentally
friendly aquaculture (Tang et al. 2009, 2014, 2015, 2016b; Tacon et al. 2010; Chopin et al. 2012; Nebri and
Nobre 2012; Tang and Fang 2012). Such development patterns can better highlight the functions of food
supply and ecological services of aquaculture, thereby meeting the needs of China’s social development, the
demands of modern aquaculture development, and the balance of human needs and ecological benefits. In
turn, Chinese aquaculture development patterns can thereby make a greater contribution to the protection of
national food safety, and the construction of an ecologically conscious civilization.
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2.1

Grass Carp: The Fish that Feeds Half of China

Congxin Xie', Jiale Li?, Dapeng Li"?, Yubang Shen’, Yu Gao'?, and Zhimin Zhang'*

! College of Fisheries, Huazhong Agricultural University, Wuhan, China
2 Hubei Provincial Engineering Laboratory for Pond Aquaculture, Wuhan, Hubei, China
? College of Fisheries and Life Science, Shanghai Ocean University, Shanghai, China

2.1.1 Introduction

Grass carp (Ctenopharyngodon idellus) (Cypriniformes, Cyprinidae, Leuciscinae), also known as white carp,
grass-roots fish, and thick fish, is the most important freshwater fish species cultured in China (Figure 2.1.1).
Grass carp, silver carp (Hypophthalmichthys molitrix), bighead carp (Aristichthys nobilis), and black carp
(Mylopharyngodon piceus) are the four major Chinese carp species. Grass carp are dark olive in color, shading
to brownish-yellow on the sides, with a white belly and large, slightly outlined scales. They have elongated,
chubby, torpedo-shaped bodies, a terminal, slightly oblique mouth with non-fleshy, firm lips, and no barbels.
The pharyngeal teeth are blunt with transverse grooves, and are arranged in two rows. They have no hard
spines on the dorsal and anal fins. Grass carp generally occur in lakes, ponds, pools, and backwaters of large
rivers, preferring large, slow-flowing or standing-water bodies with vegetation. They swim quickly, often for-
aging in groups. The fry feed on zooplankton and the juvenile fish feed on insects, worms, algae, and duck-
weed. Once they reach about 10 c¢m, grass carp feed exclusively on aquatic plants, especially gramineous
plants. Grass carp display lacustrine migratory behavior, and sexually mature individuals spawn in rivers,
reservoirs, and other large bodies of water. The parent fish and larvae then swim into tributaries and lakes
after spawning, and usually grow in flooded shallow regions of rivers and subsidiary water bodies, and over-
winter in the deep parts of rivers or lakes.

China started to farm grass carp more than 1700 years ago. People began polyculture of grass carp, black
carp, silver carp, and bighead carp early as the Tang Dynasty (618-907 CE). However, wild fry had been
caught in the Yangtze and Pearl rivers, and cultured in ponds for eating or selling prior to that. In 1958,
Chinese scientists developed artificial reproduction technology for grass carp, and established a solid foun-
dation for the large-scale cultivation of grass carp in China. Developments in fisheries science since then
have meant that grass carp aquaculture production now ranks top in the world’s freshwater aquaculture.
Grass carp are an important component of aquatic products. They are the most popular cultured fish spe-
cies in China and are cultivated over the widest area. The aquaculture production of grass carp in 2013 was
5070000 tonnes, accounting for 18.1 percent of the total freshwater aquaculture production (China Fishery
Statistical Yearbook 2014;).

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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Figure 2.1.1 Grass carp,
Ctenopharyngodon idellus. Source:
Photo by Dapeng Li.
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2.1.2 Regions and Yields of Cultured Grass Carp

Geographical differences mean that the yields of grass carp differ significantly among different regions
of China (Figure 2.1.2). Eastern and Central China are the two top producing areas, with yields of
1644070 tonnes and 1610 165 tonnes, respectively per year. Southern China offers conducive conditions
for culturing grass carp, with average water temperature exceeding 20°C throughout the vyear,
providing a long period for growth. A rich supply of water resources, good transport facilities, and
burgeoning markets for aquaculture products, all contribute to promote the grass carp culture industry. In
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Figure 2.1.2 Yield of cultured grass carp in different regions of China. Data source: China Fisheries Yearbook (2014).
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southern China, farmers have mastered the skills of carp culture, as well as various other aquaculture
models. Annual grass carp yields in this region are about 1017 950 tonnes. South-western China is char-
acterized by mountains, with narrow and scattered areas of water, limiting water resources for carp cul-
ture. The yield of grass carp per year in south-western China is thus only about 399 760 tonnes. North-east
China is characterized by high latitude, with long, cold winters and short, warm summers, leaving only a
short period for fish culture, in addition to the disadvantage of limited water resources. The total grass
carp yield in north-east China is thus only 146 251 tonnes a year. Year-round low water temperatures, and
limited water resources mean that yields in south-west and north-east China are low. However, the scale
of grass carp culture has gradually increased in these regions in recent years, accounting for 35—40 percent
of local aquatic products, with total annual yields of 144 189 tonnes and 107 563 tonnes, respectively.

2.1.3 Culture Models

Several different grass carp culture models are practiced in China. They can be classified according to vari-
ous characteristics: farm location (pond culture, river culture, lake culture, reservoir culture, cage culture,
factory culture, paddy culture), water conditions (closed water culture, flowing water culture, circulating
culture), grow-out species combination (monoculture, polyculture, mixed-culture), and culture intensity
(intensive culture, semi-intensive culture, extensive culture). Pond culture is the main culture model for
grass carp, accounting for 71 percent of all freshwater aquaculture production, followed by reservoirs cul-
ture (12.6 percent), lake culture (5.8 percent), culture in river channels and rivulets (3.1 percent), paddy
culture (2.4 percent), and other models (5.1 percent).

2.1.3.1 Pond Culture of Grass Carp

China has a long history of grass carp culture and has thus developed sophisticated techniques over the
years. However, pond cultures may be scattered over a wide geographical range. Most pond culture farms
operate on a small scale with limited finances and anti-risk capacities. Professional aquaculture coopera-
tives have been established to help solve these problems and adapt to fast-changing market conditions.
These cooperatives have several advantages, including centralized purchasing power which reduces pro-
duction costs, negotiation initiatives in the target market, as well as the ability to improve individual farm-
ers’ anti-risk capacities through group development, improved product quality through standardization of
operations, and mass production and focused productivity, making it possible to extend the industrial
chain and establish aquatic product brands. Furthermore, aquaculture enterprises also play a decisive role
in the sector.

2.1.3.1.1 Key Techniques of Pond Culture
There are four key factors of pond culture of grass carp.

o Selection of a suitable location: ponds must be located away from sources of chemical contamination or
pollution, and the environment and water quality must be inspected regularly to ensure its suitability for
growing grass carp/aquaculture.

e Water quality requirements include a water body that is easy to fill and drain using a system of water routes,
instead of being cross-filled. The water must be kept clean and cool, with adequate nutrients, with an ideal
transparency of 25—-30 c¢m, and pH of 7-8.

e Robust seedstock should be selected, and released during cool weather, after disinfection. Grass carp is the
main species, but are mixed with other omnivorous cyprinids and crucian carp, and filter-feeders such as
silver carp and bighead carp. Grass carp grow fast with lower disease resistance, and are vulnerable to hem-
orrhages, gill rot disease, intestinal diseases, and red-skin disease. Fish should therefore be vaccinated by
soaking, although vaccination by injection is preferable in fish older than two years.
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e Compound feed used should meet the nutrient requirements of grass carp, without the need for addi-
tional ingredients. However, in addition to compound feeds, winter ryegrass (Lolium perenne), Euphrasia
americanum, Sorghum sudanense, and hybrid pennisetum (Pennisetum americanum x P. purpureum)
can also be grown to feed grass carp. The daily food consumption varies according to the weather and
water conditions, with the fish usually being fed at 0800 hr or 0900 hr, with enough food to last them until
1600 hr or 1700 hr.

o It is necessary to prevent and treat fish diseases using preventive microbial preparations or low-toxicity
drugs, with high efficiency and no residue.

2.1.3.1.2 Regional Characteristics of Pond Culture

China covers a huge geographical area, with abundant resources, complex landscapes, and multiple rivers.
Aquaculture systems also differ among different regions. We now consider grass carp aquaculture features in
seven areas, based on administrative divisions.

Common aquaculture models in eastern China include grass carp mixed culture with black carp, exten-
sive grass carp culture with pearls, cage culture, crucian carp/grass carp polyculture, and culture with grass
carp as the main species. In crucian carp/grass carp polycultures, 60—70 percent of the yield is accounted
for by crucian carp. In culture practices with grass carp as the main species, 300-600 grass carp per mu (1
mu = 0.0667 ha) is stocked using two different strategies: first, carp of a size equivalent to 10 fish/kg are
used, resulting in marketable fish weighing 1-2 kg at the end of the first year; second, carp weighing 0.25—
0.75 kg are stocked at 100-150 fish/mu, producing fish of 1.5-2 kg by the middle of the year, marketable
fish weighing 3—4 kg each by the end of the first year, and some fish may reach >8 kg.

Grass carp aquaculture in Central China is characterized by the green-grass aquaculture model — an eco-
logically efficient culture model — and intensive high-density culture model. In green-grass aquaculture, grass
species edible to carp, such as L. perenne, E. americanum, and S. sudanense, are planted in the inner platform
of the pond. Grass is used instead of artificial compound pellet feed, and compound feed used only as a
supplement.

Intensive high-density culture is also promoted throughout the whole province. The species used in this
system is grass carp in mixed culture with silver, spotted silver and crucian carp. This system mainly relies on
the use of artificial compound pellet feed(s), and rarely uses green grass, although ecologically efficient cul-
tures use L. perenne and S. sudanense together with commercial feed. The theory behind this is that the green
grass improves digestion and immunity in grass carp, and also improves meat quality, while the fish feces
facilitate the growth of photosynthetic bacteria, and increase the amount of dissolved oxygen in the water,
thus also improving meat quality indirectly.

Grass carp farming in southern China is characterized by high-density intensive culture, resulting in
high yields of about 2500 kg/mu (37 481 kg/ha) in the country. Carp here are harvested twice a year, involv-
ing grass carp and ‘crisped grass carp’ cultures (see section 2.1.8 below). In addition, the circulating-water
pond-culture model, and ‘slimming carp’ culture model, in which less feed and more exercise are applied
to carp culture so that carps become slim. Increasing scale of culturing, stable output, an integrated sys-
tem, and advanced techniques mean that this twice-yearly harvesting system can generate good profits.
The ‘slimming carp’ and spring culture systems remain small scale, because of their features and complex
procedures, but they produce expensive fingerlings, with considerable economic value and huge market
demand.

In south-west China, grass carp are mainly cultured based on the weight of fingerlings. Fingerlings can be
further divided into three classes (50—150 g, 150-350 g, and 350-500 g), while adults are divided into two
classes (1000-1500 g and 2000—2500 g), as well as a large size class for fish >2500 g. This system enables better
utilization of the fodder by providing nutrition based on the size of fish. In addition, grass carp farmed in this
way is considered delicious and has a high demand, generating good profits.

Pond culture is the main system in north-east China, in which spring fingerlings of grass carp and spotted
silver carp are placed in ponds at a proportion of 4:1, and are fed pellet feed. This method reduces feed costs
by about 19 percent through the use of a low-protein pellet feed.
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In north and north-west China, intensive pond culture and large-water polyculture are the main systems,
mainly farming grass carp or polyculturing silver and bighead carp. The whole culture process usually takes
three years, during which time the carp are fed artificial feed. However, ecological breeding systems have
recently emerged, in which the carp are fed artificial feed for the first two years and forage in the third year.

2.1.3.1.3 Typical Pond Culture Models
Typical grass carp pond farming systems in China include circulating-water culture model, high-density cul-
ture model, and green-grass culture model.

Circulating Water Culture Model: The circulating-water culture model, with circulating pond water, uses
wetland ecosystems or ecological ditches to purify waste water from the ponds and refill, representing a “zero
release” system (Figure 2.1.3). Circulating the pond water reduces occurrence of fish diseases by separating
the inflow and drainage. The waste pond water is drained into an artificial wetland, and then purified to be
reused for pond culture. Purification by circulating the pond water thus allows full control of the culture
environment and conditions, while its energy efficiency and environmentally friendly features, together with
the production of better quality products, makes it a desirable approach for an efficient ecological fishery, and
a more suitable choice for protecting the environment. Purified cultures using circulating pond water thus
reflect the trend towards the development of low-carbon fisheries.

A more advanced circulating purification system involves the use of standardized equipment and facilities
to recycle tail water from the culture ponds through a constructed wetland, including a biological cleaning
pool and water-treatment facilities. This system generally consists of ponds, channels, water-treatment facili-
ties, and powered equipment (also see Chapter 7.2).
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Figure 2.1.3 Exhibition board of recirculating pond aquaculture model for grass carp.
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There are several inflow and drainage forms of this system, among which cascade connection is the most
common, although some systems use a parallel connection. The cascade connection has the advantage of a
larger water-carrying capacity, which promotes water-layer exchanges and provides the capacity for building
terraced cultures. This system takes full advantage of food resources but creates greater discrepancy between
ponds, which can lead to cross infection. The inflow and drainage channels in the cascade connection form a
z-shape between the ponds, with the inflow located at the top of the water body and the drainage channel at
the bottom, thus aiding exchange between the higher and lower water layers.

Effluent from the ponds first flows into ecological ditches for level-I purification, followed by level-II and
level-III purification pools, after which the water is pumped back into the ponds to enter the next cycle, creat-
ing a complete recycling process. Level-I purification mostly occurs in ditches planted with water hyacinth
and alligator weed, with frogs, silver carp, and bighead carp forming a natural purification system. Level-II
purification pools are planted with water spinach in floating beds, together with other aquatic plants such as
water lilies, water milfoil, and curled pondweed, and aquatic animals including clams, frogs, silver carp, and
bighead carp. Level-II purification pools form the main part of the circulating water-purification system.
Level-III pools are planted with emergent aquatic plants, as well as submerged and floating plants, such as
lesser bulrush, triangular club-rush, reeds, dwarf bulrush, and sweet flag (Acorus spp.), together with aquatic
animals such as clams, freshwater shrimp, silver carp, and bighead carp. Eutrophication in level-III pools is
largely prevented by allelopathy, and the water is purified by the abundant plant growth.

High-Density Aquaculture Model: High-density grass carp aquaculture is used to farm grass carp and mixed
cultures of grass, silver, bighead, and crucian carp. Precise management of feeding with compound feed
helps to prevent diseases, and scientific control and real-time monitoring of water quality, and catching
and stocking in rotation, support a high yield. Three main kinds of grass carp fingerling culture are currently
used.

The first form of practice is small grass carp weighing 50—150 g stocked during the Spring Festival (from
January to February), accounting for more than 80 percent of total pond stock. About 20 percent of pond
stock consists of silver carp and crucian carp. The first sale of fish occurs in August when fish weight exceeds
1000 g. The smaller fish are still cultured until they reach a commercial size. At the end of the year, all fish in
a pond are sold. The advantages of this model include lower upfront costs, a low feed coefficient, and high
output, but the disadvantages include high disease incidence, and relatively low profit.

An alternative system involves mixed culture of large and small grass carp. Early in the year, grass carp
weighing 50 g and 250-500 g, respectively, are stocked together with small numbers of silver, bighead, and
crucian carp. From the beginning of May, large fish are sold, and fish weighing >1000 g are sold in August,
with all fish being sold by the end of the year. This stocking method makes full use of the pond’s capacity,
generates good profit margins, and reduces disease incidence in small grass carp. However, frequent catching
is associated with high costs and high operational requirements.

A third system is based on grazing large grass carp, sold at >4 kg. Stocking is mainly with grass carp of
750-1000 g, together with a few 50-g grass carp, and some silver, bighead, and crucian carp. This system is
associated with ease of management and selling, and reduced incidence of disease, but the disadvantages
include heavy investment, high risk, and low sale price and profitability.

Green-Grass Culture Model: 'The green-grass culture model is based on the natural habits of grass carp in the
fish pond, and was established by Datonghu Farm in Honghu, under the leadership of Hongxianxi Aquaculture
Special Cooperative (Figure 2.1.4). This model uses a "[H]" shaped pond, with an area of 40-60 mu, 15-20-m
wide, a 3.5-m deep ditch, and a shallow central part which is 2 m deep, with 0.2—0.3 m of mud on the bottom.
Each pond has at least two sets of aerating equipment (usually impeller-type or spraying-type aerators;
Figure 2.1.4). This model operates as follows: the pond is drained and the fish caught at the end of October,
and the pond is then disinfected during the Spring Festival. Fingerlings of grass carp, as well as spotted silver,
bighead, black, and crucian carp, and yellow catfish are placed in the deep-water zone around the periphery
of the pond, at a ratio of 65:12:13:3:5:2.
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Figure 2.1.4 Green-grass aquaculture model of grass carp culture, in which the grass replaces the bulk need of compounded
pellet feed. Source: Photo by Xiaodong Sun. (See color plate section for the color representation of this figure.)

In March, rye grass or millet grass is planted in the central pond and bank, and at the end of April or early
May, water is injected into the pond to flood some of the grass, enabling the fish to eat the tender grass, and
reducing mowing and feeding costs. In June, Sudan grass (Sorghum sudanense) is planted on the pond bank
and fertilizer is applied to speed up growth. The Sudan grass is then mowed and fed to the fish. The rye grass
and millet grass only need a small amount of organic phosphorus fertilizer and no pesticides, while the Sudan
grass only requires some low-toxicity insecticides to control aphids. The minimal need for pesticides and
chemical fertilizers during the growth of the rye grass and millet grass reduces both costs and pollution. Rye
grass can usually be sown three times and millet grass twice a year, producing about 9000 kg of green feed per
mu in each harvest, with an annual yield of 671 641 kg/ha (rye grass: 130434 kg/ha x 3 = 391 304 kg/ha; millet
grass: 130434 kg/ha x 2 = 260868 kg/ha). Sudan grass can usually be sown seven times in a year, yielding
63000 kg of green feed (Sudan grass 130434 kg/ha x 7 = 913038 kg/ha). In the green-grass culture system,
most farmers have >15 mu (~1 ha) of green grass, generating enough rye grass, millet grass, and Sudan grass
to feed the grass carp between March and October. In the event of there being insufficient green feed, a small
amount of pellet feed can be used (4—6 t/ha) to improve the output. Compared with intensive culture, green-
grass culture replaces most pellet feed with green feed (Figure 2.1.5), thus significantly reducing feed costs,
with little effect on yields. Regular management and pond inspections are carried out, and any fish diseases
may be prevented and/or cured based on this regular monitoring.

In addition, the feed coefficient in high-density intensive culture is generally 1.8-2.3, compared with 25—-60
in green-grass culture. Furthermore, much of the grass carp excrement in the green-feed system decomposes
and is used as a natural feed for polycultures of spotted silver and bighead carp, thereby increasing yields.

2.1.3.1.4 Other Culture Modes

In addition to circulating-water, high-density intensive and grass-based cultures, other small-scale grass carp
culture systems, such as stream and spring, and ‘slimming fish’ and ‘crisped grass carp’ culture systems are
also practiced in China. Stream and spring culture use mountain streams to culture grass carp, with green
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Figure 2.1.5 A pond for ecological grass-carp culture. Note: the central platform used for cultivation of different types of
grasses that are used as food for the stock.

plants as the sole feed. This growth cycle may last up to three years, and produces brightly colored, fresh-tast-
ing grass carp, with no “fishy” smell. These fish can sell for as much as 20 RMB/kg (6 RMB = 1 US$), compared
with 7 RMB/kg for fish cultured using other methods. Hetian carp (a strain of grass carp) are the most famous
stream- and spring-cultured grass carp. ‘Diaoshuiyu’ is a way of culturing grass carp in a freshwater system,
with no additional pellet or green feed, such that the only food is plankton. The fish thus become thin and
contain less fat, giving a good body shape and a fresh, tender taste. These fish may sell for up to 19.8 RMB/kg.
‘Crisped grass carp’ culture utilizes spring water from reservoirs to farm fish, and feeds them on water-
immersed broad beans, producing grass carp with tender, crisp, and firm meat, able to be sold for about
13.5-14.0 RMB/kg.

2.1.3.2 Cage Culture

Cage culture involves the use of synthetic fiber or metal-mesh cages placed in large and middle-sized reser-
voirs, allowing water exchange through the mesh to create a flowing-water environment. This is practiced as
a high-density intensive culture system, with high densities of fish, a high survival rate, and high yields. This
method saves land use and provides many superior fingerlings for large-water-body culture, as well as restrain-
ing the excessive multiplication of other fish species (e.g. Tilapia). Cages are independent from each other for
easy feed management and harvesting. This represents an effective and flexible way for China to exploit large-
and middle-sized water bodies. China has about 5000000 ha of available water area, including 38 600 000 ha
in large and middle-sized water bodies, of which only about 50 percent is currently exploited, indicating
considerable potential for development.

Cage culture is currently practiced in Fujian and Guangxi. The key features of cage-culture techniques are
as follows.

1) Location selection: Cages should be located in areas free from pollution, with a depth of >4 m, a large
water surface, flat bottom, and smooth water flow, with little wind, some sun exposure, a stable water level,
transparency 50 cm, pH 7.0-8.5, and >5 mg/L of dissolved oxygen. Flood drainage areas and areas with
clumps of water grass should be avoided.

2) Cages and setting: Cages should be made of polyethylene mesh, and be double layered, measuring
3-5m x 5 m x 2.5 m, with an internal mesh size of 3.5 cm and outer mesh size of 4 cm. The four sides
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of the cage should be bound by large bamboo poles, with steel cable used to fix piles of flat racks. Foam
plastic floats or old metal buckets can be used to provide buoyancy, and the frame anchored with sand
bags and stone fixed to the bottom of the cage, and weighted to stretch the cage fully in different direc-
tions. Cages should be placed 2 m underwater and 0.5 m above the water surface, with a net cover to
prevent grass carp jumping out of the cage. Cages should be established for a week before the fingerlings
are introduced. Algal growth on the net minimize the risk of the fish getting injured as a result of fric-
tion with the netting. The cage should be placed perpendicular to the water flow, and care should be
taken to prevent damage to the cages.

3) Stocking and feeding fingerlings: Fingerlings should be healthy and strong, have intact fins and scales, and
be free from disease and damage. Fingerlings obtained from other places should be inspected, and are
stocked at mean sizes of 300-500 g and 20-25 fish/m?. The cages can also be used to culture some chub
and bighead carp (200-300 g per fish) and gurnard (Chelidonichthys cuculus) (100 g per fish). Fingerlings
should be immersed in a 3—4 percent salt solution or potassium permanganate solution (10 mg/l) for five
to ten minutes before introducing them into the cages at the end of autumn or in early winter, and no later
than the end of March, when the water temperature should be about 15°C. When grass carp are intro-
duced into the cage, they are still able to eat, resulting in a recovery phase. Early feeding at the beginning
of spring will extend their growth period.

4) Feed management: Caged fish should not be fed large amounts of grass. Extruded pellet feed should be
used instead to improve feed (‘bait’) utilization ratio, and alleviate water pollution. After stocking, finger-
lings will be trained to compete for feed. Feed is cast according to four key rules, i.e. fixed quality, fixed
quantity, fixed time, and fixed location. The fish and water in each cage are inspected daily, and any dam-
age to the cages noted, allowing any problems to be resolved. The cages are washed approximately every
ten days, especially after floods, to ensure smooth water exchange is maintained.

5) Disease prevention and cure: The cages are sprayed with quick lime and bleaching powder every 15 days.
1-Bromo-3-chloro-5,5-dimethylhydantoin (BCDMH) bags and a mixture of copper sulfate and green vit-
riol (5:2) are attached to each side of the cage during the hot season.

2.1.4 Grass Carp Breeding

2.1.4.1 Artificial Propagation Technology

In 1958, Zhong Lin, a fish-breeding expert from China, developed a new method of artificial fish propagation
called ‘ecological and physiological oxytocin, which represented an end to the reliance on seed stock of fresh-
water fish from rivers and other natural habitats (Zhong 1965). The artificial propagation of fish also provides
high-quality and cheap seed for reservoir and lake fish ponds in China (Sun and Ren 1992). Grass carp gonads
reach maturity at different ages, depending on the climatic and nutritional status. Furthermore, the spawning
season for grass carp varies according to the region: mid June in north-east China, mid May in the middle and
lower reaches of the Yangtze River, and late April in the Chongqing area. However, artificial propagation is
usually only carried out once a year (Zeng 1999), which limits the numbers of larvae available. The Shuang
Zhu fishing ground at the Chonggqing University of Arts and Science has explored ways to improve traditional
breeding methods, and has succeeded in breeding grass carp three times a year, resulting in the production of
large numbers of fry and leading to huge economic benefits (Sun 2008).

2.1.4.1.1 Parent Fish Selection and Cultivation

Mature grass carp used for artificial propagation should be sturdy, of normal color, and have no signs of injury
or disease. The female to male ratio is 1:1 for natural spawning, and 2:1 or 3:2 for artificial insemination, with
a stocking density of about 2250 kg/ha. To take full advantage of food and regulate the water quality, parent
fish are usually polycultured with silver carp and bighead carp. The parent fish should be kept in ponds of
good water quality and convenient for transportation. The water-circulation system should be easy to fill and
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drain. And the pond should have an area of 1334-2668 m?, a depth of 1.5-2 m, should face east—west, and
include a water-jet aerator to avoid eutrophication. The sediment should be < 20 cm.

Water is added to maintain water quality, while flushing simulates natural water flow to promote gonad
development, especially during the prenatal period of intensive cultivation. Flushing needs to be performed
in accordance with the water source and weather conditions, but prior to artificial spawning. Flushing usually
takes place every two to three days, for 2 hr a time.

Additionally, parent fish are mainly fed cultivated grasses (rye grass, Sudan grass) mixed with various
cereals and artificial feeds. The food intake of grass carp tends to decrease prior to spawning, and it is there-
fore necessary to adjust the amount of feed provided accordingly. Meanwhile, the ponds should be cleaned
regularly with bleaching powder to prevent bacterial gill infections and gastroenteritis (Shan et al. 2015).

2.1.4.1.2 Artificial Spawning

Grass carp in the middle and lower reaches of the Yangtze River are generally inseminated in late May. When
the water temperature reaches 20-30°C and it remains sunny, it is possible to stop feeding the fish for a day to
carry out artificial insemination.

The common oxytocic hormones used for artificial propagation in the four major Chinese carp species
include crucian carp pituitary gland (PG) hormone, human chorionic gonadotropin (hCG), luteinizing-hor-
mone-releasing hormone and its analogues (LRH/LRH-A), domperidone (DOM), and reserpine (RES). The
biological activity of LRH-A is considerably higher than that of LRH, although both affect the development
and maturity of gonads. Because of the different pathways utilized by LRH-A, hCG, and PG, the oxytocin
response time of LRH-A may be 3—4 hr longer than those for hCG and PG, or even longer.

Farmers have recently used new and more effective hormonal mixtures, including LRH-A plus DOM, and
LRH-A plus RES. The doses for grass carp (females calculated according to weight, and half doses for males)
are 3-5 mg/kg DOM plus 1.5-2 ug/kg LRH-A or 3—4 pg/kg S-GNRH-A (Du et al. 1994; Ku et al. 1995).

2.1.4.1.3 Fertilization and Hatching

The oxytocin response time of LRH-A plus DOM in grass carp is about 12 hr. The parental fish are captured
at the appropriate time, wiped with a dry towel, and the eggs are squeezed into dry containers, followed by
milt. After keeping the container stationary for a moment, the eggs and sperm are then stirred gently for one
to two minutes using a feather, followed by three to four rinses with fresh water, and then moved to an
incubator.

Typically, the conventional loop hatching method (Figure 2.1.6) is used for hatching, at a density of 900—
1000 thousand eggs per m>. Grass carp eggs are semi-floating, so the velocity and flow of water must be
strictly controlled to ensure that the eggs float, and are uniformly distributed in the water column. During
hatching, the water temperature is maintained at 22—-25°C, pH 7.5-8.0, with 5 mg/L dissolved oxygen, and the
water is kept fresh and filtered through mesh, respectively. The water flow is adjusted during hatching, accord-
ing to changes in weather and temperature (Wang 1979; Xie 1980).

Fertilized eggs usually begin to hatch at 25 hr post-fertilization. The fry can be caught and cultured in ponds
by seven days post-fertilization. The fry are fed on cooked egg yolks, which are parceled, kneaded, and washed
with mesh screens and splashed around the incubator circuit, before transferring the fry to a pond 1 hr later.

2.1.4.2 Molecular Technology in Grass-Carp Breeding

Grass carp have 24 pairs of chromosomes. Traits of selective breeding interests of grass carp are for disease
resistance and growth. The key to carrying out molecular breeding and marker-assisted selection is to obtain
molecular markers that are closely linked to the target traits. Molecular markers were identified by quantita-
tive trait loci (QTLs) mapping, and genome-wide and candidate-gene associated studies. The candidate gene
association method is relatively cheap and easy to use, and has thus been widely applied for molecular marker
identification in grass carp. Currently, parentage assignment using molecular markers is used to identify
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Figure 2.1.6 A concrete hatching tank used for incubation of grass carp eggs, popularly referred to as “Chinese Design of
Concrete Hatching Tanks’, used for all major Chinese carp species. Source: Photo by Huihui Cheng.

parents of each individual in breeding schemes of grass carp (Fu et al. 2013). In addition, the first generation
genetic linkage map of grass carp was constructed using microsatellite and single nucleotide polymorphism
markers (Xia et al. 2010). The draft genome of the grass carp has also been developed (Wang Y. et al. 2015).
Such work will help us to breed more improved varieties of grass carp, as well as provide a scientific basis for
the application of modern biotechnology in aquaculture. Genetic breeding projects thus represent a promis-
ing way forward for grass carp aquaculture (Hu 2006).

2.1.4.3 Large-Scale Cultivation of Grass Carp Fry

Cultivation of grass carp fry and fingerlings refers to the culture of juvenile fish for 20-25 days to reach 3 cm,
followed by feeding until they reach 3—15 cm. The success of rearing grass carp fry is directly related to the
production output, size specifications, survival rate, and other features of the fingerlings. Selection of high-
quality fingerlings thus provides the basis for cultivating excellent juvenile fish, which is a critical step in the
grass carp breeding cycle (Yang et al. 2011).

2.1.4.3.1 Feeding

Larval fish undergo a transition from mixed nutrition to exogenous nutrition, when the yolk sac can no longer
meet their metabolic needs. Under natural conditions, grass carp initially feed on zooplankton, including
protozoans, rotifers, and other micro-zooplankton, followed by water fleas (Cladocerans), such as Diapha-
nosoma, Cyclops, and Daphnia as the grass carp grow.

Under artificial propagation conditions, grass carp fry are transferred to pools five—seven days after fertili-
zation, when the numbers of rotifers and cladocerans reach a peak. The fry are fed one egg yolk per 100000
fry, and then transferred to a pond 3—4 hr later. The fish are initially fed with soybean milk after transfer
(14-16 kg/ha, 2-3 times a day, increased to 57—65 kg/ha), which acts as a fertilizer for the grass, as well as a
food source for the fish.
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After seven days, the fry can be fed on refined flour, rice bran, wheat bran, and other fine feeds, often mixed
together. Fish also receive soybean-cake slurry daily at 8—10 percent of the fish weight, mixed with water at a
ratio of 1:10. By 15-20 days incubation, the fish begin to eat Chironomid larvae, the roots of the duckweed
species such as rootless duckweed (Wolffia arrhiza), lesser duckweed (Lemna trisulca), and greater duckweed
(Spirodela polyrhiza), and other aquatic plants. When the fish reach 1.7-3.1 cm, the throat teeth have started
to take shape, and the intestinal bend has formed. They continue to grow and develop into fingerlings. Once
the grass carp have reached 5 cm, their staple diet consists of plants and invertebrates. In their natural habitat
grass carp at this stage eat mostly submerged plants and gramineous plants in coastal shallow waters. When
they are 8-12 cm long, they are fed on cobalt pigment, grain, and a compound feed at a daily feeding rate of
seven to ten percent of fish weight, and once they reach 12—14 cm, their main fodder is 2.5-mm particle feed
at a rate of 3—6 percent (Xiao 1975; Liao et al. 1979).

2.1.4.3.2 Stocking Density

For fry rearing, the pool area should be around 1-2 x 667 m?, with a water depth of 1.0-1.5 m. Fry should be
clean and healthy looking, with a bright body color, be plump, well-proportioned, swim actively, and with no
signs of injury or disease. The stocking density used is around 10—15 million/mu. When fry reach 2.5-3 cm
after 20—-30 days’ culture, they are removed at around 0800 hr or 0900 hr on a sunny day by trawling, when fry
of the desired size are picked out and the rest returned to the original pond. This process is repeated daily to
obtain fry of correct size for stocking in grow-out ponds.

For larval rearing, the larvae are transported in an oxygenated bag, which is then placed in the pool for
10 min (Li 1999). The larvae are then released uniformly along the border of the pool, once the temperature
in the bag has equilibrated with that in the pool.

This breeding process can be divided into two stages (CCTV Agricultural Technology http://www.cctv-7.
com.cn/). During the first stage, fry of 2.5-3.3 cm are grown to 7-9 c¢cm in monocultures. Around 30000—
50000 3-cm fry are stocked per 667 m”. Water is added to increase the depth by 10-20 cm once a week, and
the fry will grow to 7-9 cm in 10-15 days. The second stage involves culturing the fry from 7-9 cm up to
20-25 cm by the ecological polyculture method. About 4000—-6000 individuals of 7—-9-cm size are stocked per
667 m”. In this polyculture system, grass carp is the primary fish species cultured in the pond which is gener-
ally 4002—6670 m” and the water depth is 1.8-2.5 m (Huang 2010), coupled with a smaller population of silver
carp and bighead carp.

2.1.4.3.3 Temporary Holding and Transport

The demand for aquatic products is growing, along with developments in fishery production, while increased
fish production and improved cultivation methods result in more frequent fish transportation. Dragnet fish-
ing and temporary stocking of fry and fingerlings help to reduce mortality during transport. Strict manage-
ment measures and production systems are needed to improve the quality of the aquatic products, and
sampling for drugs should be carried out before the point of sale, to avoid the risk of drug residues in the final
product (Guo 2009).

As indicated previously, grass carp fingerlings are hauled from fingerling rearing ponds using nylon
nets, when undesirable animals in the hauls are removed. However, it is necessary to take care to avoid
mechanical damage to the fingerlings during this process, which could result in infections, such as white
mouth disease (Li 1999). The specification for grass carp fry for selling is 400-750 fish/kg, and >50 g/fish
(Zeng 1999). Fry are filtered through bamboo screens and counted, and fry smaller than the specification
are left to continue to grow in the original pond. Fry for sale may be kept in hanging culture for 2-3 hr
before sale.

Grass carp fingerlings are usually transported in 70 x 40 cm plastic bags filled with oxygen, with a water
temperature of 20—25°C. It is possible to ship 80000—-100000 fry, 1200-1500 summerlings, 600—800 5-7 cm
fingerlings, or 300—500 7—8 cm specification fingerlings in each bag, with a guaranteed survival rate >90 per-
cent for 24 hr.
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2.1.5 Water Quality Control

Using large amounts of feed and numerous chemicals, and changing large volumes of water are common
procedures in high-density aquaculture. However, these processes increase water pollution, and may be a
direct cause of fish diseases and reduced product quality. The above processes are also responsible for huge
economic losses in the aquaculture industry. Compared with traditional physical and chemical remediation
technologies, bioremediation is gaining popularity because of its low cost, low labor input, and its ability both
to clean without producing secondary pollution, and to maintain an ecological balance (Meng et al. 2008).

2.1.5.1 Biological Floating-Bed Technology for Improving Water Quality

Floating beds (Figure 2.1.7) make full use of the microbes living on the surface of plant roots, which can decompose
and utilize organic pollutants and excess nutrients in the water. The floating plants that absorb nitrogen, phosphate,
and other nutrients be harvested by the end of October, to remove pollutants from the pond. This procedure can
significantly reduce eutrophication, improve water quality, and repair the aquatic environment (Hu et /. 2010).

Water spinach (Ipomoea aquatica) has become the first choice of floating-bed plant in central China,
because of its useful traits, including heat resistance, rapid growth, a well-developed root system, and strong
ability to absorb minerals, as well as being economical and easily available (Figure 2.1.7). It is generally planted
in late April, soil-cultured for 30-40 days, and then transplanted in sparse matrixes of floating beds 25 cm
apart, when the stem length is >20 cm. The seedlings are used at about 0.2 kg/m”. Biological floating beds
occupy about 5 percent of the surface in fingerling-rearing ponds, and 7.5 percent in adult-cultivating ponds.
They cannot be set up along the edge of the pond, and care must be taken to ensure that they do not interfere
with the feeding and aeration equipment.

Floating beds can increase the overall production of cultured fish by 20 percent, enhance the survival
rate of fry by >3 percent, and reduce the use of drugs by 40 percent compared to culture systems that do
not use floating beds. However, floating beds also reduce the amounts of plankton and dissolved oxygen
(1.76-6.82 mg/1) in the pond, and the optimal species ratio is thus 47 percent grass carp, 19 percent bream,
16 percent crucian carp, 8 percent carp, 8 percent silver carp, and 2 percent bighead carp.

2.1.5.2 Application of Probiotics in Water Quality Regulation

Micronutrients are low-cost, non-toxic, non-polluting additives made from beneficial bacteria, oligosaccha-
rides, and other raw materials. These not only comply with the basic requirements for healthy farming of fish,

Figure 2.1.7 Biological floating-beds in grass-carp culture ponds that help in maintaining water quality. (See color plate section
for the color representation of this figure.)
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but also with the future prospects for aquaculture development. Common micronutrients used to improve
water quality in grass-carp culture include photosynthetic bacteria, bacilli, nitrifying bacteria, as well as com-
pound bacterial preparations (Gao and Xu 2012).

Compound micronutrients generally contain photosynthetic bacteria, lactic acid bacteria, actinomycetes,
Saccharomyces, amino acids, vitamins, EM bacteria, bacilli, and nitrobacteria, diluted 100—200-fold with
water and then sprinkled over the entire pool. One bottle of probiotics is sufficient to cover 0.13—0.2 ha when
culturing fry, and 0.33 ha when culturing adult fish.

The biocompounds for bottom improvement are mixtures of Thiobacillus, nitrobacteria, denitrifying bac-
teria, bacilli, and Rhodopseudomonas. Micronutrients can significantly improve water quality, by maintaining
ammonia levels at 0.45-0.5 mg/], nitrite at 0.025-0.3 mg/l, and hydrogen sulfide at 0—-0.025 mg/l, with degra-
dation rates of ammonia, nitrite, and hydrogen sulfide of >40 percent, >99 percent, and >60 percent, respec-
tively (Zhang et al. 2014).

Micronutrients should be used in the morning on sunny days to avoid anoxia as a result of oxygen con-
sumption through cell activation and propagation. Furthermore, micronutrient preparations should not be
used with bactericidal and antibacterial medications (Zhang et al. 2014).

2.1.6 Feeds

2.1.6.1 Nutritional Requirements of Grass Carp

Feed costs generally account for >50 percent of recurrent costs in most aquaculture practices, with protein
costs accounting for about 25-30 percent. Protein is required to meet the demand for amino acids, especially
essential amino acids (Liao 1996). In addition, dietary fat is a source of essential fatty acids, and acts as a car-
rier of fat-soluble vitamins, while carbohydrates are a major source of cheap energy. Vitamins are necessary
for fish survival and play a key role in controlling nutrient metabolism, while minerals are important compo-
nents of body tissues, and also maintain osmotic pressure and the acid—base balance. The calorie—protein
ratio (total energy/crude protein (%) per unit weight of feed) is directly related to the utilization rates of
protein and energy (Liu and Wang 2008; Yang et al. 2013). Compound feeds need to provide adequate and
balanced nutrition to ensure maximum feed utilization, and meet the nutritional demands of rapid growth,
whilst minimizing costs. Feed formulae and feed coefficients used in different growing environments are
shown in 2.1.1.

2.1.6.2 Value and Application of Green Fodder

Soybean, rapeseed, and cottonseed meal are the main protein sources, but these contain anti-nutritional fac-
tors that decrease the feed-conversion rate and thus reduce fish growth and quality. Research aimed at
improving grass carp feed formulations and clarifying the significance of green fodder has been ongoing in
China for many years (Zeng 1987).

Compared with the history of freshwater aquaculture, the use of green fodder is relatively recent, but it is
associated with certain advantages, including utilization of a variety of plants that are both nutritious and rich
in essential vitamins and minerals for grass-carp growth. Importantly, green fodder results in high yields and
cost less, which can effectively reduce the cost of grass-carp culture (Chen et al. 2013). Previous studies have
demonstrated that green fodder affects the composition of amino acids in the muscle and improves the taste
of grass carp (Bi et al. 2011). At present, planting fodder and cultivating fish has been used as an energy-con-
serving, safe, and healthy aquaculture system in the southern Yangtze River.

Feed prices have risen in line with increasing food safety measures, and the system of planting feed and
cultivating fish has thus transformed the mode of fishery development, with both practical and strategic
significance.



Table 2.1.1 Examples of typical grass carp feed formulations.

Formula provider

and purpose Ingredients (%)
Shanghai Fisheries bean cake rapeseed fishmeal wheat bran mixed mineral salt
University 30% cake 2% 15% powder substance 2%
35% 14% 2%
Hubei Fisheries Research  bean cake fruits fishmeal wheat bran crude mineral fecula  pine needle
Institute 33% 1% 5% 26% protein substance 12% powder
25% 2% 7%
Shunde Guangdong silkworm flour fishmea wheat bran crude corn meal salt groundnut  auxin  shell
chrysalis 15% 12% 50% protein 18% 1% cake 0.5% powder
6% 18.2% 5% 1%
Pearl River Fisheries bean cake rice bran fishmeal wheat bran yeast greenfeed
Research Institute 10% 40% 10% 38% powder
2%
Shandong Fisheries School bean cake sweet potato  fishmeal wheat bran calcium cornmeal salt auxin
15% flour 10% 5% hydrogen 10% 0.5% 2%
12% phosphate
2%
Common feed bean cake straw powder cornmeal  bone meal salt Trace
15% 70% 13.5% 1% 0.5% amount of
vitamins
Lake grass carp bean cake rice bran fishmeal wheat bran Sweet cornmeal bone salt
15% 15% 3.5% 10% potato vine  10% meal 0.5%
powder 1%

45%
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2.1.6.3 Feed Additives

Feed additives refer to small amounts of substances used in feed processing and production, including nutri-
tional and general feed additives. Additives comprise an important component of the feed. Aquaculture feed
additives mainly include microbial or traditional Chinese medicine additives, Saccharicterpenin, oligosac-
charides, enzyme preparations, and carnitine. These substances improve the basic nutritional value, and
improve animal performance and health, reduce feed costs, and improve product quality. Some examples of
microbial and plant feed additives are given below.

2.1.6.3.1 Microbial Feed Additives

People often refer to probiotics applied to animal cultures as microbial feed additives. Research on probiotics
dates back to 1947, when it was reported that the addition of Lactobacillus to feed, effectively increased the
weight of piglets and improved health (Hansen and Mollgaard 1947). The ideal probiotics should have no
pathogenicity, be able to adapt and survive at low pH of the gastrointestinal tract, promote growth, and
increase the resistance to diseases. The main probiotics on the market are photosynthetic bacteria, Bacillus
spp., Saccharomyces, nitrobacteria, denitrifying bacteria, and EMs.

Photosynthetic bacteria are nutritious, including 65 percent crude protein and vitamin B, folic acid, and
coenzyme Q. The use of 2 percent photosynthetic bacteria can improve the survival rates of grass carp, big-
head, and silver carp summerlings by 5-28 percent, and the yield by 15-30 percent, while reducing the feed
coefficient by 20-23 percent, with good economic benefit (Xu et al. 2012).

Yeast can be obtained from a variety of sources. It is relatively cheap, includes a largely complete range of
amino acids, and can provide many vitamins and microelements suitable for aquatic animals (Xu et al. 2012).
The addition of yeast reduces the feed coefficient by 10 percent, and increases amylase activity and fat deposi-
tion. Yeast spores in the intestine can produce protease, lipase, and other nutrient substances.

Bacillus subtilis can be added to feed at 10002000 mg/kg, and is associated with an increased growth rate
of grass carp of 5 percent. B. subtilis can promote the activities of intestinal amylase and protease, and regu-
late lipid metabolism by improving intestinal mucosal morphology, thereby promoting the deposition of pro-
tein and fat, and accelerating growth (Xu et al. 2012).

2.1.6.3.2 Chinese Herbal Feed Additives

China have rich resources of Chinese herbal medicines derived from a huge number of species. The earliest
record of Chinese herbal additives can be traced back to the Xi Han Dynasty (206 BCE-8 CE). In modern
fisheries, Chinese herbal feed additives not only improve the production of aquatic animals and feed effi-
ciency in aquaculture, but also ensure food safety for consumers, and result in fewer residues and less envi-
ronmental pollution. The dual medicinal and nutritional roles are especially useful in current intensive and
large-scale aquaculture production (Ge and Chen 2010).

Compounds that promote feeding can improve feed palatability, and efficiency of feed utilization, while
growth-promoting additives can improve weight gain and feed utilization, and thus reduce farming costs. It
is commonly believed that certain Chinese herbs facilitate detoxification of feed ingredients, when present,
and also have an antibacterial effect, thus reducing the incidence of disease, increasing survival, and reducing
costs. The quality of fish meat and skin were improved by adding a modifier to the feed, and the meat quality
of fish fed with artificial feed differs from that of wild fish (see Chapter 5.1 for clarification).

2.1.7 Disease Prevention and Control in Grass Carp

With the development of grass carp culture in China, fish diseases have emerged as a bottleneck in the further
development of the industry. New diseases, outbreaks, and difficult-to-treat diseases often occur, resulting in
huge economic losses to the aquaculture industry. Aquatic disease control uses three main measures: ecologi-
cal control, immune system control, and drug control.
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Drug control is the most direct, effective, and economical method. It is difficult to administer drugs to fish
in the water. The stability of drugs in water is relatively short, and drugs are impacted upon in the aquatic
environment. All this results in higher drug requirements. Floating feeds can incorporate Chinese herbal
medicines or drugs that can float on the water surface for prolonged periods. Floating microcapsules can float
for even longer, because of swelling due to absorption of water. They can be adjusted in size to suit different
fish, and can help to improve the recovery rate. A new type of fish medicine has been developed (see
Chapter 7.3 for details) comprising a core of 10-80 percent infilling material, sprayed with 1-10 percent of
specific binders, with 20-50 percent of Chinese herbal medicine and antibacterial drugs glued to the core,
packaged within a coating layer.

The safety of aquatic products has been the focus of increasing attention, with limitations placed on the
use of drugs to prevent and treat fish diseases. Vaccination has long been recognized as one of the best
prevention and control measures for diseases of aquatic animals. Approved vaccines include methionine
iodine for hemorrhage in grass carp, Ctenopharyngodon idella cell inactivated vaccine, fish Aeromonas
hydrophila septicemia inactivated vaccine, and grass-carp hemorrhage attenuated live strain vaccine
GCHV-892 (flounder soluble algae Vibrio, eel Vibrio, and Edwardsiella tarda disease) linked to anti-
idiotypic antibodies.

Ecological control refers to the creation of a living environment suitable for healthy fish growth, with the
need for minimal or no medication. Floating beds in grass-carp ponds can improve pond-water quality, espe-
cially by reducing the nitrite and ammonia contents. This practice also has a positive effect on reducing diur-
nal fluctuations in dissolved oxygen (DO) and pH. Ipomoea floating beds can significantly improve visibility
within ponds, and reduce malondialdehyde (MDA) (an indicator of oxidative damage) and protein carbonyl
levels in fish serum and liver homogenate. Floating beds improve the total antioxidant capacity and reduce
disease in grass carp by improving pond-water quality (Wang et al. 2015).

2.1.8 Improved Muscle Quality in Cultured Grass Carp

2.1.8.1 Crisped Grass Carp Breeding Technology

An accidental discovery in 1973 revealed that feeding grass carp on broad/fave bean (Vicia faba) in the
Yangtse reservoir (Zhongshan, Guangdong province) improved the flavor and cooking tolerance. Grass carp
fed in this way are referred to as ‘crisped grass carp. They are characterized by thinning but dense muscle,
thickened perimysium, and increase deposition of collagen in the diaphragm, making the fish flesh more brit-
tle. The gap between the myofibrils, sarcomere length, and muscle fiber area are also increased. Crisped grass
carp muscle has higher protein, fat, and ash contents than ordinary grass carp, and the firmness and chewi-
ness of the muscles after cooking are significantly increased.

Cages for ‘crisped’ grass carp rearing should be cleaned and soaked for 30 minutes with five percent raw
lime solution for disinfection, and then placed in the water prior to introducing the fish, to avoid scraping.
Fish are then dosed with vaccine before releasing into the cages, and soaked for five to ten minutes with
20-30 g/m® of potassium permanganate. During rearing, close attention should be paid to water disinfection
and water quality. The best stocking size of grass carp is about 1 kg, with a crisped grass carp specification of
2.5-3.5 kg after 105—120 days’ culture (Xu et al. 2012). A higher proportion of broad beans in the feed will
raise the feed coefficient and increase costs, but a lower proportion will prolong the culture time; the optimal
formula is thus one containing 50 percent beans, together with fish meal, soybean meal, rapeseed meal,
maize, rice bran, and trace elements. A crisped grass carp gourmet carnival in 2013 attracted over 40 million
people from inside and outside Guangdong province, including tourists from Hong Kong, Macau, Europe,
and the United States. In 2013, the sale of crisped grass carp reached almost 1600000 kg, worth around
70 million RMB per year. Crisped grass carp sell for about 44 RMB/kg, which is nearly two times higher than
for ordinary grass carp.
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2.1.8.2 Muscle Quality Related to Biological Floating-Bed Technology

Biological floating-bed technology purifies the water by adding aquatic water plants in an advanced state of
growth to the eutrophic water surface to absorb and remove nitrogen, phosphorus, and organic matter (Xu
et al. 2012). Ipomoea aquatic floating beds significantly improve muscle quality in grass carp, including mus-
cle pH and water-holding capacity, and crude protein content, while reducing the crude fat content. Analysis
of texture and sensory evaluation showed that biological floating beds improved muscle hardness, elasticity,
and the overall acceptability of grass carp, suggesting that their use may increase the popularity of grass carp
(Wang J. et al. 2015).

2.1.9 Culture Efficiency of Grass Carp

Grass carp is the most popular and the main aquacultured fish in China. However, over the last 10 years,
the price of grass carp feed has increased, while the price of grass carp has remained relatively static
(Figure 2.1.8). The costs of grass-carp culture have thus increased, and despite continuous improvements in
culture technology leading to increased yields, the scale of the grass carp culture industry has declined as a
result of static fish prices, and also increasing problems with disease. However, profits from grass-carp cul-
ture remain high as a result of market demand and the high yield. The incentive for culturing grass carp thus
remains high, as long as the market price is good in that year.

Grass carp prices have fluctuated during 2012-2015, both among different regions and between years and
months within the same area. The lowest price was around 7 RMB/kg, while the highest was approximately
14 RMB/kg. In addition, some ecologically or organically farmed grass carp can fetch 30-40 RMB/kg. In line
with improved grass carp prices, stocking density and stocking area increased in early 2014, though prices fell
again in early 2015, but recovered after April 2015. Factors affecting the farming efficiency of grass carp
include feed costs, scale of farming, and short-term supply caused by market demands. However, the eco-
nomic benefits of conventional grass-carp culture systems are relatively low, and farmers may increase effi-
ciency through polyculture with other economic species in many areas.
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Figure 2.1.8 The chart of 2005-2015 annual price change trends in the farm gate price of grass carp, and the price of grass carp
feed, in Honghu City. Data source: Honghu City, Hongxianxi aquaculture professional cooperatives.
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Table 2.1.2 Costs of main items and associated profit comparison, based on annual averages, of different grass-carp culture
models. Unit: RMB.

Other costs Feed
Culture model Fry cost Feed cost Drugcost (labor, energy, etc.) Totalsales coefficient Profit/ha
High stocking density 6618 75650 5200 11400 115840 1.8-2.3 19,965
culture
Culturing grass carp 35000 82250 3000 30000 230000 25.3-60 23,925
with grass
Reservoir cage 1767 4530 54 750 11134 1.93-2.18 60,485
aquaculture

The cultivation efficiency of grass carp using different systems vary. The pond recirculating aquaculture
system has substantial economic and ecological benefits. This system reduces water consumption and thus
saves on water costs, and also effectively reduces drug usage and costs. The circulated water and zero dis-
charge of pollution can effectively help to combat eutrophication problems in lakes and rivers.

The grass system also has economic and ecological benefits, by reducing feed and labor costs, improving
the nutritional quality of grass carp meat, reducing disease occurrence, and reducing the need for artificial
feed, thereby also preventing the accumulation of excess nutrients, such as nitrogen and phosphorus, in the
water and sediment.

The economic benefits of reservoir cage aquaculture are remarkable. In terms of ecological benefits, this
system can increase the phytoplankton biomass in the water and improve fish food resources and water pro-
ductivity. In addition, environmental resources such as temperature, light, and dissolved oxygen are fully
utilized (Lu et al. 1995).

The different grass carp culture systems are compared in Table 2.1.2. Reservoir cage aquaculture results in
the highest profits, followed by grass cultivation, while high-density precision feeding has the lowest profits
(with Hubei Province as an example).

2.1.10 Prospects for Grass-Carp Culture in China

Grass carp is the most important freshwater aquaculture species in China, and pond culture of this carp is
likely to be the country’s main production system in the future. This will promote sustainable economic and
environmental development, and benefit the grass-carp culture industry through the use of healthy ecological
culture systems and modern biotechnology. Further development and promotion of the grass-carp culture
industry relies on theoretical and practical understanding of ecological physiology, breeding techniques, and
disease-causing agents/mechanisms, the interpretation and development of functional genomics, large-scale,
high-efficiency raising of seed, ecological breeding technologies, and preservation of germplasm resources. A
better understanding of the eco-physiological mechanisms responsible for grass carp meat quality will help to
improve muscle quality through environmental and nutritional regulation.

Further scientific research into broodstock management is needed to improve production. Studies on envi-
ronmentally friendly and efficient utilization of ecological feeding technologies, such as precision feeding,
and researching individual commodity specifications, will also benefit grass carp culture. Consideration
should be given to technologies related to the ecological management of multi-species polycultures, the appli-
cation of data processing, enhancing and promoting efficient operating mechanisms, implementing and man-
aging large-scale breeding and industrialization to incorporate developments in science and technology, and
promoting market competitiveness in the grass carp industry.

113



114

Aquaculture in China

Acknowledgments

This study was supported by the Earmarked Fund for China Agriculture Research System (Project no.
CARS-46) and the Fundamental Research Funds for the Central Universities (Project no. 2662015PY119).
The authors thank Huihui Cheng, Honghao Zhao, Chen Xiao, and Xiao Liang for their valuable assistance in
information collection.

References

Bi X, Yu E., Wang G., Yu D,, Gong W., Xie J. (2011). Comparison and analysis of nutrition composition of grass
carp raised with grass and artificial feed. Guangdong Agricultural Sciences, 38, 132—134. (in Chinese)

China Fishery Statistical Yearbook (2004—2016). Chinese Ministry of Agriculture, China Agriculture Press, Beijing,
p. 287. (in Chinese).

Chen L., Xiao G., Wang X. (2013). Study on grass carp breeding technology by plant grass. China Fisheries, 6,
71-72. (in Chinese)

Du S., Chen J.,, Yun D., Wang B. (1994). The application test of artificial propagation in grass carp for harvest
ripening technology in the spring of the year. Heilongjiang Fisheries, 2, 12—-13. (in Chinese)

Fu], ShenY, Xu X,, ChenY,, Li D., Li J. (2013). Multiplex microsatellite PCR sets for parentage assignment of
grass carp (Ctenopharyngodon idella). Aquaculture International, 21, 1195-1207.

Gao C., Xu C. (2012). Application of probiotics in water quality improvement of aquaculture. Hubei Agricultural
Sciences, 51, 1419-1422. (in Chinese)

Ge B,, Chen L. (2010). Research progress of Chinese herbal medicine feed additives. Animal Husbandry and Feed
Science, 31, 29-32. (in Chinese)

Guo G. (2009). Green aquatic products breeding technology of mouth hanging towel “downsizing” Grass Carp,
bighead carp breeding experience. Fisheries Advance Magazine, 4, 44—45. (in Chinese)

Hansen I.G., Mollgaard H. (1947). Investigation of the effect of lactic acid on the metabolism of calcium and
phosphorus. Acta Physiologica Scandinavica, 14(1-2), 158-170.

Hu G. (2006). The application of genetic improvement in aquaculture. Journal of Ningbo Institute of Education, 8,
43-46. (in Chinese)

HuJ., YuanJ., Yang X. (2010). Eutrophication purification and resource utilization by aquatic vegetables. Journal
of Lake Science, 22, 416—420. (in Chinese)

Huang B. (2010). How to improve the survival rate of breeding in one year old grass carp. Fujian Agriculture, 12,
29. (in Chinese)

Ku M., Wen X., Wang W., Wang D. (1995). Effect of dopamine inhibitor on artificial propagation of grass carp.
Journal of Hubei Agricultural College, 2, 99—-101. (in Chinese)

Li S. (1999). Analysis of death and method of long-distance transportation of live fish. Fishery Guide to be Rich,
21, 16-17. (in Chinese)

Liao C. (1996). Analysis of appropriate values of nutrient components in grass carp feed. Freshwater Fisheries, 4,
3-5. (in Chinese)

Liao C., Zhu L., Chang Y. (1979). Protein requirement of grass carp seedlings. Freshwater Fisheries, 10, 51-53.
(in Chinese)

Liu K., Wang X. (2008). Research progress on the feed and nutrition requirements of grass carp. Guangdong Feed,
17, 36-38. (in Chinese)

Lu S., Chen X, Liu S. (1995). Analysis of cage culture and its ecological and economic benefits for Grass Carp.
Current Fisheries, 5, 12-13. (in Chinese)

Meng R., He L., Hu X., Xi B. (2008). Ecological restoration techniques to deal with the waste resulting from
aquaculture. China Fisheries, 10, 46—47. (in Chinese)

Shan]., Zhu N,, Li]., Li B., Wang G. (2015). Key points of cultivation techniques of grass carp. Shangdong Journal
of Animal Science and Veterinary Medicine, 5, 74-75. (in Chinese)



Traditionally Farmed Species and Farming Practices

Sun H. (2008). Breeding techniques for three times in a year. Jiangsu Agricultural Sciences, 6, 224. (in Chinese)

Sun H., Ren L. (1992). Artificial breeding feasible temperature of bighead carp and grass carp. Freshwater
Fisheries, 1, 29-30. (in Chinese)

Wang J., Li D, Pan Z., Guo W., Xie C., He X., Qi C. (2015). Effect of bio-floating beds on growth performance and
flesh quality of fish in culture pond. Journal of Huazhong Agricultural University, 34(4), 108—113. (in Chinese)

Wang Y. (1979). Grass carp fingerling is cultured with the ring road after artificial breeding of Chinese carp.
Freshwater Fisheries, 1, 31. (in Chinese)

Wang Y., Lu, Y., Zhang Y., Ning, Z., Li Y., Zhao Q., Lu H., Huang R, et al. (2015). The draft genome of the grass
carp (Ctenopharyngodon idellus) provides insights into its evolution and vegetarian adaptation. Nature
Genetics, 47, 625—-631.

Xia], Liu E, Zhu Z., FuJ., FengJ., Li ], Yue G. (2010). A consensus linkage map of the grass carp
(Ctenopharyngodon idella) based on microsatellites and SNPs. BMC Genomics, 11, 135.

Xiao Y. (1975). Goose dish and ixeridium is good feed to feed grass carp bait. Fisheries Science & Technology
Information, 5, 6-7. (in Chinese)

Xie J. (1980). Effects of some physical and chemical factors on the embryonic development of grass carp. Chinese
Journal of Zoology, 3, 4-7. (in Chinese)

Xu P, Dong X., Tong J. (2012). Main function and research progress of microbial feed additives. Chinese Journal of
Animal Nutrition, 24(8), 1397-1403. (in Chinese)

Yang H., Tian Huang J., Liu Y. (2013) Nutrient requirements and nutritional parameters of grass carp (two).
Guangdong Feed, 22, 43—46. (in Chinese)

Yang X., Wang R., Shen Y., Guo S., Xuan Y., Fu J,, LiJ. (2011). Comparison of cultivate effect in grass carp
seedlings between aquarium and pond grass fry. Jiangsu Agricultural Sciences, 39, 380—382. (in Chinese)

Zeng L. (1999). Early and two times a year propagation in grass carp. Reservoir Fisheries, 19 (6), 19. (in Chinese)

Zeng X. (1987). Research on the reasonable formula selection of grass carp feed. Freshwater Fisheries 1: 13-16.
(in Chinese)

Zhang Q., Meng H., Zhang L., Cai L., Song J. (2014) A experiment about new micro ecological preparation to
control the water quality of aquaculture. Hebei Fisheries, 8, 28—29. (in Chinese)

Zhong L. (1965). Fish Biology and Artificial Breeding. Science Press, Beijing, p. 185. (in Chinese)

115



116

2.2
Typical Cases of Silver Carp Culture

Guiwei Zou, Dan Wang, and Xiangzhong Luo

Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Wuhan, Hubei, China

2.2.1 Introduction

Silver carp (Hypophthalmichthys molitrix) is known as the jumping carp. It is one of the most important
commercially cultured fish that grow fast and can weigh up to 20 kg. Its natural distribution covers the rivers
in the north-east, the central, the south-east and the south of China, except the area upstream of the Three
Gorges of Yangtze River (Wang 1994). In 1958, China succeeded in the artificial propagation of “four major
Chinese carps” (Mylopharyngodon piceus, Ctenopharyngodon idella, H. molitrix and H. nobilis), which
completely changed the status of fishing and farming based on wild caught seed, and greatly accelerated silver
carp cultivation. Moreover, cultivation of silver carp expanded from pond farming to culture and propagation
in large water bodies (including lakes and reservoirs). Freshwater aquaculture production in China was spread
over 6080390 ha in 2013, producing 24 817 300 tonnes of freshwater fish, among which were 3850900 tonnes
of silver carp, accounting for 15.6 percent of the total production of cultured freshwater fish (China Fishery
Statistical Yearbook 2014). Silver carp is nutritionally rich, readily available at an affordable price, either fresh,
or as diversified products such as minced fillet, fish balls, and fish cakes, making it a favorite of the Chinese
people. Accordingly, silver carp has become one of the important protein sources for a high proportion of the
vast population, and is commonly known as the “grain of the poor”. In addition, silver carp is a filter-feeding
cyprinid fish. It has great values not only for food fish, but also for biological control of blooms of cyanobac-
teria in lakes, ponds and reservoirs, and in general to facilitate reduction of potential eutrophication (Ke et al.
2009). It feeds low in the food chain and plays an irreplaceable role in improving the aquatic environment.
Culture and propagation of silver carp has become a key solution for developing an environmentally friendly
aquaculture sector. An ecological model, in which other species are cultivated with silver carp, stabilizes the
ecological community and balances the ecological fauna and flora, which generates aquatic animal protein
with natural food organisms in the water body, without the need to provide external feed inputs (China
Fishery Statistical Yearbook 2014). Due to fast growth rate, easy cultivation, high feed efficiency ratio and
high nutritional value, commercial production of silver carp has steadily increased in China. This chapter
presents descriptions of several typical cases of silver carp culture in China.

2.2.2 Pond Intercropping

The main production model of silver carp is intercropping of adult fish in ponds.

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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2.2.2.1 Environmental Conditions of Aquaculture Ponds

2.2.2.1.1 Selection of Aquaculture Sites

It is required that the farming sites should be provided with sufficient water of good quality (see Section 2.1.2),
in compliance with the national water quality standards for fishery, and be free from contaminants; in addi-
tion, the soil should be able to retain water, preferably neutral or weakly alkaline; irrigation or drainage should
be fulfilled by gravity (or locally) by taking advantage of the terrain; the power supply should be guaranteed.

2.2.2.1.2 Water Source and Quality

Sufficient water of good quality is the most basic condition for fish farming. In a pond for intensive farming,
the stocking rate is dense, and a lot of fish feed and fertilizers are applied resulting in reduced levels of dis-
solved oxygen (DO). Aerators might alleviate this situation, but do not provide a complete solution. It is pref-
erable that the water source is pollutant free, and preferably from lakes or reservoirs. Well water can also be
used, but should be warmed in a reservoir and aerated before transfer into ponds. The pH of the water used
for aquaculture shall be kept at 6.5—8.5; dissolved oxygen should be higher than 5 mg/I for more than 16 hours
and not less than 4.5mg/] in the remaining time; the total hardness should be 89.25-142.85 mg/! calcium
carbonate. The COD should be below 305 mg/l, ammonia nitrogen content lower than 0.026mg/l, transpar-
ency higher than 30 cm.

The soil should be loamy, clay or sandy loamy, with good water-retaining properties. A grow-out pond is
usually 0.3-0.7 ha, and 2.0-2.5 m deep. The slope should be provided around the pond bottom and the proper
depth of silt layer should be kept at 10—15cm. Water quality and level should be flexibly adjusted according to
the stage of growth of the silver carp. It is preferable that aerators are provided in the pond; usually two to
three impeller-type aerators of 1.5 KW are provided per ha.

2.2.2.1.3 Pond Cleaning and Sterilization

Ponds should be dried and cleaned once a year. Excessive silt should be removed after drying, the pond bot-
tom leveled, holes and cracks filled up, and the water inlet and outlet repaired. Quicklime or chlorinated
powder should be applied to sterilize, and eliminate harmful organisms prior to stocking. There are two
methods of cleaning ponds with quicklime: the dry method and the wet method. In the dry method, pond
water is drained, lime slurry is made from chunks of quicklime (750-1125 kg/ha), mixed with water and
sprayed over the entire pond; the lime slurry is stirred and mixed, and the pond sediment raked evenly the
next day. The pond can be stocked with fish after seven to ten days. In the wet method, water is drained up to
6—10 cm, and quicklime applied (200-250 mm/1); or the water is not drained and 1500-2250 kg/ha of quick-
lime is applied. Ponds are cleaned with chlorinated powder (300—450 kg/ha for dry pond) or use 20 mg/L
when the water is not drained. Mix the chlorinated powder that contains 30 percent of active chlorine content
with water and evenly spray all over the pond. Stock fingerlings after four to five days when the toxic effect
wears off. Check if the water body is toxic with a few fingerlings before stocking.

2.2.2.1.4 Water Injection and Fertilizing

After ponds are cleaned and sterilized, they should be exposed to the sun for two to three days before filling;
when filled initially, the water depth should be a minimum of 1 m deep. Use 3000—6000 kg/ha fermented
organic fertilizer or, if inorganic fertilizer is used, apply 75—-150 kg ammonium hydroxide (or 30-75 kg carba-
mide) and 15-22.5 kg superphosphate (per ha). Spray the chemicals evenly on the water surface; make the
pond water glossy dark green or dark brown, with a transparency between 25-30 cm. It is preferable that the
total quantity of plankton in the pond is 60—100 mg/L.

2.2.2.2 Stocking

The quality of the silver carp seed should comply with stipulations of the national quality standard of silver
carp fingerlings. The fingerlings should be stout, free from disease, not devoid of scales and fin rays; and the
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length should be 12—-18 cm or above. In south and central China, stocking is conducted from December to the
beginning of January in winter, and February to March in spring. In the north, stocking is mostly in the spring,
between March and April. The stocking density is subjected to planned production, time of harvesting, farm-
ing pattern and regions. The pattern of stocking density and planned production are summarized in
Table 2.2.1. Silver carp can be cultured as the primary species or secondary species. It is usually cultured as
the secondary species, but in peri-urban areas with an abundance of domestic waste water, it is cultured as the
primary species. The ratio of filter-feeding fish and other fish in intercropping should be controlled and
adjusted based on factors such as pond conditions, local feed and fertilizer sources, fingerling source, and
technical and management level.

(Note: From June to August, silver carp is harvested four to five times to meet market demands.)

In the intensive pond farming model, with grass carp or black carp as primary species, the quantity of the
secondary species, silver carp, stocked and cultured accounts for 30—40 percent, and the net production is
about 30 percent of the total. Silver carp are caught in rotation 4—6 times in a growth season; the net produc-
tion of silver carp is 3000-3750 kg/ha, and the relevant details are given in Table 2.2.2 (Wang 1994).

The quantity stocked must be strictly controlled when silver carp and bighead carp are cultured together.
The stocking ratio between silver carp and bighead carp is usually 3-5.1, because bighead carp is stronger
than silver carp at snatching food.

Table 2.2.1 Fish stocking and harvesting pattern of farms with a net production above 10500 kg/ha (in the middle and upper
reaches of the Yangtze River).

Stocking Harvesting
Production
kg/hm

Size Weight % in stocking Survival % in total net
(9) Number/ha? kg/ha2 weight, (%) Gross Net production
Silver carp
250 — 300 3000 900 26 95 1710 810 7
30 - 100 6750 465 14 90 3045 2610 24
10-20 4500 80 900 870 8
Total 14250 1365 40 88 5655 4290 39
Bighead carp
300 — 400 300 105 3 95 225 120 1
30 - 100 450 30 1 90 240 210 2
Total 750 135 4 92 465 330
Grass carp
250 — 750 2250 1125 33 80 4500 3375 30
50 - 100 3750 285 8 60 1695 1410 13
Total 6000 1400 41 68 6195 4785 43
Other fishes
Total 13245 495 15 84 2145 1650 15
Grand total

34245 3405 100 83 14460 11055 100

Source: Adopted from Bai et al. (2008).
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Table 2.2.2 Stocking and harvesting of silver carp as a secondary species (Wuxi, Jiangsu Province).

Stocking Harvesting Notes
Size (kg) Production (kg/hmz)
Number Weight
Size (kg) hm? (kg/hm?) Gross Net
0.25-0.35 2250 667.5 Catching rotation 1500 3375 4—-6 times from
0.1 4500 450  0.6-0.75 2550 June to August
(Xiahua) 3.3 cm 7500 7.5 0.1 450
Total 14250 1125 4500 3375

Data source: Wang (1994).

In the Pearl River Delta, bighead carp, grass carp and mud carp (Cirrhinus molitorella) are cultured as
primary species, mostly with silver carp, common carp, crucian carp and Wuchang bream (Megalobrama
amblycephala). Under such circumstances, the ratio between bighead carp and silver carp is 0.5-0.6:1; small
silver carp (50—100 g) and large bighead carp (300-500 g); the density and size of silver carp should be con-
trolled; the silver carp should be harvested when it weighs 0.5-0.75 kg, and replaced with an equivalent num-
ber of silver carp seed at each harvest (Wang 1994). In the north, the intensified pond production model is
dominated by common carp mixed with silver carp. Usually 12000-15000 common carp, weighing 50—100
g, and 4500 silver carp, weighing 50-100 g, are stocked per ha, and the total production is expected to be
11250-13500 kg/ha.

In central and south China, intensive production models have been dominated by crucian carp. Usually,
22500-30000 crucian carp, and 45000 silver carp, of mean weight of 50—-100 g and 50—100 g, respectively are
stocked per ha, and the total production is expected to be 7500-9000 kg/ha. For the model that utilizes five
Chinese species, dominated by Wuchang bream, usually, 22500 Wuchang bream, weighing 50-100 g, and
4500 silver carp, weighing 50—100 g, are stocked and the total production is expected to be 10500-12 000 kg/
ha (Bai et al. 2008).

2.2.2.3 Feed Management

Sufficient starter fertilizer, 3000—6000 kg/ha fermented organic fertilizers should be spread across ponds.
Additional applications of 600—750 kg/ha in small quantities at a time should be sprayed all over the pond.
The overall principle of fertilizer application should be flexible and controlled by watching the color of the
water, activity, health and feeding of fish, weather changes, water fertility, water temperature, fertilizer source,
and pond condition.

2.2.2.3.1 Feeding

When the water temperature is 20°C—30°C, the daily quantity of green feed accounts for 30—-40 percent of the
total weight of herbivorous fishes; and the daily feeding quantity of formulated feed accounts for 2—3 percent
of the total weight of herbivorous and omnivorous fishes. The daily quantity of a formulated feed should be
4-8 percent of the total weight of the stocked fish. Stock should be fed two to three times per day. The specific
times should be determined according to various conditions specific to the farm.

2.2.2.4 Regulation of Water Quality

Usually, water should be replenished two to three times per month in the production season. Add water
15-20 cm per time. Mechanical aerators should be provided between May and October, with aerators
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running for 1-2 hr in the afternoon on sunny days; if cloudy, run the aerators in the morning, and never run
them in the evening.

2.2.2.5 Management

Patrol the pond once in the morning and once at night every day, to ascertain the weather, any water quality
changes, fish activity and feeding. If fish are gasping for air start up the aerators or change the water. Keep
ponds clean by clearing up feed residues, debris, and sick or dead fish in the pond.

2.2.2.6 Disease Prevention and Treatment

It is important to note that three sterilizations should be carried out for the prevention and treatment of dis-
ease, namely, sterilize the fingerlings before stocking; sterilize the pond before stocking, and sterilize the feed-
ing frame on a regular basis.

2.2.3 Silver Carp Culture in Large Water Bodies

2.2.3.1 Farming in Lakes and Rivers

China is blessed with a large extent of inland waters covering more than 7000000 ha; and the lakes in the
eastern plains were among the earliest utilized for fishery development (China Fishery Statistical Yearbook
2014). In 2014, the water area of lake culture in China was 1015300 ha (China Fishery Statistical Yearbook
2014). South China is endowed with abundant rainfall and dense river networks. The water level in most riv-
ers is stable, especially in river network zones, such as the Yangtze River Delta, the Pearl River Delta and
Jianghan Plain, the water is nutrient rich and abundant with natural food types.

2.2.3.1.1 Fish Farming Models

Lake and river fish farming modes can be extensive, intensive and/or comprehensive. In the extensive mode,
artificially propagated fry and fingerlings are stocked into lakes. In some small lakes or rivers that are easily
controlled, intensive or semi-intensive modes similar to pond farming can be implemented with increased
stocking density and multiple species, and essentially managed as a large pond. The comprehensive mode
features 3D utilization of the water body; for example, the greatest profit of water body is improved by raising
fish in rivers and lakes, cage fish farming along the banks, raising poultry and livestock by the lake side, and
planting lotus in shallow water, and more (Wang 1994).

Selection of Lakes and Rivers The water should be of good quality and fertile, with rich plankton, benthic

animals, and aquatic plants.

o There shouldn’t be too many tributaries; the water depth should be 1.5-5.0 m; the ridge around the water
should be high, not prone to flooding or drying; the river or lake bottom should be flat, and suitable for
erecting barricades and for catching.

o The maximum flow velocity should be less than 0.6m/s; the water level should be stable and the difference
in perennial water level should be 2—-3 m.

As a basic requirement, fish barricade facilities must be provided. It is required that the fish barricade facili-
ties prevent the escape of fish below a certain size; barricades should have the mechanical strength to resist
water flow, and wind gusts, and be able to withstand floods to some degree. Barricades should allow floating
objects and boats to pass. Common fish barricade equipment includes bars (bamboo and or metal) mesh and
electric fences. Bamboo poles are from Phyllostachys spp., have good barricading effects, are low cost with a
have a life span of one to two years only. Mesh fences are usually made from polyethylene fiber or nylon,
allowing a lot of water to pass. The fish barricade structures can be single or double layered. If they are double
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layered, the space between the two layers is 5-10 m; or one layer of net and one layer of bamboo can be used
(Wang 1994).
After erecting barricades, carnivorous fish such as mandarin fish, snakehead and catfish should be removed.

Stocking The species and quantity of stocking should be determined according to the natural productivity of
the water area. For lakes and rivers in the intensive mode, several fishes can be cultured together at a relatively
high density of stocking, especially so when the practices are predominated by artificial feeding and fertilizer
application. The lakes destined to be used for nurturing broodstock should be stocked with wild-caught fry
and fingerlings from rivers, with a view to replenishing fishery resources. The stocked species include the four
domestic fishes, common carp, crucian carp, Wuchang bream and Xenocypris argentea. In relatively fertile
water bodies, silver carp and bighead carp are cultured as primary species, accounting for 60—80 percent of
the total stocked, and the ratio between the silver carp and the bighead carp is 2:3. Size at stocking should
exceed 13 cm. The total number of stocked fish for intensive culture is 4500-7500 /ha, and that of extensive
culture is 1500—4500/ ha. If mainly two-year-old fingerlings are stocked, fingerlings of silver carp and bighead
carp weighing 0.25-0.5 kg can be stocked, mixed together with one-year-old fingerlings. The ratio between
silver carp and bighead carp is 3:7. It is preferable that two-year-old fingerlings are stocked in December,
during the winter. Usually, the fish can be temporarily cultured in cages established in fertile lake branches
and coves, and then released when the temperature reaches 10°C-18°C. Fingerlings above 13 cm can be
directly stocked (Wang 1994).

Feeding and Fertilizing In lakes or rivers for semi-intensive or intensive culture, snails, food processing waste,
water plants and terrestrial grass, and formulated feed can be directly used as feed. The fish are fed at a fixed
time, at a fixed location, with fixed quantity and quality. A black light lamp can be used in the summer along
the banks of the lake or river to attract worms for fish to feed on. All kinds of fermented organic fertilizers,
green manure, or bio-bacterial fertilizer, can be added into the still water zones of bays and coves; or, domestic
waste water from the city can be used as fertilizer to culture silver carp. In addition, fish farming can be
combined with poultry and livestock; if pigs and chickens are cultured around the water body, and ducks are
cultured in the water, their excrement fertilizes the water body.

Example I (In Net-Enclosed Lake Area)

A farming household in the lake area of Wujin District, Changzhou, Jiangsu Province encircled a 2-ha lake
area with a net (mesh size of the outer layer was 3.5 cm, the inner layer was 3.0 cm) for fish culture; water
depth 1.5 m, transparency 10 cm, with fertile water and abundant food organism; no fertilizer or chemicals
were used. The lake bottom was flat.

The area demarcated was stocked with 9500 silver carp, 6200 bighead carp, and 1500 silver crucian carp of
mean weight of 150 g, 450 g and 100 g, respectively in January 2012, and harvested in July. The harvest
included 10806 kg silver carp (survival rate 91 per cent), 9034 kg bighead carp (survival rate 96.5 percent)
and 605 kg silver crucian carp (survival rate 95 percent) and of mean weight of 1250 g, 1510 g and 425 g,
respectively. The total expenditure was 70035 RMB (6 RMB = 1 US$), of which the cost of fingerlings was
34035 RMB, the depreciation cost of net and boat was 7500 RMB, and labor cost was 28 500 RMB. The sales
income was 169 240 RMB, and the net profit was 99205 RMB. The profit per ha was 49 602 RMB; the input—
output ratio was about 1:1.42 (Gu 2014); the harvest and profit would have been better if the fish had been
kept until December or until the end of the year.

Example II (In Lake)

Dianshan Lake (31°04'-12'N, 120°53'-121°01'E), a part of the Taihu Lake system, covers 63.7 km? and is gourd
shape, with a maximum water depth 4.36 m. The average depth is 2.5 m. As 47 km? of the lake is within the
territory of Shanghai, the lake is also an important water source, and source of aquatic products for Shanghai.
The lake’s annual average fish catch is above 300 tonnes, and even reached 2000 tonnes at its peak. Since
2005, funds from both provincial governments and the private sector have been used for stocking; the
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Figure 2.2.1 Harvesting of silver carp and bighead carp in Poyang Lake, Hubei Province. Source: Photos by Zhongjie Li.

Figure 2.2.2 Harvesting of silver carp and bighead carp in Poyang Lake,
Hubei Province. Source: Photos by Zhongjie Li.
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Figure 2.2.3 Harvesting of silver carp and
bighead carp in Poyang Lake, Hubei
Province. Source: Photos by Zhongjie Li.

main fingerlings released include silver carp and bighead carp; the main functions were oriented to improving
fishery worker incomes and to ecological remediation. In 2005, the Dianshan Lake was stocked with 21425 kg
of silver carp and bighead carp, and the quantity was increased to 48393 kg in 2007. Increased stocking of
silver carp not only enabled full utilization of blue-green algae feed resources such as microcystis, but also
played a role in inhibiting blooms of blue-green algae. From June to September, in its main growing period,
silver carp feeds mainly on blue-green algae. The algal blooms were serious in 2007 and 2008. When sufficient
fingerlings of silver carp were stocked in 2009, the algal blooms were controlled effectively (Ma et al. 2011).

Example III (In Reservoir)
Silver carp and bighead carp are cultured in Sanbanxi reservoir (26°33'-36'N, 108°52'-109°2'E) (4000 ha),
Jinping County, Guizhou Province. The terrain there has a low hill ravine, a water table drop of 20 m, and
the mesh-barricaded water area of the reservoir branch was 208 ha; dissolved oxygen (DO) was above
5mg/l, it had a pH of 7.1-8.0, and transparency of 50—75 cm. As the water level drops, a lot of tender grasses
grow along the bank; on flooding the grasses rot and the water becomes fertile. In February/March 2009,
40000 silver carp and bighead carp of average weight 300 g (weighing 12000 kg in total) were stocked. The
double-layered mesh barricade had a mesh size of 4 cm; the culture of fish within the barricaded area
started in 2009; after three years, the harvest in 2011, and some of the other related details are given in
Table 2.2.3.

Based on the information given in Table 2.2.3 and taking the cost of fingerlings (168 000 RMB), mesh fence
(72000 RMB), management costs (30000 RMB), harvesting cost (50000 RMB), and other miscellaneous costs

Table 2.2.3 Details on the stocking and harvesting in Sanbanxi reservoir (4000 ha) branch, Jinping County, Guizhou Province.

Stocking Harvesting
Species Weight (kg) Survival (%) Mean Weight (kg) Total (kg) Price/kg (RMB) Total (RMB)
Silver carp 4500 70% 2.2 23100 13 300300
Bighead carp 7500 58.4 2.6 38000 13 494000
Grass carp 1500 13 19500
Other fish 2400 18 38400
Total 852200

Source: original data from authors
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(20000 RMB), depreciation cost of fishing boat and mesh fence (10000 RMB), the total expenditure was
350000 RMB, and the total profit was 502200 RMB (Zhou 2014).

2.2.4 Prospects

Silver carp feed mainly on phytoplankton. In the ecosystem of a water body, this carp has the shortest food
chain and highest rate of food and energy efficiency conversion. Whether in the mode of pond intercropping,
or of culture and propagation in large water bodies, good profits can be obtained; in addition, it plays a role in
improving water quality and thus its ecological profit is also extremely significant. Silver carp is a favorite
animal protein product for Chinese people; silver carp is affordable to most communities, and is often of good
quality, and therefore enjoys a great market demand. The cost of culture and propagation of silver carp is low,
and silver carp products are known to ordinary people as organic food fish that are environment friendly,
healthy and free of contamination by toxic substances. Today, as mankind focuses more on sustainable devel-
opment featuring resource conservation, environment friendliness and food security, the culture of silver carp
has a promising prospect in China, and around the world.
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2.3

Developments in Common Carp Culture and Selective Breeding
of New Varieties

Xuesong Hu, Yanlong Ge, Chitao Li, Zhiying Jia, Mei Shang, Shihui Wang, and Lianyu Shi

Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Science, Harbin, Heilongjiang, China

2.3.1 Introduction

Chinese aquaculture has made remarkable progress in the last three decades or more, due to the aquaculture-
centered policy in fishery development proposed during the opening up of the economy during the 1980s
(Mai 2012). Chinese aquaculture products account for about 73.5 percent of total global aquatic products, for
60 percent of global aquaculture production, and 50 percent of global aquaculture value in 2013 (FAO 2016;
China Fishery Statistical Yearbook 2014). The area under freshwater aquaculture is 72 percent of the total
area, and contributes 61.7 percent of all aquaculture output in China. At least 70 percent of freshwater aqua-
culture production is from conventional carp species, which include grass carp (Ctenopharyngodon idella),
silver carp (Hypophthalmichthys molitrix), common carp (Cyprinus carpio), bighead carp (Aristichthys nobi-
lis), crucian carp (Carassius auratus) and black carp (Mylopharyngodon piceus) (China Fishery Statistical
Yearbook 2015).

China has a nearly 4000-year history of cultivation of the common carp, much earlier than in Europe
(Wohlfarth 1984; Horvath 2002). In 475 BCE, Fan Li, a Chinese politician wrote Yang Yu Ching, or A Treatise
on Fish Culture, which was the earliest known treatise on fish farming, in which was described the artificial
pond culture of common carp (Wohlfarth 1995). In China, common carp has been regarded as an auspicious
symbol of abundance, promotion, and prosperity. Nowadays, it has become the most typical representative of
Chinese traditional fish culture.

By the middle of the nineteenth century, the common carp had spread all over the world (Welcomme 1988).
However, it has only been in the last few decades, common carp culture grew into a global practice, resulting
in significant worldwide production, especially concentrated in most of the countries in Asia and Eastern
Europe. Asia accounted for ~93 percent of global common carp consumption in the last decade, and China
accounted for more than four-fifths of the supply of common carp to Asia (FAO 2016; China Fishery Statistical
Yearbook 2014). The proportional contribution to global common carp production in 2013 is shown in 2.3.1.
(FAO 2016).

During the last three decades, common carp culture has changed considerably in China. From 1984 to
1993, the average annual production of common carp was less than 550 000 tonnes and only accounted for an
average of 55 percent of global production. However, during the following two decades (1994—2013), the pro-
duction grew rapidly at an annual rate of five to six percent. Production reached 2 000000 tonnes in 2004, and
3000000 tonnes in 2013, which was 76 percent of the global output (FAO 2016; Figures 2.3.1 and 2.3.2).

Common carp is cultured in all 34 provinces and autonomous regions of China (China Fishery Statistical
Yearbook 2014). The average annual production of six provinces reached 150000 tonnes in the last five years
each. Two provinces with the highest production are Shandong and Liaoning (Figure 2.3.3).

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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Figure 2.3.1 The proportionate production of cultured common carp in different countries in 2013.
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Figure 2.3.2 Trends in common carp production in China and other countries from 1984 to 2013.

Unlike filter-feeding carps, common carp aquaculture depends on formulated feeds. Therefore, the pro-
gress of the common carp culture industry depends on improvements and development of technical systems
for freshwater fish farming in China. This includes accumulation of traditional experience, and regular inno-
vation in culture practices, and related technologies, and also the selective breeding technologies of new
varieties. However, few reports are currently available to summarize these experiences and key changes lead-
ing to higher productivity in common carp farming.
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Figure 2.3.3 The mean production of cultured common carp in each province in China.

The boom in freshwater fish culture has made a great contribution to ensuring food security and accelerat-
ing strategic adjustment of fisheries. Meanwhile, it also facilitates domestic employment and income growth
of related industries, and provides an affordable high-quality animal protein. The achievements of the com-
mon carp industry have made an important contribution to freshwater fishery development. A summary of
the successful experiences of the development of common carp farming can be a guide for the future direction
of aquaculture, and a reference for other areas in the world. In this Chapter, we focus on the progress in com-
mon carp culture and selective breeding of new varieties, especially the development and changes during last
three decades, research progress, and future prospects.

2.3.2 Why Common Carp?

Common carp has many biological characteristics suitable for culture. Firstly, common carp is omnivorous.
It prefers animal-based food, including zoobenthos, mollusks, worms, and aquatic insects. Meanwhile, com-
mon carp often consumes decayed plant debris. Common carp live in lower streams of rivers, lakes, reservoirs,
and billabongs, but also feed on a few zooplankton species in the middle or upper layers of the water body
(FAO 2004). Secondly, common carp has a strong stress resistance to changing environmental conditions. It
can live in a broad temperature range between 3°C and 30°C. The species can endure water conditions with
low oxygen concentration (0.3—0.5mg/1), and salinity up to 5 %o (FAO 2004). In addition, it has also a strong
adaptation ability to capture and transportation. Thirdly, the fecundity of common carp is extremely high,
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and the quantity of eggs released reaches 100-230 g of eggs per kg body weight. A female can produce
0.3-0.8 million fry in one season (Bishai et al. 1974; FAO 2004). Last, the meat of the common carp is very
tender and contains nutrient components, which are easily digested by humans. All advantages mentioned
above have made common carp one of the most important aquaculture species in the world.

Common carp was the earliest cultured fish species in China, the culture activities could be found in oracle
bone scripts of the Yin-Shang period dating to about 3500 years ago (Jiang et al. 2012). In the Tang period,
common carp capture or culture was forbidden because the fish symbolized the royal family (Wohlfarth
1995). In The Book of Songs, or Shijing, China’s earliest collection of poetry dating from the eleventh to seventh
centuries BCE, it states that “if one eats fish, it must be Huanghe carp” At important festivals, many regions
of China maintain the custom of eating common carp. In the Chinese New Year, people also like pasting
paintings of common carp on to their windows to show happiness for the past successful year. All these sug-
gest that common carp has a special status in Chinese history and culture.

2.3.3 Common Carp Farming

2.3.3.1 The Development of Seed Production Technologies

2.3.3.1.1 Natural to Artificial Propagation

In the 1960s—1980s, scarcity of seed hindered the development of freshwater finfish aquaculture. Although
China has the longest culture and domestication history of finfish, the regulatory mechanisms of common
carp reproduction were unknown. The spawning process could not be well controlled in culture conditions.
The induction methods were mainly to provide necessary factors needed to simulate natural spawning condi-
tions in a pond. At that time, the quality and quantity of fry were difficult to estimate, and it was difficult to
synchronize ovulation and fertilization among broodfish. Gradually, pituitary extracts and hCG (human cho-
rionic gonadotropin hormone) was used for artificial propagation (Jiang 2008), but because of high produc-
tion costs, and unpredictable efficacy, this did not drive sustainable development of large-scale seed production
(Lin 1991).

In the late 1980s, the dual regulation mechanism of hypothalamic neurons on GtH (gonadotropin hor-
mone) secretion was clarified. Subsequently, Lin (1987, 1991) invented a new type of spawning agent (GnRH/
dopamine antagonist) with high efficiency in stimulating spawning of most freshwater fish species (Lin 1987,
1988; Lin and Peter 1991). This novel spawning agent solved the key problem of synchronized ovulation
among broodfish, and at a low cost. The injection time and dose of spawning agent could be arranged to suit
the maturity stage of broodfish, water temperature, and hatching programs. Eggs, either naturally or artifi-
cially fertilized, were hatched in hatcheries. It became possible for breeding companies to provide a large
amount of high-quality seed from different batches in the same season.

2.3.3.1.2 Development of Hatching Methods

Common carp eggs are demersal and sticky. Many hatching methods were developed based on special incu-
bation conditions. The hatcheries may be in ponds, cement tanks, incubation jars, circular incubation pools,
etc. (Figure 2.3.4).

Hatching in Ponds Based on Natural Spawning Before the 1970s, special hatching facilities were not available
(Jiang 2008). Artificial spawning nests were usually made of palm leaves, and fibers of aquatic weeds or
willow tree. Fertilized eggs attached to the nests were transferred into prepared incubation ponds with
stagnant water for final hatching (Figure 2.3.4). Neither the amount of laid eggs nor the fertilization rates
were not easy to monitor. The hatching rates and the seed output were also hard to estimate because of
several factors, such as changes in water temperature, bacterial or fungal infection, and some unexpected
losses. More importantly, hatched fry may vary in size due to the differences in hatching time, which affected
the survival rate.
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Figure 2.3.4 Commonly used spawning and hatching methods for common carp.

Hatching in Cement Tanks With the development of artificial propagation technology in the 1990s, a mass of
eggs from the same spawn could be easily obtained. A variety of new hatching facilities and tools were
developed based on the water resource and operating scale of the hatcheries. In one method, both spawning
and hatching were conducted in indoor rectangular cement tanks (Figure 2.3.5a). Best results were obtained
by using nylon bolting cloth as an artificial spawning nest. These nests were evenly spread over the bottom of
cement tanks. Once a certain quantity of eggs have attached to the nests, new nests are provided for fresh
batches of eggs. Then the nests with attached eggs were transferred to hatching tanks supplied with slow-
flowing water, and were hung on the ropes until hatching (Figure 2.3.5a). This method required temperature
control, good rate of water exchange and an oxygen supply. However, it was difficult to control the influences
of anoxia caused by lumping or poor water flow. Such operations were popular before 2003, but currently only
used in some small seed production farms.
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Figure 2.3.5 Hatching containers for common carp eggs. a. cement tanks; b. incubation jars; c. circular incubation pools.
(See color plate section for the color representation of this figure.)

Hatching in Incubation Jars or Circular Incubation Pools Common carp eggs become sticky after coming in
contact with water. To overcome the disadvantages of traditional hatching methods, finding effective ways to
eliminate egg stickiness were essential. After 2003, one simple and effective method for eliminating stickiness
was developed (Jin 2003). A cement tank with a smooth inner wall was used for spawning. Previously selected
broodfish were put into the tank after hormonal treatment, maintaining a circular water flow until spawning
and fertilization were complete. The constant circular water flow encouraged the spawned eggs to disperse,
and they partly lost their stickiness. Then fertilized eggs were collected and isolated by hand sifting in a
specially developed egg sieve. Moreover, individual eggs were immersed in Methylene blue solution for ten
minutes (a practice discouraged at present) to prevent infection of Saprolegniasis (Li et al. 2011). Disinfected
eggs were then placed in incubation jars (Figure 2.3.5b) or circular incubation pools (Figure 2.3.5¢). Eggs are
placed into an incubation jar of 15-301 and the quantity is ~60 g per. The embryogenesis of common carp
takes about three days at 20-23°C. Successful hatching depends on the environmental conditions, including
sustainable water flow, good water quality and stable temperature. Fertilization status and the embryonic
development process can be evaluated by observations of egg color. Normal eggs are greenish-yellow, then
brown, and finally black. Unfertilized eggs will be milky white, and gradually congregated at the top of the egg
mass due to the difference in gravity between dead eggs and normal eggs. Fungus infecting dead eggs could
spread to living eggs, therefore they should be removed fast. The hatching larvae constantly enter into the net
cages set up in tanks under the incubation jars (Figure 2.3.5b). At this time, a sufficient supply of oxygen, and
continuous cleaning of the mesh of the collection net cages should be ensured.

If there are a large amount of eggs, the circular incubation pool is the first choice. This hatch facility
contains two chambers, and the diameter of the outer chamber is about 6—-10 m with a concrete wall
(Figure 2.3.5¢). The inner ring wall made partly of nylon sieve cloth, which prevents the eggs or hatched fry
from being driven toward the outflow pipe. Duck beak-type water inlets are located at the bottom of the pool
to provide the required velocity (0.2—0.3 m/sec) of water circulation. The rate of water exchange and the
water temperature need to be monitored regularly throughout the whole hatching process. The circular
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incubation pool technology have been constantly improved and developed in last three decades. The combi-
nation of efficient spawning-induction agents, modified technology to eliminate stickiness, and circular
hatching pools, enhanced the seed production efficiency, ensured large-scale seed supply, and further accel-
erated the development of the common carp culture industry.

2.3.3.2 Transition from Extensive to Intensive Pond Culture

2.3.3.2.1 Common Carp Culture Practices

Pond farming is a major type for freshwater fish culture in China. Pond aquaculture production was 19 80000
tonnes, accounting for ~71 percent of total finfish production in 2013 (China Fishery Statistical Yearbook
2014; Figure 2.3.6). Common carp production was the third highest among all freshwater fish species from
2011 to 2016, and pond culture was the main farming practice. The transition from extensive to intensive
pond culture was the most important driver for high yields. Several key factors led to changes in pond culture
practices.

2.3.3.2.2 Feed Industry Development

Common carp culture depends on formulated feeds. Thus, the development of the aquatic feed industry
promotes the transition from extensive to intensive pond culture of common carp. In the 1950s—-1970s, the
culture of common carp rested on the traditional extensive culture in ponds. Filter-feeding silver carp and
bighead carp were the main culture species, and common carp was only a supplementary species accounting
for 20 percent of the stock (Figure 2.3.7). Organic or inorganic manures were used to fertilize pond water,
and the latter accelerated the proliferation of phytoplankton and zooplankton. Soybean meal, cereal meals,
or simple mixtures of several raw materials were used as supplementary feeds. Extensive culture of common
carp has very low efficiency and impacts on water quality. In the 1980s, intensive-culture practices were
developed, together with the improvement of aquatic feeds. In this way, common carp became the main
culture species in polyculture systems, with a smaller proportion of filter-feeding fish to maximize the
growth potential of common carp, and productivity of the pond. In the three decades following the 1980s,
the feed industry made great progress in processing and utilizing raw materials and additives, and develop-
ing nutritionally balanced feeds for cultured aquatic animals. In 1991, aquatic feed production was only
750000 tonnes, but it reached 19000000 tonnes in 2013, surpassing the sum of aquatic feed outcome of
other countries (CFIA 1992-2014; Figure 2.3.8). Han et al. (2016) described the development of the aquatic
feed industry in China, and particularly pointed out the pros and cons of the use of fishmeal in the Chinese
aquafeed industry, which has been a bone of contention in many critiques of Chinese aquaculture (see
Chapter 5.1 for details).
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In China, common carp is ranked third in terms of aquaculture production volume, following grass carp, in
first position, and silver carp. In the early stages of intensification, the average unit production of adult com-
mon carp was 4500—7500 kg/ha in three northern regions in China in 1985. Production increased by ~900 kg
in 1990 (Tang 2000). Yet in recent years, the yield of common carp has reached 18000-27 000 kg/ha in the
north-east region (Zu et al. 2012; Wang et al. 2013; Zhang et al. 2014). The increase in common carp yield was
associated with the use of new breeds, control of fingerling size and stocking density, nutrition, and manage-
ment, culture conditions and technologies. However, continuous basic and applied research on nutritional
balance in common carp feed formulae also played a key role in the rapid production increases (Zhou et al.
2002; Peng et al. 2009; Xia 2012).

2.3.3.2.3 Improvements of Culture Facilities

In traditional extensive-culture practices of common carp, the utilization efficiency of pond was very limited.
The first indigenously designed Chinese oxygen-enriching machines were put into service in the mid 1970s.
The yield per mu (0.06 ha) of common carp realized a historic breakthrough of 500 kg after aerators were
utilized (Jiang 2008). With the use of pelleted feeds in fish culture, automatic feeders were successfully devel-
oped and used widely (Wu 1987), which saved labor costs and improved the feed conversion rates. Therefore,
development of culture facilities played a significant role in the transition from extensive to intensive high-
density culture of common carp, and increased the technological level in common carp culture.

2.3.3.2.4 Key Culture Technologies

Fish growth depends on the food source and maintaining a conducive temperature. In temperate regions, the
culture process of common carp was generally divided into three phases; summerling, fingerling and adult
stages (Figure 2.3.9).

Figure 2.3.9 Schematic representation of the culture process of <®
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Summerling Cultivation Hatched larvae begin to swim in three to four days. At this stage, the swim bladder is
filled with air, and the digestive system is able to receive and digest external food. The next step is to transfer
the fry into rearing ponds as soon as possible. To maintain available energy before being able to capture
external food, it is necessary to feed fry with finely ground hard-boiled egg yolk for one to two days. Then
larvae are stocked into nursery ponds for 20—25 days until they reach the summerling size of 3-5 cm. During
this stage, larvae have to feed on large numbers of live organisms of appropriate size for early growth and
development of ~10 d. The food types are successively rotifers, cladocerans, and copepods (Figure 2.3.9).
Therefore, the most critical factor of summerling cultivation lies in ensuring that the rotifer population is at
optimum density when the fry are ready to be stocked. In order to provide conducive pond conditions, organic
fertilizer can be used to produce and control the plankton populations. Currently, many culture companies
have replaced environmentally friendly microbial fertilizer with organic fertilizer.

Fingerling Cultivation When fry grow to summerling size of 3—-5 cm, these will be harvested and restocked
into fingerling ponds (Figure 2.3.10). The stocking density of summerlings can be adjusted according to the
local climate, pond conditions, and expected size of fingerlings, prevailing culture practices and technologies.
Pelleted feed will be the main nutritional source in current fingerling cultivation. It is much better to feed fish
at fixed stations and regular times in the initial five to seven days. The daily feed ration and the diameter of
pelleted feed gradually increased to keep pace with the growth (Figure 2.3.9). The estimation of feed
consumption is very important for avoiding under- or over-feeding. In addition, disease control and water
quality regulation are also key factors for fingerling cultivation. Common carp need to be cultured in ponds
for two years until they reach a marketable size in most northern regions in China. Thus, fingerlings
experience one overwintering period of four to five months below ice. In 1996, the overwintering survival
rate of common carp fingerlings was only 53 percent in Jiamusi region of Heilongjiang Province (Liu 2001).
Anoxia in overwintering ponds was a critical factor that resulted in low survival. The dissolved oxygen
content of overwintering ponds should be maintained at 5 mg/ml, otherwise measures must be taken to
increase circulation or provide micropore aeration. Additionally, to utilize the oxygen supply from
photosynthesis beneath ice, 40 percent of the whole pond ice area should be clear, and less than 20 percent of
the pond covered with snow (Figure 2.3.11). Another noticeable problem was weightloss during overwintering,
which had significant influence on the growth in the following year (Hu et al. 2010). Recent studies have
shown that overwintering weight loss of common carp occurred mainly at the stage before freezing (Yu et al.
2015). Therefore, monitoring water temperature and appropriate feeding strategies are necessary until the
pond water began to freeze.

Figure 2.3.10 Summerling harvesting.
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Figure 2.3.11 Removal of snow from overwintering ponds of common carp culture ponds in northern China. (See color plate
section for the color representation of this figure.)

2.3.4 Selective Breeding for New Varieties

2.3.4.1 Abundant Germplasm Resources are the Basis of Selective Breeding

Common carp belongs to the genus Cyprinus, and it includes 16 species in China, 11 of them distributed in
Yunnan Province (Table 2.3.1) (Yue 2000). Common carp have the most varieties and the most extensive dis-
tribution among Cyprinus species. A few common carp varieties inhabit different river systems and basins,
such as Heilongjiang carp, Huanghe carp, Yangtze River carp and Oujiang color common carp. Some varieties
of common carp are native to different regions, such as the “Three Kinds of Red Carp” in Jiangxi Province
(Purse red carp, Xingguo red carp and Glass red carp), and Yuanjiang carp in Yunnan Province. There are
three exotic varieties (Russian Scattered mirror carp, German mirror carp and Ukraine carp) with excellent
stress-resistance and growth performance. The origin of common carp varieties is shown in Table 2.3.2. These
local and exotic varieties evolved various genetic characteristics because of long-term geographic isolation,
adaptation, natural and human selection pressures. They constitute the basis of selective breeding and
improvement of new varieties. The following are several representative varieties.

2.3.4.1.1 Heilongjiang Carp

This variety has very high cold and disease resistance capabilities, as well as good fecundity, but has a slower
growth rate than other cultured varieties (Figure 2.3.12a). The muscle of Heilongjiang carp has high protein
and low fat content (Liu et al. 1993). In addition, this fish species has high combining ability with many varie-
ties, such as the German mirror carp and the Purse red carp, and the hybrids showed significant growth
advantage. The conformation factor (body length/body height, L/H) varies within 2.9-3.1 (Shen and Liu
1999). Both its genetic properties and body shape may be associated with its environment. As one of the
hybridization parents, Heilongjiang carp is used in the breeding of cold-resistant strains of Purse red carp,
Ropsha carp, Songpu carp and Songhe carp which are very well known in China (Shen and Liu 1999).
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Table 2.3.1 Recorded Cyprinus species and their distribution in China.

Species

Distribution

Cyprinus carpio
Cyprinus multiltaeniata
Cyprinus longzhouensis
Cyprinus acutidorsalis
Cyprinus qionghaiensis
Cyprinus micristius
Cyprinus fuxianensis
Cyprinus yilongensis
Cyprinus carpio chilia
Cyprinus megalophthalmus
Cyprinus longipectoralis
Cyprinus pellegrini
Cyprinus barbatus
Cyprinus daliensis
Cyprinus yunnanensis

Cyprinus ilishaestomus

Rivers, lakes and reservoirs in each province
Guangdong and Guangxi province; Xijiang river systems
Longzhou county in Guangxi province, Xijiang river upper reaches
Qinjiang river system in Guangxi, Hainan

Qionghai in Sichuang province

Dianchi lake in Yunnan province

Fuxian lake and Xingyun lake in Yunnan province
Yilong lake in Yunnan province

Qilu lake and other all lakes in Yunnan province

Erhai lake in Yunnan province

Erhai lake in Yunnan province

Qilu lake and Xingyun lake in Yunnan province

Erhai lake in Yunnan province

Erhai lake in Yunnan province

Qilu lake in Yunnan province

Qilu lake in Yunnan province

Table 2.3.2 Current common carp varieties cultured in China and their places of origin.

Varieties Original place
Heilongjiang wild carp Heilongjiang river basin
Huanghe carp Huanghe river basin

Yangtze wild carp
Oujiang color carp
Purse red carp
Xingguo red carp
Glass red carp
Yuanjiang carp
Scattered mirror carp
German mirror carp

Ukraine carp

Yangtze river basin

Oujiang river basin

Wuyuan county in Jiangxi province
Xingguo county in Jiangxi province
Wanan county in Jiangxi province
Yuanjiang county in Yunnan province
Russia

German

Ukraine

Heilongjiang carp provides important and unique gene resources, which have been preserved by the original

seed farm.

2.3.4.1.2 Huanghe Carp

This variety has an elegant appearance with golden scales and red or orange tail fins (Figure 2.3.12b). This fish
presents a long spindle-shaped body (L/H>3), and the length and height of caudal peduncle is almost equal
(Feng et al. 1997). Huanghe carp is one of the best known freshwater fish species in China because of its body
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Figure 2.3.12 Representative common carp varieties.
a. Heilongjiang wild carp; b. Huanghe carp; c. Purse
red carp.

shape and palatability (Song and Li 2009). However, natural sources of Huanghe carp were under serious
threat from environmental deterioration and overfishing in the 1950s—1980s.

2.3.4.1.3 Purse Red Carp

Thisvariety is one of the Jiangxi “Three Kinds of Red” It has along culture history of ~300 years (Figure 2.3.12c).
The Purse red carp is so named because its short body is shaped like a purse (L/H = 2.0-2.3) (Lou 1998). The
growth rate of this variety is in the medium range, but its adaptability and muscle quality is preferred by
many farmers (Shen and Liu 1998). Its lipid content in muscle dry matter reaches 21.4 percent in an adult
fish, significantly higher than that of wild carp (8.4 percent) (Lou 1998). Purse red carp has a high hybridizing
ability similar to Heilongjiang carp, and has been widely used as parents to produce numerous hybrids with
remarkable heterosis, or new varieties, such as the cold-resistant strain of Purse red carp, Heyuan carp, Yue
carp, triple-hybrid carp, Jian carp and Songpu red mirror carp.

2.3.4.2 Improvement from F; Hybrids to New Varieties with High, Stable Production Performances

2.3.4.2.1 Hybridization

Since the 1970s, many countries have carried out successful crossbreeding studies among wild and domesti-
cated carp varieties for heterosis for various production traits (Wohlfarth 1993; Hulata 1995). Chinese scien-
tists also made a large number of attempts in cross-breeding experiments using different local and exotic
common carp varieties. Several F; hybrid generations with significant heterosis in growth, reproduction,
survival rate were selected and extended to farming practices. Representative hybrids were Feng carp (Xingguo
red carp ¥ x Scattered mirror carp &) in 1972, Lotus carp (Scattered mirror carp ¥ x Xingguo red carp &)
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in 1975, Yue carp (Purse red carp ¥+ x Xiangjiang carp & )in 1975, Heyuan carp (Purse red carp ¥ x Yuanjiang
carp &) in 1978, triple-hybrid carp (Heyuan carp ¥ x scattered mirror carp &) in 1985 (Lou 1989; Cheng
et al. 2001). These hybrids were commercially cultured and played a key role in the development of the com-
mon carp industry at that time. However, there is a great limitation on the heterosis utilization of F; hybrid
generation only. The performance of production traits may be unstable because it is difficult to maintain the
high purity of at least two breeding stocks at a low cost.

2.3.4.2.2 Breeding Based on Traditional Mass Selection

In spite of the long history of culture and domestication of common carp in China, substantial selective
breeding attempts started only in the late 1960s. All selected varieties experienced a period of at least ten
years. On the one hand, selective breeding was carried out for purification and rejuvenation of germplasm
(body color, body shape or growth) of local varieties. For example, the “Three Kinds of Red Carp” in Jiangxi
Province experienced systematic selection. The selection time was in 1969-1979 (Purse red carp), 1972-1985
(Xingguo red carp) and 1973-1983 (Glass red carp), respectively (Li 2001). Another typical example was the
Huanghe carp, which is well known in China. After 1985, it took breeding specialists over 20 years to restore
its genetic properties (Song and Li 2009). This new variety is named Yuxuan Huanghe carp, and its growth
rate increased by 12 percent and the feed efficiency improved by ten percent compared to the parental fish
(Sun et al. 2013). On the other hand, a main selective breeding objective of German mirror carp is adaptabil-
ity. This fish species did not adapt well to local pond culture conditions when it was first introduced into
Heilongjiang Province. After selective breeding of four generations, the rearing and overwintering survival
rate of selective strain (F,) increased by 25 percent and 33 percent, respectively (Liu et al. 1995).

2.3.4.2.3 Breeding Based on Integrated Technologies of Selection and Genetic Manipulation

In the late 1980s, China bred the first new variety called Jian carp using family selection and gynogenesis
methods. With the rapid development in selective breeding and genetic manipulation technologies, new vari-
eties bred with stable genetic characteristics made prominent contributions to the common carp culture
industry. The following are examples of several major new varieties, with a brief resume of the steps involved
in their production.

o Jian carp is the first representative common carp variety bred by artificial breeding in the late 1980s. Jian
carp has high stability of genetic characteristics in growth rate, disease resistance, muscle quality and
adaptability (Sun 1988). It has now been widely cultured for more than two decades in China. Purse red
carp and Yuanjiang carp were the original parents of Jian carp. These two varieties showed strong combin-
ing ability in previous breeding practices (Ma et al. 1981). The breeding process of Jian carp experienced
intra-strain selection with high strength (F;—Fj3), inter-strain hybridization (F,), and crossbreeding between
F, and two gynogenesis strains (Gs and Gg). Jian carp is the second generation (Fs) of the synthetic strain
(Figure 2.3.13).

o Songpu carp and Songhe carp are two new varieties suitable for culture in the northern areas of relatively
high latitude. It took researchers 15 years (1979-1995) to complete the selective breeding project (Shen
et al. 1996; Liu et al. 1998). The shape of the Songpu carp is similar to the Purse red carp (L/H = 2.0-2.3),
while the Songhe carp has an elongated shape (L/H = 2.4—2.6). Both new varieties have high cold resistance
and growth rate. The overwintering survival rate exceeds 95 percent in north-eastern regions (Shen and Liu
1999). The growth rate of two-year-old Songhe carp and Songpu carp was respectively ~17 percent and
~20 percent higher than that of Heilongjiang carp (Liu et al. 1998; Shen and Liu 1999). The successful
breeding of two new varieties solved the problem of low survival rate during overwintering in north-eastern
areas. Their breeding uses systematic selection and gynogenesis technologies. Firstly, two trihybrids were
obtained from crossbreeding and backcrossing Heilongjiang carp, Purse red carp, German mirror carp and
Scattered mirror carp. Further, to stabilize heterosis, two synthetic strains of the above-mentioned hybrids
and two artificial gynogenesis strains were set up. Songpu carp was bred based on synthetic strain one, and
Songhe carp was bred based on synthetic strain two (Figure 2.3.14).
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Figure 2.3.13 Schematic representation of selective breeding process of Jian carp.

o Cold-resistant strain of Purse red carp was the first cold-resistant variety bred by using the hybridization
method. It had a similar body shape and body color to the Purse red carp, but the overwintering survival
rate was more than 90 percent (Shen and Liu 1988). The cold-resistant strain was firstly from the hybridiza-
tion between Heilongjiang carp () and Purse red carp (¥). Then systematic selective breeding of four
generations was conducted based on cold resistance, body shape and color (Figure 2.3.15). The new strain
not only had high hypoxia resistance from Purse red carp but also inherited strong cold resistance capabil-
ity from Heilongjiang carp (Liang and Sun 2003; Liang et al. 2006).

Songpu mirror carp was the F; generation bred from the selective strain (F4 generation) of German mirror
carp, which was introduced into China in 1984 (Liu et al. 1995). The growth rate of two-year-old Songpu
mirror carp increased by 45 percent compared to fish of F4 generation. In addition, Songpu mirror carp
showed fewer scales and high stress resistance in different culture environments (Li et al. 2008). Between
2010 and 2013, the Chinese Ministry of Agriculture recommended that farmers culture Songpu mirror
carp. To date, this new variety has been extended to 20 provinces, and its culture area reached 65000 ha.
Songpu mirror carp has a higher market price per kilo of 2-3 RMB (6 RMB = 1 US$) than general common
carp varieties. The systematic selective breeding of selective strain (F,) cultured in four regions (Beilin,
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Figure 2.3.14 Schematic representation of the selective breeding process of Songpu carp and Songhe carp.

Tianjin, Songpu and Minfu) were performed. Inter-strain hybridization among Beilin Fs, Songpu Fg and
Minfu F; were completed to select the final F; generation (Figure 2.3.16). Passive integrated transponders
(PIT) and molecular markers were used in the identification of the reproductive parents to control the
inbreeding coefficient of each generation.

o Songpu red mirror carp has a fast growth rate and vivid body color, and is thus a new variety with edible
and ornamental uses. Individual average weight gain and culture survival rate of two years old fish
increased by 35 percent and 12 percent than that of the cold-resistant strain of Purse red carp. In numerous
culture practices, this variety showed stable performances in scale form, body color and body shape. Fry
production reached 73000000 in Heilongjiang, Jilin and Liaoning provinces during 2008—2012. The basic
population of Songpu red mirror carp was from the hybrid between Russian scattered mirror carp ()
and Purse red carp (¥ ). Moreover, the systematic selection of six generations was completed from 1990
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Figure 2.3.16 Schematic representation of the selective breeding process of Songpu mirror carp.
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to 2008 (Figure 2.3.17). Present fry production of this variety has also utilized the PIT and molecular
markers to ensure fry quality.

o FFRC strain common carp (Cyprinus carpio L.) is the first common carp variety bred using best linear
unbiased prediction (BLUP) technology. The growth rate of this variety enhanced by 20 percent over that
of control fish (Dong 2011). Jian carp and wild Huanghe carp were the parent resource. The breeding pro-
cess included mass selection of hybrid F; (Jian carp x Huanghe carp) and successive family selection of four
generations (Fy—Fs). Parent fish were selected according to the breeding value estimated by BLUP method
except for the first generation (Figure 2.3.18).

o Easy caught carp is a new variety bred in 2011 using the distant hybridization between common carp
(C. carpio) x Barbless carp (C. pellegrini), backcrossing, and systematic selective breeding technologies
(Figure 2.3.19). The parent varieties of common carp were Heilongjiang carp and Scattered mirror carp.
Easy caught carp integrated the advantages of parents in the seinability and cold resistance. Easy caught
carp live dominantly in the upper and middle layer of the water body and feed on plankton. Thus, it is suit-
able to be stocked in controlled large water bodies for natural propagation. For one-year-old fish, the sein-
ability rate of twice seining was 93.4 percent, which increased by 113.4 percent and 38.7 percent than that
of Heilongjiang carp and Songpu mirror carp, respectively. For two-year-old easy caught carp, seinability
rate of twice seining could reach 96.5 percent, which elevated to 96.7 percent, 56.1 percent and 71.3 percent
than that of Heilongjiang carp, Songpu mirror carp and Songhe carp, respectively. The growth rate of Easy
caught carp is similar to Songhe carp (Li 2015).

2.3.5 Market Potential

Annual exported volume of common carp to Korea and Russian was only ~2100 tonnes, and valued at
US$ 9660000 in 1997-2012. The population of China is predicted to reach 1.5 billion in 2030, and the supply/
demand gap for aquatic products is likely to be around 20 000 000 tonnes (Tang 2012; see Chapters 1.4 and 8.1).
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Figure 2.3.18 Schematic representation of the selective breeding process of FFRC strain carp.

The number of people living below the poverty line was ~70000000 in 2014 (https://www.odi.org/
comment/9803-china-urban-poverty-reduction-sdgs-inequality). FAO has speculated that common carp
production may come close to its limit in 2009. However, the output has been elevated from 2009 to 2013 in
China. The domestic consumption demand for this affordable freshwater cultured product is difficult to esti-
mate, but domestic consumption will continue to predominate. The production of common carp may still
continue to show an elevated trend over the next decade.

2.3.6 Current Problems and Future Prospects

Common carp is the most representative freshwater species cultured all over the world. Its history and
culture, and domestication in China determined its important and long-lived status. However, with the
increasing intensification of culture practices, problems with disease occurrence, quality, safety, and envi-
ronmental pollution are attracting more attention (Cao et al. 2007; Tang et al. 2014). It has become urgent
to set up environmentally friendly integrated systems to realize sustainable development of common carp
culture in different regions. In the past ten years, increasing numbers of investigations were carried out on
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pond ecological culture technologies represented by the Fish-Vegetable integrated mode (Bing and Chen
2001; Miao et al., 2007; Chen et al. 2010) and the Recirulating Aquaculture System mode (Wu et al. 2006;
Sheng 2013). A combination of these two modes might be the best pattern for the sustainable development
of pond culture of common carp.

China has considerable genetic resources of common carp. These wild or artificially improved varieties
constitute the basis for selective breeding of new varieties. However, wild populations of common carp
usually do not have direct commercial value due to their relatively low growth performance. Therefore, the
protection of wild resources was associated with the extent of utilization in producing commercial varieties.
Unfortunately, in the past few decades some of the undeveloped pure wild varieties have become endangered
due to habitat degradation, overfishing and gene pollution. Particular habitats and reproductive patterns of
fish species easily result in inbreeding depression and genetic drift, especially when the broodstock popula-
tions are too small, and pedigrees are unclear. Therefore, scientific management is necessary for maintaining
excellent performance of desirable varieties in conservation farms. Recently, molecular breeding technology
based on the analysis of genetic backgrounding of broodstock have been established and applied in practice
(Sun 2010). This has been very effective in maintaining population diversity and preventing inbreeding, and
should be popularized in conservation farms, and seed production enterprises.

To date, the total coverage rate of desirable breeds for aquaculture was only ~16.4 percent in China (Mai
2012). However, statistics from National Fisheries Technology Extension Center (NFTEC) indicate that the
coverage rate of six varieties — Songpu mirror carp, FFRC strain carp, Yuxuan Huanghe carp, Songhe carp,
Selective strain of German mirror carp (F,), and the cold-resistant strain of Purse red carp — are more than
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80 percent in main rearing areas of common carp during 1996-2010. About 20 reproduction bases and
106 demonstration sites were set up in 25 provinces, such as Henan, Hebei, Liaoning and Helongjiang. During
2011 to 2013, the above six varieties contributed to sales of RMB 20 billion and profits of RMB 1.4 billion.
These data indicate that breeding achievements of common carp have played a significant role in promoting
the development of industrial culture of this species. However, some potential problems in future develop-
ment need to be addressed.

Present selective breeding was generally focused on only one trait in common carp. However, the potential
antagonistic relationship might be present between the objective trait and another economic trait. So the
genetic and phenotypic associations among different traits, and compound breeding technologies based on
BLUP should be paid adequate attention. Secondly, research on genetic basis and biological mechanisms cor-
responding to some major economic traits have been limited in common carp. The accuracy of traditional
selection was poor because of the relatively long generation interval, and complex environmental conditions.
Molecular breeding technologies provide the possibility of identifying determinants of desired traits, and
scan broodfish with desirable genetic properties in early stages of life. Third generation high-density linkage
maps with ~5000 markers have been constructed for common carp. Markers associated with quantitative
trait loci (QTLs) have been successively isolated for some valuable traits such as cold tolerance (Sun and Liang
2004), body size (Zhang et al. 2007; Wang et al. 2012), feed conversion (Li et al. 2009) and body shape (Zhang
et al. 2013). Recently, Chinese scientists have completed the draft of the common carp genome, and predicted
more than 50000 protein-coding genes (Xu et al. 2014). These findings will contribute to further develop
QTLs mapping and genetic mechanism dissection of complex traits, and facilitate new selection programs
based on genomic level. Achieving practical progress in selection accuracy of objective traits may be still
one of the most important issues in future breeding domains. This will facilitate sustainable development of
common carp aquaculture.
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Crucian Carp and Gibel Carp Culture
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2.4.1 Introduction

2.4.1.1 Carassius auratus complex and Genetic Discrimination

Carassius auratus complex is composed of ornamental varieties of goldfish (C. auratus), wild crucian carp
(C. auratus), and the polyploid form of gibel carp (C. auratus gibelio). This fish originates from East Asia and
is widely distributed in the Eurasian continent. Chromosome and karyotype analyses indicate that the natural
complex consists of both diploid form with 100 chromosomes and polyploid form with more than 150 chro-
mosomes, even though the individuals cannot be differentiated morphologically from each other (Zhou and
Gui 2002; Zhu et al. 2006; Gui and Zhou 2010; Jakovlic and Gui 2011; Jiang et al. 2013; Li et al. 2014 a,b).
Tetraploidization has been revealed to occur in the diploid form with 100 chromosomes (Ohno et al. 1967),
and evolutionary hexaploid has been also suggested for the polyploid form with more than 150 chromosomes
(Zhou and Gui 2002; Yang and Gui 2004; Zhu et al. 2006; Li et al. 2014b).

The goldfish is the domesticated variety of wild crucian carp. Both of these possess 100 chromosomes
and reproduce sexually. Gibel carp, also commonly known as silver crucian carp or Prussian carp, has been
recognized as a subspecies C. auratus gibelio (Cherfas 1981; Jiang et al. 1983), or currently even as a sepa-
rate species C. gibelio (Rylkova et al. 2010; Zhang et al. 2015). Because of the controversial taxonomic status
and contentious morphological classification of the genus Carassius, it is hard to discriminate gibel carp
from the C. auratus complex. In the last century, polyploid gibel carp was recorded only in China (Zan
1981; Zhou and Gui 2002) and in Russia (Cherfas 1981). Along with the application of cytogenetic and
molecular biotechniques, polyploid gibel carp has since been extensively identified in many countries on
the Eurasian continent (Gui and Zhou 2010), such as in Britain (Hanfling et al. 2005), Italy (Hanfling ez al.
2005), Germany (Hanfling et al. 2005), Hungary (Toth et al. 2005), Greece (Liousia et al. 2008), Czech
Republic (Vetesnik et al. 2007), Kazakhstan (Sakai et al. 2009), and Croatia (Jakovlic and Gui 2011).
Preliminarily, gibel carp was found to be able to reproduce gynogenetically (Jiang et al. 1983). Along with
the identification of a minor but significant portion of males in the natural population, multiple reproduc-
tion modes, including sexual reproduction, unisexual gynogenesis, or even androgenesis, have been dem-
onstrated to coexist in the polyploid gibel carp (Zhou et al. 2000; Gui and Zhou 2010; Wang et al. 2011).
Moreover, a recent study has revealed the developmental mechanism why unisexual and sexual reproduc-
tions are able to coexist in clone D of polyploid C. gibelio, because its mature eggs have completed normal
meiosis, and have three various development modes, such as sexual reproduction, in response to the same
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clone sperm, unisexual gynogenesis to another species sperm, and hybrid-similar development mode to
another different clone sperm (Zhang et al. 2015).

2.4.1.2 Culture History and Development Status

Based on archeological records, the culture history of C. auratus can be traced back about 2000 years ago, to
the Eastern Han Dynasty (25—189 CE). As the most popular ornamental fish in aquariums and water gardens,
the goldfish was first recorded as golden or red mutants in the Jin Dynasty (265—-420 CE), and successfully
domesticated more than 1000 years ago, during the Song Dynasty (960-1279 CE). After that, the fish was
bred commercially as an ornamental fish. It was introduced to Japan in 1603, Europe in 1611 and North
America in 1850, and quickly became popular across the world. Previous experiments have demonstrated
that the goldfish originated from wild C. auratus (Chen 1928). To date, more than 300 varieties have been
recognized based on color variations, body shape changes, fin alterations, and eye configurations. The main
varieties that are currently cultured include common goldfish, with various colors including red, gold, white,
black, yellow, or lemon, comet-tailed goldfish, the bubble eye goldfish, celestial eye goldfish, fantail goldfish,
lionhead goldfish, pearlscale goldfish, butterfly tail goldfish, and so on.

In fact, wild resources of C. auratus are abundant in lakes, rivers and reservoirs. It has a good flavor and
is a popular with Chinese fish farmers. However, before 1980, it was not considered an important aquacul-
ture target because of its low yields produced by common diploid C. auratus. Polyploid gibel carp with more
than 150 chromosomes were identified from cytogenetic analyses of several wild populations including
Fangzheng in Helongjiang Province (Shen et al. 1983), Dianchi in Yunnan province (Zan 1981), Qihe in
Henan province, and Pengze in Jiangxi province, and the reproduction mode of unisexual gynogenesis was
reported in the early 1980s (Cui and Zan 1982; Jiang et al. 1983; Zhou et al. 1983; Fan and Shen 1990).
Aquaculture application of polyploid all-female gibel carp produced by heterologous sperm gynogenesis
(termed allogynogenesis) to activate embryo development (Jiang et al. 1983) revolutionized its culture sta-
tus. The resulting allogynogenetic gibel carp was introduced into almost all areas in China, which led to a
period of rapid development (Wu and Gui 1999). Along with wide application of diverse local gibel carp
stocks, and several improved varieties over the whole country, production increased from 48000 tonnes in
1983 to 2912258 tonnes in 2015 (Figure 2.4.1), and almost 99.6 percent of global C. auratus productions
occur in China (FAO 2016).

350 Figure 2.4.1 The annual production of crucian carp in
China (China Fishery Statistical Yearbook 2016).
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2.4.2 Main Varieties and Centers of Culture

Besides allogynogenetic gibel carp, two other improved varieties, high dorsal allogynogenetic gibel carp
(Zhu and Jiang 1993), and allogynogenetic gibel carp “CAS III” (Gui and Zhou 2010; Wang et al. 2011), have
been successively bred and cultured since 1990 and 2008, respectively (Figure 2.4.2). Owing to the excellent
growth performance of these improved varieties, these have become one of the most popular cultured fish
in China (Gui and Zhou 2010; Wang et al. 2011; Gui and Zhu 2012), and contributed significantly to the
overall production capacity (Figure 2.4.1). The allogynogenetic gibel carp “CAS III’; in particular, grows
faster than the parent fish by more than 20 percent and this enables yield gains of two to three times more
than other varieties of C. auratus (Gui 2009). Since 2009, more than 30 billion fry of the new variety have
been produced, and the culture scale has accounted for about 70 percent of C. auratus culture in China.
Currently, the production capacity of C. auratus ranks fifth among all cultured freshwater fishes, and con-
tributes approximately 10 percent to Chinese freshwater aquaculture production. Owing to its excellent
growth performance, the large-sized individuals that are marketed significantly alleviate the problem result-
ing from fine inter-muscular bones.

At the same time, diverse local populations, or various gynogenetic clones, were found in different regions
of China, and their culture performances were also evaluated from a genetic background to culture practice
(Gui and Zhu 2012). Several local clones, such as “Fangzheng” gibel carp (Shen et al. 1983), “Dianchi high-
backed” gibel carp (Zan 1981), “Pw'an” gibel carp (Yu et al. 1992), “Songpu” gibel carp (Liu et al. 1994),
“Pengze” gibel carp (Shu et al. 2000), “Qihe” gibel carp (Li et al. 2010), “Pingxiang” red transparent gibel carp
(Hong et al. 2005), and “Chuzhou” gibel carp (Ling et al. 2009), were used as culture stocks, which accelerated
development of gibel carp culture.

In addition, two sterile triploid hybrids with better growth performance, named “XiangYun” crucian carp
and “XiangYun No. 2”7 crucian carp, have also been bred and cultured by mating artificial allotetraploid
hybrids with diploid crucian carp (Liu 2010; Xu et al. 2015).

Most of the C. auratus currently cultured in ponds and controllable water bodies are the improved allogy-
nogenetic gibel carp varieties, and most of them are of the variety “CAS III". The main culture centers are in
Jiangsu and Hubei provinces, with productions of 630935 tonnes and 478 682 tonnes in 2015, respectively.
Other provinces with an annual production capacity of more than 100000 tonnes include Jiangxi, Anhui,
Shandong, Sichuan, Guangdong, Chongqing and Hunan provinces (Figure 2.4.3).

(@) (b) ()

Figure 2.4.2 Phenotypes of the most popularly improved varieties of gibel carp in China. a. allogynogenetic gibel carp; b. high
dorsal allogynogenetic gibel carp; c. allogynogenetic gibel carp “CAS III".
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Figure 2.4.3 The main regions of Carassius auratus culture activities in China (China Fishery Statistical Yearbook 2016).

2.4.3 Habitats and Nutritional Requirements

Gibel carp is benthic. It exhibits remarkable physiological adaptations to various environments, and can toler-
ate a very wide range of temperatures and amount of dissolved oxygen (DO). Therefore, they have a wide
geographical distribution from eastern Asia (high up to 42°C) to northern Europe (low to —40°C). Even under
anoxic conditions, they can survive for days in summer and months in winter by anaerobic respiration,
depending on the temperature (Shoubridge and Hochachka 1980). Gibel carp also can tolerate high salinity
and alkalinity. The salinity tolerance and or carbonate alkalinity of allogynogenetic gibel carp “CAS III” is 4.63
and 20.33 mmol-L" (Shen et al. 2014). In saline-alkaline areas of Jiangsu province near the coast, large num-
bers of ponds (6.67—33.3 ha) have been excavated for gibel carp culture.

Gibel carp is an omnivore, and its natural diet is extremely diverse including organic detritus, filamentous
algae, aquatic weeds, and small benthic animals. The hatched larvae and fry feed on zooplankton, such as
water fleas and rotifers. In aquaculture, various commercial feeds have been developed for the different
growth stages of gibel carp. Fry, summer fingerlings, and juveniles require higher protein levels to satisfy
nutritional requirements, and to maintain fast growth, and lower protein levels during grow-out. For exam-
ple, Ye et al. (2015) have evaluated the dietary protein requirements of allogynogenetic gibel carp “CAS IIT’,
and recommended that the dietary protein levels for maximum growth of fingerlings (~3g) and juveniles
(~80g) are 402-427 g kg and 337-423 g kg™, respectively. The dietary lipid requirement for optimal
growth of gibel carp juveniles is reported to be 140.5 g kg™ (Pei et al. 2004). In current commercial feeds for
gibel carp, the gross protein levels are usually about 30-32 percent for fingerlings and 28—30 percent for
juveniles.
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2.4.4 Hatching, Fry Rearing and Seed Supply

Gibel carp have been found to be able to reproduce by unisexual gynogenesis or sexual reproduction depend-
ent on the responding sperms (Zhou et al. 2000; Yang and Gui 2004). A large number of propagation experi-
ments show that the survival rates of embryos and larvae of the unisexual gynogenesis groups stimulated by
heterologous sperm are higher than that in the groups that have been reproduced sexually via insemination
with homologous sperm (Zhou et al. 2000). In aquaculture practices, therefore, gibel carp seed should be
produced strictly by unisexual allogynogenesis to maintain variety purity and high survival rates of seed. In
general, fully-grown two-year-old fish in good condition are selected as broodstock in winter and the intensi-
fied rearing is performed for one to two months before the breeding season. Spawning is artificially induced
by intraperitoneal injections with a mixture of acetone-dried carp pituitary, HCG and LRH-A (Wu and Gui
1999; Gui et al. 2003; Gui 2011) or with other commercial hormones. The ovulated eggs are inseminated with
sperm from “Xingguo” red common carp to activate gynogenesis. Prior to hatching, egg adhesiveness is gen-
erally removed by mixing the fertilized eggs with a yellow clay solution. After incubating for three to four days
in running water in hatching jars/tanks/raceways at 20-24°C, the larvae are hatched (Figure 2.4.4). After
depletion of endogenous nutrition of the yolk sac, the three-to-four-day-old larvae can swim, and may be fed
with water fleas and rotifers, or with chicken-egg yolk solution. This fry stage can be supplied to farmers as
seed for further nursery culture, or directly transferred to nursery ponds for summer fingerling culture.
Nursery ponds are usually 0.067-0.2 ha in size, and 1.5 m in depth. Five to seven days prior to nursery cul-
ture, the ponds should be chemically treated to eliminate harmful organisms, and then prepared to stimulate
the growth of natural food organisms, zooplankton and phytoplankton, by fertilizing with animal manure,

hormone injection

Intensified rearing
g '.' X commercial fish
allogynogensisl broodstock (2 years old) (500-10009)
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Figure 2.4.4 The allogynogenesis, seed production, and commercial fish culture of allogynogenetic gibel carp “CAS IlI".
(See color plate section for the color representation of this figure.)
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green manure or soybean milk. Monoculture is one popular method of fry nursing. Depending on the length
of the rearing period and the size required, stocking density is usually 1.5—-4.5 million/ha. Soybean milk is
usually used as a direct feed at 30—45 Kg/ha daily. After two to three weeks, the fry usually grow into finger-
lings of 20-30 mm. At this time, they are called summer fingerlings, and can be supplied to farmers as seed
for juvenile culture or commercial production (Figure 2.4.4). The stocking density of juvenile culture is usu-
ally 150000—300000/ha. The ponds for juveniles are usually 0.2-0.4 ha and 2.0-2.5 m in depth. The stocked
fingerlings initially feed on mash commercial feeds for two weeks or more. After 15 days, commercial pellet
feeds with 28—-30 percent gross protein are fed twice daily. In Hubei and southern areas, the juveniles are usu-
ally reared until November. They are able to grow up to about 50 g or larger, and are optimally sized seed for
commercial fish production in the following year (Figure 2.4.4).

Gibel carp seed is supplied at three different stages; three-to-five-day-old fry, summer fingerlings of
20-30 mm length, and 25-50 g juveniles (Figure 2.4.4). They are usually transported in polyethylene nylon
bags (70 cm length and 30 cm width) filled with oxygen. Firstly, a small amount of water is filled into bags.
Then, 100000 fry, 5000-10000 fingerlings, or 300-500 juveniles with water are poured into bags, respec-
tively. After air exclusion, the nylon bags are filled with oxygen. The transported seed can tolerate high-
density stress for 20—30 h. Before the transported seed are released into culture ponds, the bags are firstly
placed in the ponds, and kept for about 10 min to balance the internal and external water temperatures (Gui
et al. 2003; Gui 2011).

Generally, the commercial fish size of gibel carp depends on the seed size and culture density. If about 50 g
or larger juveniles are used for commercial fish culture, the individuals can grow up to 500-1000 g at the end
of one year and are marketed (Figure 2.4.4).

2.4.5 Mono- and Polyculture of Gibel Carp

In the past, gibel carp was generally used as a secondary species in pond polyculture. Along with the applica-
tion of modern culture technology, a greater variety of farmed species can be used for monoculture or poly-
culture. Since early in the last century, gibel carp has been widely used for monoculture or polyculture as the
major species.

Gibel carp monoculture is commonly practiced in Jiangsu Province, because a large number of ponds of
10-40 ha were constructed in the 1980s in coastal saline-alkaline areas. In these ponds, the stocking density
of 50 g or larger gibel carp juveniles is about 30000/ha. To inhibit algal over-proliferation, about 600 bighead
carp juveniles (about 20 g in size)/ha, and 600 silver carp juveniles (about 20 g in size)/ha are stocked simul-
taneously. Average production using this system can reach about 15000 kg/ha and the net profit can exceed
24000 RMB/ha (6 RMB = 1 US$) (Li et al. 2012).

Two polyculture modes are practiced with gibel carp. In the first mode, gibel carp is used as the major spe-
cies. The stocking density is usually about 20000 gibel carp, 500 grass carp, 500 bighead carp, and 1000 silver
carp/ha. In the second mode, gibel carp is usually used as a secondary species, and grass carp as the major
culture target. Usually, stocking density of fish is about 10000 gibel carp, 4000 grass carp, 4000 blunt-head
bream, 750 bighead carp, and 2000 silver carp/ha. Especially in northern coastal areas of Jiangsu Province, the
two polyculture modes have been widely applied in ponds of 10-40 ha and water depth of about 2.5 m. Grass
is planted in early spring, and grass carp density is dependent on grass abundance. In order to promote better
grass growth, a 3-m wide and 1-m deep channel is constructed around the ponds. In addition, automatic feed-
ers and aerators (gear impeller aerators or pipe aerators) are installed, two each per ha, respectively. The com-
mercial feeds generally contain 28—30 percent gross protein. Harvesting is done in one of three ways. The
highest profit will be obtained by partial harvesting through netting once or twice in summer, and total har-
vesting after drainage in winter. This method can decrease mortality from high temperature and stress. In
addition, the price of grass carp is higher in summer. In order to be able to harvest grass carp over 2 kg in July
or August, about 0.5-1 kg juvenile grass carp should be stocked at a density of 1500-3000/ha. In this case,
total profit might reach about 30000—45000 RMB/ha, and the highest profit is about 110000 RMB/ha. The
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second way of harvesting is to stock at the beginning of the year and to harvest at the year end. The third is to
stock in May and to harvest the following May.

Along with the rapid increase in production and highly intensive cultivation in the past 30 years, however,
some aquaculture varieties of gibel carp had been threatened by certain serious diseases caused by a number
of different pathogens, such as parasitic myxosporeans, bacterial septicemia, scale erecting disease, stigmato-
sis, saprolegniasis, and Cyprinid herpesvirus II (Gui et al. 2003; Zhai et al. 2012; Zhai et al. 2014; Zhang and
Gui 2015; Zeng et al. 2016). The genetic breeding program for increasing disease resistance in gibel carp has
been supported by national and local governments, and performed in our laboratory at the Institute of
Hydrobiology in Hubei Province (Zhang and Gui 2015).

2.4.6 Conclusions and Possible Future

Gibel carp is a favorite fish in most areas of China owing to its delicious taste and good meat quality. The fish
are sold live or fresh. The price is moderate (about 20 RMB/kg) and is affordable for middle- and low-income
people. With the prominent advances in genetic improvement and culture technology of gibel carp, this fish
has acquired a more important position in Chinese aquaculture. Gibel carp contains a large number of fine
inter-muscular bones which make it not so easy to eat. However, genetically improved varieties and modern
culture technologies have significantly enhanced the marketable size from about 100 g to 500 g, or even more
than 1000 g, and thereby reducing the impacts of intermuscular bones when eating. Improving growth per-
formance and increasing disease resistance are still priorities for the genetic breeding program (Gui 2015).
Disease prevention and control are also research priorities (Zhang and Gui 2012; Zhang and Gui 2015). Other
research work has also focused on nutritional studies, including developing more suitable commercial feeds,
and better improved managed feeding technology.
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2.5

Recent Developments in Bream Culture: Culture Systems and Genetic
Improvement

Weimin Wang and Zexia Gao

College of Fisheries, Huazhong Agricultural University, Wuhan, Hubei, China

2.5.1 Introduction

There are five bream species, belonging to two genera Megalobrama and Parabramis indigenous to China,
and include Megalobrama amblycephala, M.skolkovii, M. hoffmanni and M. pellegrini and Parabramis pekin-
ensis. These bream species have been cultured in certain areas of China; however, blunt snout bream
(M. amblycephala), also known as Wuchang fish, is the most important aquaculture species. In 1956, the
founder of the People’s Republic of China, Chairman Mao Zedong wrote a poem, “Swimming” including two
sentences “I have just drunk the waters of Changsha, and come to eat the fish of Wuchang” Since then, blunt
snout bream has become famous in China. This species was the first freshwater fish domesticated by Chinese
researchers. Because of its desirable qualities for aquaculture, such as herbivorous feeding habit, general har-
diness, resistance to diseases and reproductive performance, this species has become a major species for
freshwater aquaculture in China since the 1960s, and has greatly developed over recent decades, with a total
output of 705821 tonnes in 2014.

2.5.2 The Main Regions of Bream Culture Activities in China

Blunt snout bream (M. amblycephala) or Wuchang fish (Figure 2.5.1), is endemic to China. Itis a Cypriniformes,
Cyprinidae, belonging to the subfamily Culter. Its natural distribution is restricted to the middle and lower
reaches of the Yangtze River, such as Liangzi, Poyang and Yuni lakes. Blunt snout bream is a species of ray-
finned fish of the genus Megalobrama, which includes three other species M. skolkovii, M. hoffmanni and
M. pellegrini (Chen et al. 1998; Xu and Xiong 2008) (Figure 2.5.2). M. skolkovii is widespread across China and
the Russian Far East, from the north Heilongjiang river system to the south extension of the Minjiang river
system, including the Yellow River, Yangtze River and the south-east coast. M. hoffimanni is mainly distributed
in the Pearl River and Hainan Island water systems in South China, as well as in the north of Vietnam. M. pel-
legrini is restricted to the upper reaches of the Yangtze River (Chen et al. 1998). The white Amur bream
(Parabramis pekinensis) (Figure 2.5.2) is the only species with high economic value of the genus Parabramis.
It is native to eastern Asia, and occurs in the Amur River basin in southern Russia, as well as in many rivers in
China (Froese et al. 2014). The natural distribution of these five species of bream in China is shown in
Figure 2.5.3. These bream species are all food fish and have been translocated beyond their native ranges
except M. elongate.
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Figure 2.5.1 Blunt snout bream (Megalobrama amblycephala).

Figure 2.5.2 Other breams of the genera Megalobrama and Parabramis. a. M. skolkovii; b. M. hoffmanni; c. M. pellegrini;
d. P. pekinensis.

These species have very similar morphological characteristics. Species taxonomy within the genus
Megalobrama is traditionally based on morphological and anatomical traits, such as the thickness of the jaw,
the ratio of the last unbranched dorsal fin ray length to head length, the ratio of peduncle length to peduncle
depth, and various relative measurements of body parts (Li et al. 1993). However, in some cases, morphologi-
cal features are of limited value for identification and differentiation purposes, even with whole specimens,
because they can show either considerable intraspecific variations or small differences between species
(Teletchea 2009). Song et al. (2013) studied the morphological variations among the genus Megalobrama,
and found significant differences in the number of caudal vertebrae. As to the genera Megalobrama and
Parabramis, P. pekinensis has a full ventral edge, which exists from the basal part of the pectoral fin to the
anus, while Megalobrama species have a half ventral edge, which begins from the basal part of ventral fin.
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Figure 2.5.3 The natural distribution of five bream species in China. Source: Data from China Fishery Statistical Yearbook (2004-2016)

Among these bream species, M. amblycephala has been widely favored for its flavor, and recognized as a
main aquaculture species in freshwater polyculture systems since the 1960s in China (Ke 1965). Due to its
desirable qualities for aquaculture, such as herbivorous feeding habit, general hardiness, resistance to disease,
good catchability and reproductive performance, aquaculture of M. amblycephala has developed in the past
decades (Figure 2.5.4). Its total output reached 705821 tonnes in 2014 (CAFS 2014). The main culture of the
bream aquaculture industry include Jiangsu, Hubei and Anhui provinces (Table 2.5.1), of which Jiangsu has
been dominant. The species M. skolkovii is mainly cultured in Zhejiang province, while M. pellegrini is mainly
cultured in Sichuan province, and M. hoffmanni and P. pekinensis mainly in Guangdong province. The pro-

duction of these four species accounts for just ten percent of the total bream output
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Figure 2.5.4 Trends in aquaculture production of all bream species since 1950. Source: data from FAO and CAFS.

Table 2.5.1 Aquaculture production of blunt snout bream (in t) in different regions of China.

Provmcesvears 2005 2006 2007 2008 2009 2010 2011 2012 2013

Jiangsu 148101 154198 148872 150030 168443 162558 171769 179952 187969
Hubei 109302 131877 125300 121951 121767 135283 145256 157406 170669
Zhejiang 28745 28489 23325 23797 24207 26210 27241 27476 28167
Anhui 68022 75351 65619 70703 74620 83654 86740 88389 93707
Fujian 3150 3945 3594 2693 3267 3568 3941 4606 4328

Jiangxi 45668 47900 48255 51547 55033 54077 55654 59810 59172
Shandong 13811 12410 11581 11031 7920 14100 14681 14468 14988
Henan 11227 12220 9312 10437 11442 11652 13205 11531 13170
Hunan 51769 51816 51518 56115 50920 61135 66268 67749 71424
Guangdong 15663 12709 31597 38291 38757 36364 14681 36632 20979
Chongging 2579 2897 2014 2029 2258 2341 3738 3240 4932

Sichuan 18847 26839 26401 27409 27575 27021 29118 30749 32946
Total 516884 560651 547388 566033 586209 617963 632292 682008 702451

Source: Based on data from the Chinese Academy of Fishery Sciences (2014), Fishery Statistics.
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2.5.3 Biological Characteristics Related to Aquaculture

Bream are warm-water species, and can survive in a wide range of temperatures, with the optimum growth
temperature being 20-30°C. They have a high requirement for dissolved oxygen (DO) of above 5 mg/l.
M. amblycephala prefers to live in still water, and inhabits the middle and lower layers of a water body with a
sludge substrate and submerged plants. In nature, M. amblycephala and P. pekinensis are typically herbivo-
rous, while the other three are omnivorous. Special commercial feeds for bream have been developed for
aquaculture. These five bream species all have a fast growth rate, and can reach a marketable size at the sec-
ond year of culture. M. amblycephala has a relatively fast growth rate, and can reach 12-23 cm in the first
year, reaching a marketable size at the second year, with a body length of about 30 cm and weight of about 500
g. The largest individuals can exceed 3 kg. All five bream species reach maturation at two to three years of age.
As to the characteristics of eggs, there is a big difference between the two genera. Megalobrama species pro-
duce adhesive mature eggs, while eggs of Parabramis are pelagic. In nature, M. amblycephala always spawn
in shallow water with aquatic plants and in the night at a temperature of about 22-26°C.

2.54 Culture/Farming Systems

Generally, fingerlings of 30-80 g are cultured in ponds and reach a marketable size at about 500 g. The culture
systems are different in different regions, primarily using a pond structure, with species combinations and
feeds used. Existing systems can be summarized into four types: (a) blunt snout bream and grass carp as the
major culture species, (b) blunt snout bream and black carp as the major culture species, (c) blunt snout
bream and crucian carp as the major culture species, and (d) mono culture of blunt snout bream. Among
these systems, (c) and (d) are used in most regions (Table 2.5.2).

As to the benefits of different culture systems, Xu (2013) concluded that the system in which the blunt
snout bream is the main cultured species, with subsidiary species such as crucian, bighead, and/or silver carp
as the filter-feeding fish, result in significant added value and benefits. The study also showed that better
growth was achieved when the density of blunt snout bream (40-50 g mean wt.), crucian carp (about 50 g
mean wt.), silver carp (about 125 g mean wt.) and bighead carp (about 125 g mean wt.) were 1700 to 1800, 160
to 200, 130 to 150 and 60 to 80 per 666.7 m2, respectively. Cage culture has also been used for blunt snout
bream since the 1980s, in conjunction with the development of commercial feeds. The cages are always set up
in reservoirs/lakes of more than 2-m water depth. Rectangular cages are preferred, and commonly consist of
small (4—2 m?), medium size (21-32 mz), and large (60-100 m?). The depth of the cage is about 2.5 m for all
different sizes of cages. The medium size cage is the commonest. The average stocking density of blunt snout
bream is 2000—2500 individuals (mean weight of 0.10-015 kg), while crucian carp, silver carp and bighead
carp are stocked at a ratio of 4:2:1 with a total of 50 individuals (5.0-10.0 g/ individual). After about one year
culture, the bream can reach a mean weight of 0.7-0.8 kg.

2.5.4.1 Advances in Culture Technology Over the Last Decade or More

In recent years, with rapid urbanization and industrial development, areas available for aquaculture are grad-
ually declining, and high density aquaculture is being encouraged. In these circumstances, efficient ecological
culture models were developed for blunt snout bream, and schematically depicted in Figure 2.5.5. It consists
of a batch of purification tanks, with biofilters, in addition to culture ponds. A submerged pump in the pond
is connected with the purification tanks through parallel pipelines. An osculum is set up at the bottom of each
purification tank to let the water flow into the ridges of the pond, then into the ecological slope. The ecologi-
cal slope is covered by a three-dimensional vegetation net or hollow green bricks, with aquatic plants growing
on the covers. After biological purification, the clean water can flow into the pond. This is equivalent to a
flow-through pond culture system. This culture system has been developed for blunt snout bream in Jiangsu
Province. Using this culture system, water quality can be improved greatly, the survival rate of fish increased



Table 2.5.2 The two main culture systems for blunt snout bream.

Blunt snout bream Crucian carp Bighead carp Silver carp
Density (No. of Density (No.of | Size (No. o Density (No. of Density (No. of
Size (No. of individuals/kg/ | Size (No. of individuals/kg/ | individual individuals/ Size (No. of individuals/kg/
Items individuals/kg) | 666.7 m’) individuals/kg) | 666.7 m?) kg) kg/666.7 m’) | individuals/kg) | 666.7 m’)
Refined Input 20-30 1800-2200 — — 0.15-0.25 50-60 0.15-0.25 50-100
model Output Above 0.6 kg — 15-25 kg 15-25kg
Polyculture  (Input 20-30 1200-150 20-30 600-800 0.15-0.25 50-60 0.15-0.25 50-100
del
fmode Output Above 0.6 kg 0.4kg 15-25kg 15-25kg

Source: modified after Gu et al. (2014).
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Purification tanks

Figure 2.5.5 Schematic representation of the layout of the ecosystem for aquaculture of blunt snout bream in Jiangsu Province
(after Gu et al. 2013).

by 2 percent, and the average rate of body weight gain improved by 111 percent. Taking into consideration the
increase in production costs, as well as the construction fee and running costs, the economic benefits can be
improved by about 700 RMB/667 m” (6 RMB = 1 USS$).

2.5.5 Germplasm Resources

2.5.5.1 Cytogenetics

Cytogenetical studies of blunt snout bream have focused mainly on karyotype and nuclear DNA. There have
been some reports on karyotype and nuclear DNA content of M. amblycephala. As far as the karyotype is
concerned, the karyotype formulae of M. amblycephala, reported by Zan and Song (1979) and Li et al. (1993),
were expressed as 2n = 48 = 20m + 24sm + 4st; while it was expressed as 2n = 48 = 26m + 18sm + 4st in reports
by Yin et al. (1995). After cell culture, Zhu et al. (2013) identified the karyotype of M. amblycephala as
2n = 48 = 26m + 18sm + 4st. However, it still remains to be verified whether the aforesaid deviations were
caused by manual operation, or the difference in collection site, or population differences. Currently, the uni-
versally accepted karyotype is 2n = 48 = 26m + 18sm + 4st. The DNA content of M. amblycephala has been
reported successively by Li et al. (1993) and Yin et al. (1995) with the genome size of about 2.6 pg. The results
showed that M. amblycephala was significantly higher in diploid cell DNA content than other known
(2n = 48) cyprinidae fishes.

2.5.5.2 Population Genetics

Since the 1980s, there has been a boom in various molecular marker methods intended for studies on popula-
tion genetic diversity, the studies of the genetic relationship and phyletic evolution of species, the establish-
ment of molecular genetic linkage maps, germplasm identification and other related aspects. Major methods
included RFLP, microsatellites, mtDNA, RAPD, AFLP and so on. Since the start of the twenty-first century,
natural germplasm resources of M. amblycephala have been endangered, primarily due to human domestica-
tion of M. amblycephala which has resulted in widespread and increasingly serious degradation, overfishing,
and worsening environmental degradation. Considering this, many researchers began to turn to RAPD,
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mtDNA, microsatellite and other molecular marker methods to investigate and evaluate the genetic diversity
status of wild and cultured M. amblycephala populations (Bian et al. 2007).

With the application of RAPD technologies, Zhang (2001) analyzed the genetic structure of wild
M. amblycephala populations inhabiting Lake Yuni and Lake Liangzi. It was found that the individual genetic
similarity of the M. amblycephala from the two lakes remained between 0.9395 and 0.9614, and averaged
0.9541. The wild populations in Lake Yuni and Lake Liangzi showed a relatively poor genetic diversity. Tang
et al. (2008) measured the mitochondrial DNA control region sequence of a total of 53 samples of
M. amblycephala from lakes Yuni, Liangzi and Poyang. However, only three mutation sites and five haplo-
types were detected in the 411-bp control regional sequence available. This indicated that the genetic diver-
sity of the three populations was relatively poor, and that of Lake Yuni was the poorest. Li (2010) analyzed the
genetic diversity of the three wild populations (lakes Liangzi, Poyang and Yuni) using microsatellite meth-
ods. It was observed that there was little genetic differentiation between M. amblycephala populations
inhabiting the three geographically divergent colonies. This indicated that the intraspecific differentiation
of M. amblycephala caused by geographic isolation was not significant. There was insignificant genetic dif-
ferentiation (Fst = 0.0376) between Lake Liangzi and Lake Poyang populations, while the genetic differentia-
tion (Fst = 0.0733) between Lake Liangzi and Lake Poyang was relatively significant. With the combined
application of the mitochondrial DNA control region and Cytochrome Oxidase I (COI) gene sequence, Zhao
et al. (2009) studied the genetic diversity and differentiation of three M. amblycephala genetic populations
(including four wild populations, two domesticated populations and one improved selective variety — No.1
Pujiang population). The relatively poor genetic diversity of the selectively bred populations showed artificial
selection has had a great impact on genetic structure of populations.

2.5.5.3 Genomics

The development of second generation high-throughput sequencing technology in the twenty-first century,
mainly in the exploration of functional gene resources, comes as a revolution in the studies of genom-
ics. Using the new high-throughput sequencing technology 454 GS FLX Titanium, Gao et al. (2012)
sequenced the mixed-tissue-sample transcriptome of individuals with divergent growth traits from differ-
ent M. amblycephala populations. A total of 100477 unigenes of M. amblycephala were obtained, including
26802 pieces of contigs and 73675 pieces of singletons. The unigene GO classification information of
M. amblycephala was obtained through comparison with the proteome sequence of zebrafish. A total of
266486 pieces were classified into molecular function, 140785 pieces into biological process and 130,135
pieces into intracellular localization. Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
note, these unigenes can be classified into 150 kinds of signal path. These transcriptome resources laid a
solid foundation for the functional gene studies of M. amblycephala. Based on the genetic resources avail-
able, the full-length cDNA sequence of a series of functional genes of M. amblycephala was cloned (Gao
et al. 2014), including genes related to growth traits, growth hormone receptor (GHRI and GHR2), insulin-
like growth factor (IGF-I and IGF-II), myostatin (MSTN a and MSTN b), and so on. Immune-related genes
were cloned, including heat shock protein 90 (Hsp90a and Hsp90p), major histocompatibility complex
(MHC IIA and MHC IIB), liver-expressed antimicrobial peptide (LEAP-1 and LEAP-2), chemokine receptor
(CXCR4b), and p-defensin. Ingestion-related genes were cloned, including ghrelin, cholecystokinin (CCK),
and neuropeptide Y (NPY). Reproduction-related genes were cloned, including kisspeptin and kiss receptor.
Also spermatogenesis associated 4 (SPATA4), cardiac troponin T and peroxisome proliferator-activated
receptor r (PPARr) were cloned. Researchers have made a further analysis of the regulating effect of the
aforesaid genes on the growth, reproduction and disease resistance of M. amblycephala through quantita-
tive gene expression.

With the development of molecular biological technologies, molecular markers such as AFLP, SSR and SNP
are currently commonly being used. In the field of molecular markers, researches on M. amblycephala, Rao
et al. (2012) scanned the male and female gene pool of M. amblycephala from lakes Liangzi, Poyang and Yuni
by using 64 pairs of AFLP primer combinations, and collected 4789 pieces of amplified fragments in all.
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However, the specific markers of the male and female were not collected. By building an enriched microsatel-
lite library and adopting PCR scanning respectively, Li et al. (2007) and Tang et al. (2009) screened out nine
and ten polymorphic SSR markers. Using 454 high-throughput sequencing methods, Gao et al. (2012)
obtained 4952 pieces of microsatellite sequence, developed 116 polymorphic SSR markers, and got 25697
high-quality cSNP loci and 23 287 indels loci. These markers laid a solid foundation for molecular breeding of
M. amblycephala.

Recently, Dr. Weimin Wang’s team has finished the whole genome sequence of M. amblycephala, which
provides a valuable resource for the genomic study on this species. A 1.116-Gb reference genome sequence
was assembled for M. amblycephala genome using genomic DNA from a double-haploid line by a whole-
genome shotgun strategy. The contig and scaffold N50 lengths reached 49 Kb and 839 Kb, respectively, with
the largest scaffold being 8951 Kb and the 4034 largest scaffolds constituting 90 percent of the assembly.
A total of 23696 protein-coding genes were annotated for M. amblycephala.

2.5.6 Improvements in Artificial Propagation

After domestication of blunt snout bream since the 1960s, germplasm resources of this species are under
threat of losing diversity and of mixing due to its artificial breeding. The aquaculture performance of many
hatchery populations of bream deteriorated, as indicated by slower growth rate, early maturity, increased
susceptibility to disease, as well as thin and longer body. Poor management of broodstocks and inbreeding
depression were thought to be the major causes for this deterioration. In view of this, some breeding tech-
nologies were used to address these problems, including hybridization, selective breeding, gynogenesis and

polyploidy.

2.5.6.1 Hybridization

As a commonly-used breeding technique, hybridization mainly aims to benefit from heterosis, and develop
new varieties or strains through hybridization. Current reports on hybridization of bream covered interspe-
cific hybridization, intergeneric hybridization and inter-subfamily hybridization.

Existing research on interspecific hybridization focused mainly on hybridization among M. amblycephala,
M. terminalis and M. hoffmanni; however, filial generations with obvious advantages are yet to be developed.
Xie et al. (2002) compared the major morphological traits of the hybrid M. hoffimanni (%) x M. amblycephala
(%) and its parents, and discovered that the morphological traits of the first generation of the hybrid mainly
shared the morphological traits of the parents. Further practices discovered that the first generation of hybrids
featured a high survival rate and fertility. In addition, it resembled M. hoffimanni in flesh quality, and had
advantages over M. hoffmanni in resistance to hypoxia and transport. However, first hybrid generation grew
slower than M. amblycephala, so the expected growth advantages were not so obvious. By using cluster
analysis, principal component analysis, and discriminant analysis, Yang et al. (2002) studied the morphomet-
ric traits and framework parameters of M. amblycephala, M. skolkovii and their reciprocal hybrids. It was
found that the reciprocal hybrid F; shared more genetic characters of the female parent, and the M. skolkovii
female parent had a greater effect on the genetic characteristics of hybrid than the M. amblycephala female
parent.

In the field of intergeneric hybridization, Gu et al. (2008) analyzed the morphological and genetic charac-
teristics of the hybrid F; of Erythroculte rilishaeformis (¥) x M. amblycephala (§). It was found that most
of the countable and measurable traits of the F; hybrid remained at an intermediate level. The cluster and
discriminant analysis of framework parameters discovered the chromosome number (2n) of F; hybrid was
48 and the karyotype formula was expressed as 18m + 26sm + 4st (NF = 92). The genetic analysis indicated
that their hybrid was much closer to that of the male parent. Jin ef al. (2006) analyzed the flesh content and
nutrient content in muscles of the F; hybrid of E. ilishaeformis (%) x M. amblycephala (8 ). The results
showed that this hybrid featured significantly higher flesh, protein, fat and amino acid contents than other
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commercial freshwater fishes, which suggested that this F; hybrid can be developed as a new variety for
aquaculture.

So far hybrids based on inter-subfamily hybridization has been developed from the three hybridized com-
binations of Cyprinus carpio var. specularis and (%) and M. amblycephala (3), C. carpio L. mirror (%) and
M. amblycephala (8 ), and Tincatinca (%) and M. amblycephala () (Gao et al. 2014). However, the aqua-
culture potential of these hybrids still remains to be verified.

2.5.6.2 Selective Breeding

A systematic selection program for blunt snout bream was started in 1986 for faster growth rate, and
deeper body shape (measured as the ratio of body length to body depth), and was one of the first attempts
to selectively breed a species of aquaculture importance in the Asian region (Li 2008). In this endeavor the
founder population was established mainly on the wild populations inhabiting Lake Yuni of Gongan
County, Hubei Province. With the combined application of selective mass breeding and biotechnology, the
world’s first herbivorous fish, No.1 Pujiang blunt snout bream, was successfully bred after 16 years (six
generations) of intensive selective breeding. This improved variety was characterized by 30 percent faster
growth rate than the stock, a graceful shape and fairly stable genetic characteristics (Li and Cai 2003). In
2000, it was announced to be an excellent variety suitable for extension to farmers after being examined by
the China Stock and Improved Fisheries Variety Examination Committee, and approved by the Ministry of
Agriculture.

However, the No.1 Pujiang blunt snout bream strains only focused on growth rate during the selection pro-
cedure and the strains were obtained through traditional technology. Currently, these varieties tend to have
increased susceptibility to disease. Consequently, the Chinese Ministry of Agriculture initiated the Modern
Agriculture Industry Technology System for preserving blunt snout bream germplasm resources, and a
breeding technological system since 2007. A team of researchers from Huazhong Agricultural University,
began to use modern molecular technology, based on molecular markers, to improve breeding efficiency and
accuracy, as well as to improve growth rate and strengthen stress resistance. Since then, the team has been
devoted to its molecular breeding technology approach, and the cultivation and popularization of high-
yielding and stress-resistant superior varieties, based on wild stocks of bream from lakes Liangzi, Yuni and
Poyang. The heritability of body weight, body length, overall length and height of 20-month-old bream were
assessed as 0.65, 0.53, 0.53 and 0.50, respectively. It showed there was relatively high genetic correlation
among various growth traits (Luo et al. 2014a).

The advantageous growth traits of crossbred wild bream populations were assessed by means of self-cross
and hybridization of the three populations. It was found that the hybrid of Lake Yuni ¥ x Lake Poyang &
showed significant growth advantages. Besides, microsatellite markers were used to evaluate the correlation
between the parental population genetic diversity and first generation growth traits. It showed that there was
significant positive correlation (p<0.05) (Luo et al. 2014b). Bream from the three populations were used as
parents, and complete diallel cross was adopted to establish the full-sib family. By analysing combining ability
and microsatellite molecular markers, it was preliminarily predicated that the combination, in which Lake
Liangzi served as male parent and Lake Yuni counterpart served as female parent (Zeng et al. 2012), featured
the best growth traits. In addition, methods of mixed-family genetic parameter estimations were adopted to
evaluate the length and weight parameters of six-month-old bream, and their breeding value (Zeng et al.
2014). To date, superior families with good growth traits and stress-disease resistance have been developed by
the research team. Liu (2012) have screened out four microsatellite markers relevant to growth traits of bream,
and have obtained the superior and inferior genotypes related to growth traits.

This research team has produced a good variety of M. amblycephala with a fast growth rate and good sur-
vival rate. Figures 2.5.6 and 2.5.7 show the characteristics of this improved strain, which indicated that the
mean body weight and survival rate of selected line (F5) were both significantly higher than that of control
group (P<0.05). This improved variety was characterized by 26.6 percent faster growth rate and 27.0 percent
higher survival rate. Through working with Animal Husbandry and Fisheries Research Center of Haid Group
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Co., Ltd, these varieties have been distributed to farmers. However, none of related selective program has
been conducted in other bream species.

2.5.6.3 Gynogenesis Breeding

Being one of the major approaches to haploid breeding, gynogenesis can be defined as a chromosome set
engineering. Gynogenesis of fish is of vital application value in aquaculture. Induction of gynogenesis is able
to accelerate the formation of varieties and populations, analyze quantitative character heredity, and locate
genes (Gui and Zhu 2012).

Zou et al. (2001) studied the artificial gynogenesis (inhibit the second maturation division) of two- and
three-year-old selectively-bred blunt snout bream. UV radiation was used to induce the genetically inactive
sperm from common carp (Cyprinus carpio), and cold shock was used to inhibit the secondary polar body
release of bream. Shock temperature, starting time and duration suitable to two- and three-year-old bream
were studied. The results showed that for two- and three-year-old bream, the optimal induction starting time
was three minutes after fertilization, while there was a slight difference in shock temperature and duration
between the two groups. For three-year-old bream, 30-minute cold shock treatment at 0-2°C achieved a
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better effect. For two-year-olds, 20-minute cold shock treatment at 4—6°C achieved a better effect. By using
microsatellite markers, Zhang et al. (2012) evaluated the genetic diversity of individuals whose secondary
polar body gynogenesis was inhibited. It was found that all the genetic materials of gynogenetic individuals
sourced from the female parent, without genetic materials from the male parent. Secondary polar body inhi-
bition failed to produce the individuals with high purity. However, due to relatively high genetic homogeneity
of the female parent, these gynogenetic individuals can serve as desirable breeding material.

2.5.6.4 Others

Also researchers have carried out experimental studies on polyploid breeding, nuclear transplantation breed-
ing, and transgenic breeding of bream. Taking polyploid breeding as an example, Zou et al. (2004) obtained
an artificial autotetraploid foundation group of blunt snout bream by inhibiting the first cleavage of eggs
through heat shock. Some female parents of the artificial autotetraploid foundation group were sexually
mature, while all the male parents were sexually mature. After self-reproduction, the tetraploid was used to
hybridize with the diploid and large quantities of autotetraploid F; and reciprocal crossbred triploid (Li et al.
2006) were obtained. Meanwhile, by combining interspecific cross and physical induction (heat shock), it was
established that the allotetraploid foundation group (Zou et al. 2008) for M. amblycephala (+) x M. skolkovii
(). Also normal hybridized heterologous “interploid” triploid was obtained by hybridizing allotetraploid
female fish with male diploid M. amblycephala. In the field of nuclear transplantation breeding, Yan et al.
(1985) developed a crossbred fish by bonding grass carp (Ctenopharyngodon idella) blastomere with denucle-
ated spawn of M. amblycephala. By bonding bighead carp, Hypophthalmichthys nobilis cell nucleus with
M. amblycephala cytoplasm, Qi and Xu (1994) developed the nucleo cytoplasmic hybrid trans-nucleus fish of
the bighead carp and of the M.amblycephala. In the transgenic breeding field, there were reports, both at
home and abroad, on the integration and expression of human growth hormone gene in M. amblycephala
(Wu et al. 1994). By means of microinjection, the linear DNA fragments, in which mouse MT-1 gene starting
sequence and human growth hormone hGH gene sequence were recombined, and were injected into ferti-
lized eggs of M. amblycephala. According to the testing results of marking, Southern hybridization, Northern
hybridization, radio-immunity, ELISA, and other methods, exogenous genes were integrated, transcribed,
translated and expressed in receptors, and exerted a growth acceleration effect. Exogenous genes could be
found in young fish from sexual reproduction between transgenic female and male fish. This shows that exog-
enous genes can be passed down to later generations through sexual cells and still work effectively in growth
acceleration.

2.5.7 Constraints

2.5.7.1 Impacts on Benefits by Poor Culture Facilities and High Pond Rentals

As in the case of most aquaculture facilities in China, the lack of safe facilities, serious degradation of facili-
ties and unreasonable drainage also confront bream culture. Although some modern equipment has been
used, such as automatic feeding machines, automatic dissolved oxygen (DO) detectors, electric wind-feeding
system, the culture systems for bream are still relatively underdeveloped aquaculture systems in China.
Moreover, along with the increase of pond rental fees in the recent years, the profit for bream culture is
greatly affected.

2.5.7.2 Feed Waste and Lack of Technology for Meat Quality Improvement and Processing

In recent years, the prices of raw ingredients for feeds, such as fish meal, soybean meal, rapeseed meal,
cottonseed meal and corn, have gradually increased, resulting in increased commercial feed prices. However,
because of fierce competition, the price of fish products has not kept pace. Feed costs account for above
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70 percent of aquaculture inputs. The feed coefficient for bream culture is 1.8—-2.0 for pellet feed and 1.3-1.6
for extruded feed. The high feed coefficient not only increases inputs, but also leads to feed wastage and pol-
lution of the environment. Moreover, in recent years, it has been observed that bream fed an extruded feed
during the whole culture period have a reduction of body surface mucus, loss of scales, a body color becoming
red, and are more susceptible to disease, etc. So, the recipe for extruded feed needs to be improved, as do
feeding techniques.

In current culture systems, there is still a lack of techniques for improving fillet quality and nutrition.
Processing technology for bream is still in its infancy, with most bream being pickled, and other value added
products are not that well developed. Chinese people prefer to eat braised bream in brown sauce, or steamed
bream. So, its added value needs to be improved.

2.5.7.3 Shortage of Labor

With rural labor migrations to the city, fish farmers tend to be relatively old. Bream culture is facing a labor
shortage. At the same time, along with improvement in the economy and better living standards of Chinese
people, labor costs are gradually increasing, which of course affect the profitability of bream culture.

Although several culture models have been established for bream, most of these models still belong to open
and extensive culture methods. Some integrated techniques have also been developed, such as using recircu-
lating water, and ecosystem culture. However, the uptake of these improvements by farmers needs to be
increased.

2.5.7.4 Lack of Improved Strains for Bream Aquaculture

The bream aquaculture sector made notable improvements following the development of the fast growth
strain of blunt snout bream in 2000. However, over the last 15 years, it has been seen that this strain cannot
satisfy the needs of farmers. Along with worsening culture environments and inbreeding depression, culture
populations of bream have become more susceptible to disease. New aquaculture strains with improved traits
need to be developed. In addition to blunt snout bream, good aquaculture varieties of other bream species
also need to be selected.

2.5.8 Markets and Marketing

Bream commands a relatively higher price than other carps in Chinese domestic markets, but prices may dif-
fer between the five species of breams. Normally, for blunt snout bream, the price is about 9.0-10.0 RMB per
kg in Hubei and Jiangsu provinces, while it increases to 18.0-20.0 RMB per kg in Beijing, Inner Mongolia, and
other Northern regions. For the processing industry of bream, there are about 200 factories in China, mostly
located in Ezhou City in Hubei Province. About 200000 tonnes was processed in 2014 valued at 50 million
RMB. Generally, the price of other bream species is a little higher than blunt snout bream; however, their
markets are restricted to some provinces, and not nationally widespread like blunt snout bream.

2.5.9 Conclusions

2.5.9.1 Protection and Rational Utilization of Germplasm Resources

As blunt snout bream is distributed in only a few regions in China, it is necessary to comprehensively investi-
gate and monitor its germplasm resources. Efforts should be made to protect original habitats where the blunt
snout bream reproduces, grows and evolves. Active and effective measures should be taken to restore those
damaged environments, and gradually regain the natural ecosystem of such areas. Meanwhile, economical
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utilization of wild resources should be reduced so as to regain the natural characters of germplasm resources.
In addition, an artificial germplasm resource library or stock conservation base of blunt snout bream should
be established, which should include allopatric wild genetic resources, and protection of living biological
body and germplasm cryopreservation, for example gene and gamete preservation. Moreover, a series of
standardized, large-scale, intensive and modernized superior variety breeding bases should be established, to
supply superior young fish to bream farmers nationwide, and avoid blind reproduction by these farmers.

2.5.9.2 Further Genetic Improvement in Varieties

Although the current No.1 Pujiang blunt snout bream features a desirable growth rate, there is still a need to
develop new high yielding varieties with good flesh quality and strong resistance to disease. On the one hand,
the worsening aquaculture environment, and the increased frequency of occurrence of diseases trigger
demands for developing new disease-resistant varieties. Concurrently, in genome, SCNT and stem cell tech-
nologies are constantly being improved, and important genes related to fertility, gender, growth, disease
resistance, cold resistance and hypoxia resistance are being identified, and functionality analyzed. A new era
in which breeding by molecular design typical of genetic improvement in cultured fish has only recently
begun for bream. So it is hopeful that, in an effort to fuel sustainable development of blunt snout bream aqua-
culture, new high-yielding varieties will be developed using advanced breeding technologies, with good flesh
quality and strong resistance to disease. Moreover, along with the development of aquaculture industry of
other bream species, their selective breeding program could also be considered in the future.
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Integrated Rice-Field Aquaculture in China, A Long-Standing Practice,
with Recent Leapfrog Developments

Jiashou Liu, Qidong Wang, Jing Yuan, Tanglin Zhang, Shaowen Ye, Wei Li, Zhongjie Li,
and Jian-Fang Gui

State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, Hubei, China
National Research Center for Freshwater Fisheries Engineering, Wuhan, Hubei, China

2.6.1 Introduction

Fish culture practice in rice fields has a history of more than 2000 years in China (Huang and Zong 2007),
and archeological and written records trace rice-fish culture to over 1700 years (Li 1992; Xiang 1995; Halwart
and Gupta 2004). In June 2005, the Qingtian Rice-Fish Culture System in Zhejiang Province, China, was
designated by the FAO-GEF (Global Environment Facility) as one of the first five Globally Important
Agricultural Heritage Systems (GIAHS) pilot sites in the world. However, this traditional farming sector
has witnessed leapfrog developments during the past three decades only. As one of the main contributors to
freshwater aquaculture, production from paddy fields amounted to 5.4 percent (1560000 tonnes) of the
total freshwater aquaculture production, and the farming area of paddy fields amounted to 21.6 percent
(1500000 ha) of the total freshwater aquaculture area in China in 2015 (Figure 2.6.1). It is worthy to describe
the transformation of the ancient fish farming experience in rice fields to the modern rice-field aquaculture
practices in China.

2.6.2 Evolutionary Developments of Integrated Rice-Field Aquaculture

Evolutionary development of integrated rice-field aquaculture in China can be divided into three phases: the
slow maintenance phase, the rapid development phase, and the leapfrog development phase.

2.6.2.1 Slow maintenance phase

This phase of rice-fish culture development lasted from 2000 years ago to the start of the 1980s. Ancient
Chinese people realized the socio-economic importance of fish culture in rice fields. There may have been
two main drivers for this culture experience. One driver was the limited availability of animal protein in
densely populated rice-planting areas, where usually all the available field space was used for rice, leaving
little space for husbandry and poultry production, as was the case in most Asian countries (Coche 1967). In
China, 2000 years ago, fish culture was very popular in the Yangtze basin, and fish seed was abundant and
exceeded the needs for that of pond culture (Ni and Wang 1988). The availability of excess seed may have
been an additional driver for rice-fish culture. This practice was used by individual small-scale farmers. It was
an ideal use of land and an easy source of cheap, fresh fish that gave convenient access to sources of animal

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.



Traditionally Farmed Species and Farming Practices

PRODUCTION AREA

Others, 2.2% Others,
1.8%

Paddy, 5.1%
River, 2.9%

River,
3.6%

Figure 2.6.1 Percent contribution of production (left) and farming area for each of the freshwater environment types in China.
Data source: China Fishery Statistical Yearbook (1984-2016).

protein, maintaining farms and ensuring livelihoods. However, it remained at a low level of operation for
more than 2000 years.

After the founding of the People’s Republic of China, the central government encouraged further develop-
ment of this traditional practice. Two nationwide fisheries conferences were held in 1954 and 1958, respec-
tively, to extend rice-fish culture techniques. At the same time, Dashu Ni, a famous aquaculture scientist from
the Institute of Hydrobiology, Chinese Academy of Sciences, summarized fish culture techniques in rice fields
and started systematic theoretical studies (Ni and Wang 1988). All of these policies and technical endeavors
promoted temporary development of fish culture in rice fields in China, when the total area for fish culture in
rice fields reached 590000 ha by about 2000 (Huang and Zong 2007). However, wide use of pesticides for rice
growing prohibited the development of fish culture in rice fields, and resulted in a trough of this practice in
the 1960s and 1970s (Huang and Zong 2007).

2.6.2.2 Rapid Development Phase

From the beginning of the 1980s to 1994, fish culture in rice fields entered a rapid development phase. Area
used for aquaculture in rice fields increased from 441027 ha to 853,150 from 1983 to 1994, whilst production
increased from 36 330 tonnes to 206 915 tonnes (Figure 2.6.2). In the meantime, fish culture in rice fields with
only a few carp species such as common carp (Cyprinus carpio), grass carp (Ctenopharyngodon idellus) and
crussian carp (Carassius auratus) evolved into integrated rice-field aquaculture that incorporated more spe-
cies and included Chinese mitten crab (Eriocheir sinensis), crayfish (Procambarus clarkii), turtles, soft-shelled
turtles and other high-valued fish species. Rapid development of this industry at this stage was due to innova-
tion of theories and technology, policy support, and the introduction of new species suitable for culture in rice
fields, and the use of supplemental feeds.

2.6.2.2.1 Innovation Technologies

In 1981, following many years’ of study, the Theory of Rice-Fish Symbiosis was put forward (Ni and Wang
1988). The main crux of this theory was to place rice and fish into the same ecosystem, and bring into full play
the contribution of fish in removing weeds, decreasing plant diseases and insect pests, maintaining fertility of
the land, promoting multiple-level cyclic utilization of nutrients, and channeling more energy flow into rice
and fish. The introduction of fish causes major changes of population and community structure, and their
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Figure 2.6.2 Production and farming area for integrated rice-field aquaculture from 1983-2015 in China. Data source: China
Fishery Statistical Yearbook (1984-2016).

relationships in the rice-field ecosystem. Fish can directly or indirectly utilize weeds, zoobenthos, plankton
and detritus, decrease competition of weeds for fertilizer, and utilize the food types and energy that cannot be
utilized by rice. On the other hand, loadings from fish can also provide nutrients for rice and plankton, and
CO, released by fish can also be utilized by rice, weeds and algae. Besides, fish may loosen the surface soil
and improve oxygen level of the soil to promote mineralization of organic matter and release of nutrients (Ni
and Wang 1988).

A series of technical innovations for fish culture in rice fields were also achieved during this phase. The
most important innovation was to dig channels in the flat rice fields, which allow fish or other aquaculture
species to grow even during rice harvest time or the dry season. There are several different patterns of chan-
nels for integrated rice-field aquaculture, but the four main patterns are shown in Figure 2.6.3. The widths and
depths of channels are 1.5-4.0 m and 1.0-1.5 m, respectively, and the area of channels normally amounts to
eight to ten percent of the rice field area (Zhang et al. 2017). The mud from channels is used to build dykes.
Normally the dyke is 0.5—1.0 m higher than the rice-field surface.

Some other infrastructure is also important for the success of integrated rice field aquaculture, such as
fence building to prevent the escape of crayfish, Chinese mitten crab and soft-shelled turtles from rice fields
(Figure 2.6.4). Plastic fencing is more popular than ceramic tile fencing because of its low cost, but has a
shorter lifespan.

2.6.2.2.2 Policy Support

In 1981, a suggestion by Ni received an active response from the Health Commission of China (the former
Ministry of Health) of the central government, culminating in the listing of fish culture in rice fields as an
important measure for killing mosquitos in 1983. In August of the same year, the Ministry of Agriculture,
Husbandry and Fisheries held the First Nationwide “On-Site Experience Exchange Conference on Fish Culture
in Rice Fields” in Wenjiang County, Sichuan Province. One year later, the National Economic Commission
(former National Development and Reform Commission) listed fish culture in rice fields as a national techni-
cal development project and extended this technique to 18 provinces. In 1987, technical extension of fish
culture in rice fields was accepted into the National Harvest Project and the State Key Agricultural Extension
Project. In 1990, the Ministry of Agriculture held the Second Nationwide “On-Site Experience Exchange
Conference on Fish Culture in Rice Fields” in Chongqing. Policy support accelerated the development of fish
culture in rice fields in the 1980s.
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Figure 2.6.3 Four basic patterns of channels dug in rice fields to facilitate integrated rice-animal culture. Source: modified from
Zhang et al. (2017).

2.6.2.2.3 Introduction of New Species and Use of Supplemental Feeds

At this stage, new species such as silver carp (Hypophthalmichthys molitrix), bream (Megalobrama ambly-
cephala), tilapia, catfish, shrimp, snails, swamp loach (Misgurnus anguillicaudatus) were introduced into rice
fields for culture in addition to the species originally used, e.g. common carp, grass carp and crucian carp.
What is more important, supplementary feeds were used in rice fields, which increased fish production to a
new level (Huang and Zong 2007). Fish culture in rice fields evolved into integrated rice-field aquaculture.

2.6.2.3 Leapfrog Development Phase

From 1995 to date, integrated rice-field aquaculture has entered a leapfrog development phase. The area used
for integrated aquaculture in rice fields increased from 1029300 ha to 1501629 ha, an increase of 45.9 per-
cent between 1995 and 2015, whilst production increased from 272 942 tonnes to 1558 187 tonnes, an increase
of 470.9 percent over the same time period (see Figure 2.6.2 above). High-valued species such as crayfish,
Chinese mitten crab, turtle (Chincmys reevesii) and soft-shelled turtle (Trionyx sinensis) have become the
main species cultured in rice fields. In this phase, the central government strengthened the policy support for
the sector. In September 1994, the Ministry of Agriculture held the Third Nationwide, “On Site Experience
Exchange Conference on Fish (Mitten Crab) Culture in Rice Fields” in Panjin, Niaoning Province. In December
1994, the Ministry of Agriculture, authorized by the State Council, promulgated the announcement on
Accelerating Fish Culture in Rice Fields to Promote Sustainable Food Increase and Income Increase at all level
agencies of agriculture, fisheries and water resources in China. Later in 1996, and in 2000, there were nation-
wide conferences on, “On Site Experience Exchange Conferences on Fish Culture in Rice Fields” conducted
by the Ministry of Agriculture. With the co-endeavor of agencies of fisheries administration and fisheries
extension at all levels, new technologies and new species for integrated rice-field aquaculture were rapidly
and widely extended to most provinces, which increased the food production, aquaculture production,
income and efficiency (Huang and Zong 2007). Zhejiang, Sichuan, Hubei, Jiangsu and Anhui were the top
five provinces for integrated rice-field aquaculture with production of 339186, 330956, 256611, 197876
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Figure 2.6.4 Examples of fence types (top — plastic fence; bottom — ceramic fence) installed to prevent escape of cultured
animals in rice fields. Source: Photo by Jiashou Liu and Tanglin Zhang.

and 83069 tonnes, respectively and the corresponding areas utilized were 83060, 308938, 200863, 109758
and 54882 ha (Figure 2.6.5). Zhejiang has the highest production at 4083 kg/ha.

Besides policy support, there were other important contributing factors for this leapfrog development.
One was the drive on marketing. During the past two decades, transportation infrastructure has improved
at a rapid speed and a large number of express delivery companies have emerged. This has resulted in
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Figure 2.6.5 Main provincial production and area for integrated rice-field aquaculture in 2015 in China. Data source: China
Fishery Statistical Yearbook (1984-2016).

improved delivery of aquaculture products, which can now be transferred from farm gates to consumers in
a few hours. This is particularly important for Chinese consumers, who prefer live aquatic products. In
addition, the price of live products is normally one or two times higher than when sold fresh. Convenient
transportation and express delivery for easily caught rice-field aquaculture products enable consumers to
get what they want at any time and at a reasonable price. Another contributing factor for this leapfrog
development is consumer acceptance of crayfish. Crayfish were introduced into China in 1929, and were
considered an invasive species (Cai et al. 2010). Crayfish had strong tolerance to low oxygen, polluted
waters and pesticides that enabled it to spread quickly. In view of the above features, in the early years after
its introduction, it was suggested that its spread be strictly controlled (Xu et al. 2010). With the develop-
ment of integrated rice-field aquaculture, almost all crayfish are from rice fields or from other aquaculture
sources, not from polluted water bodies any more. This changed the consumers’ traditional point of view
on crayfish.

Dozens of cooking methods for crayfish have been innovated (Shen 2010; Hu 2011). In Hubei Province,
Qianjiang City, also called Crayfish City, is famous not only for crayfish production in rice-field aquaculture
systems, but also for its crayfish cuisine. Every year, a crayfish festival is held in the city. More than ten streets
are full of restaurants serving crayfish all of which are well patronized in May—June, the main harvesting
period. Another important city for crayfish is Nanjing, the capital of Jiangsu Province. Yangsi Crayfish and
Redleaf Crayfish are the two most famous crayfish “brands” there (Hu 2011). It is estimated that the income
from the crayfish restaurants is more than 20 billion RMB (6.0 RMB = I USS$) per year in this city.

Another reason for the leapfrog development of integrated rice-field aquaculture is increasing concerns
about food safety. In the integrated rice-field aquaculture system, no pesticides and much less chemical ferti-
lizers are used (Ma et al. 2016). Both aquatic products and rice from such systems are believed to be organi-
cally produced and command a better price (Ma et al. 2016). For example, the price of normal rice is about
5 RMB/kg, but rice from the integrated rice-field aquaculture is more than 10 RMB/kg in Qianjiang City.

2.6.3 Main Models for Integrated Rice Field Aquaculture

There are 19 different models of integrated rice-field aquaculture in different regions of China which can be
divided into four groups, i.e. rice-fish aquaculture, rice-crayfish aquaculture, rice-crab aquaculture, and rice-
turtle aquaculture (Ma et al. 2016). In the following sections we introduce four of the most successful inte-
grated rice-field aquaculture models.
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2.6.3.1 Integrated Rice-Swamp Loach Aquaculture Model

The integrated rice-swamp loach aquaculture model is one of the most poular rice-fish aquaculture models in
operation in recent years. Increasing demand for the swamp loach in China, Japan and Korea, a small-sized
but high-priced fish (also known colloquially as “ginseng in the water”) with a total length of about 15 cm at
first maturation, has driven this development.

Before rice planting at the end of April, 300-350 kg of organic manure per 667 m” is applied to rice fields.
In addition, in the main growing season, fermented organic manure is also applied at a rate of 100 kg/ 667m”
every 15 days to provide nutrients for rice, and also culture plankton and benthos for the swamp loach (Tang
and Ma 2013).

Fingerlings of swamp loach (5-8 cm in length) are stocked (75 kg/667m?) into rice field channels eight days
after rice planting in early May (Tang and Ma 2013). Supplementary feeds need to be given once or twice a
day in the main growing season, including combined ingredients of fish meal, soybean cake, rice bran and
wheat bran, or special commercial swamp loach feeds. The feeding rate is 4—5 percent of the swamp loach
weight (Zhang et al. 2013). Since the size of the swamp loach is very small, special attention should be paid to
prevent the accidental introduction of piscivorous fish like paddy eel (Monopterus albus), snakehead (Channa
argus) and catfish, when water is added to the field. Some nets to prevent predatory birds should also be
installed. Swamp loach are harvested in November with fyke nets.

In the Chenghu Fish Farm (150 mu; 1 mu = 667m”) in Tianmen City, Hubei Province, the yearly production
of swamp loach is 24300 kg and the income generated is 874800 RMB with an average production of 162 kg
and the income of 5832 RMB per 667 m”. Besides fish, rice production is 650 kg per 667m” and the income is
800 RMB per 667m”. Totally, the net income from this model is 3207 RMB per 667m” (Tang and Ma 2013).

2.6.3.2 Integrated Rice-Crayfish Aquaculture Model

Integrated rice-crayfish aquaculture is the most popular model for shellfish culture in rice fields in China,
although some other species such as Japanese freshwater prawn (Macrobrachium nipponense) or Asian giant
freshwater prawn (M. rosenbergii) are also cultured in rice fields. Broodstock crayfish are stocked into rice
fields (Figure 2.6.6) in August or September at a stocking density of 20-30 kg per 667m” for the first year

Figure 2.6.6 Large-scale rice crayfish aquaculture in Qianjiang, Hubei Province. Source: Photo by Zhonghu Tao. (See color plate
section for the color representation of this figure.)
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(Zhang et al. 2017), and from the second year onwards at a stocking rate of 10-15 kg per 667m” (Li et al.
2016). Fertilizers and supplementary feeds are used during the production period. In November, fermented
pig manure (100-300 kg/ 667m?) or rapeseed cake (50 kg/ 667m?) or a combination of fertilizers (50 kg/ 667m?)
can be used in November the time when crayfish larvae hatch. In the following March or April, fermented pig
manure (100-200 kg/ 667m?) or rapeseed cake (50 kg/ 667m?) or combination of fertilizers (50 kg/ 667m?) are
applied to the rice fields (Li et al. 2016).

When the water temperature exceeds 15°C in March, supplementary feeds are used in rice fields, including
rapeseed cake, soybean and pelleted feeds. Feeding is conducted twice a day at a minimum area of 30 percent
of the channel area, and feeding rates are determined by the standard that the crayfish can consume all the
feed within two hours (Li et al. 2016). Macrophytes are planted in channels to adjust water quality, and also to
provide shelter for molting crayfish. The crayfish are normally harvested two times a year with fyke nets
(Figure 2.6.7), in late April to late May, and the in August-September. Broodstock crayfish should be kept in
rice fields for the following year’s production at a density of about 10-15 kg/667m”.

The average production from this model is about 100~150 kg/667m” of crayfish and 450500 kg/667m”
of rice. An average income from crayfish and rice in Kuanglao Village Aquaculture Association in Jianli
County, Hubei Province, in an area of 11000 mu (1 mu = 667m2) was 5159 RMB/667m” and the net income
was 2810 RMB/667m” (Li et al. 2016).

2.6.3.3 Integrated Rice Crab Aquaculture Model

Integrated aquaculture of rice and the Chinese mitten crab is popular in North-eastern China. Coin-sized
crabs (100-200 ind./kg) are stocked into rice fields at a density of 400—600 ind./667m” from late May to early

Figure 2.6.7 Integrated rice field aquaculture with crayfish (right) and the fyke net (left) for harvest in Jianli County, Hubei
Province. Source: Photo by Qidong Wang. (See color plate section for the color representation of this figure.)
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Table 2.6.1 Feeding rates (% of body weight) of supplementary feeds for the soft-shelled turtle in rice fields (Jiang et al. 2015).

Month May Jun. Jul. Aug. Sept. Oct.

Feeding rate 0.3-0.8 0.8-1.5 1.5-2.0 1.5-2.0 2.0-1.0 0.5-0.1

June (Zhang et al. 2017). In some other cases, soybeans are planted on rice-field dykes to utilize all the land
area (Wang 2011).

In a village of Panshan County, Liaoning Province, an average rice production of 699 kg/667m> from
this model is obtained, 8.5 percent higher than from rice farming alone, and the increased profit is
484 RMB/667m”. The production of crabs is about 30 kg/ 667m” of average size of 106 g, the average selling
price of 60 RMB/kg and bring about a profit of 1134 RMB/ 667m” (Wang 2011). The total profit from rice
fields is 2232 RMB/667m?, 2.64 times higher than pure rice culture (613 yuan/667m2) (Zhang et al. 2017).
Crab production is very low in this model because no supplementary feeds are used. In recent years, there
is a trend to use low-valued supplementary feeds such as rice bran and iced fish when crab production can
exceed 50 kg/667m” (Tang 2008).

2.6.3.4 Integrated Rice Turtle Aquaculture Model

Soft-shelled turtle is a traditional high-valued species for pond aquaculture (Wang et al. 2015). Two-year-old
soft-shelled turtles are normally stocked in rice fields seven to ten days after the planting of rice. The size of
stocked soft-shelled turtles are 300—500 g and are stocked at a density of 200-300 ind./667m? (Hu and Wang
2013; Jiang et al. 2015). The male-to-female ratio ranges from 1:2-1:3 (Jiang et al. 2015). Some fingerlings
such as of crucian carp, silver carp, bighead carp and/or snails, can be stocked into the rice fields as feed for
soft-shelled turtle. When the water temperature is below 25°C, the turtles are fed once a day, while more than
25°C, the turtles are fed twice a day at different feeding rates (Table 2.6.1).

Soft-shelled turtles are harvested in October or November, and production is about 75-100 kg/667m2,
together with a rice production of 400-500 kg/667m”. The net income is normally over 10000 RMB/667m”
(Jiang et al. 2015; Zhang et al. 2017). This model is widely practiced in Zhejiang, Hubei, Jiangsu, Anhui and
Fujian provinces. A similar model to this is the integrated aquaculture of rice and turtle (Shi and Yu 2002).

The shortcoming of this model is the high cost. The investment for this model is more than 5000 RMB/667m %,
which cannot be afforded by many small scale farmers.

2.6.4 Take Home Message and Conclusions

Integrated rice-field aquaculture is a sector with a long history, but which has undergone fast development
only during the last three decades. This development has been due to continued innovation of theories and
technologies, the introduction of new and high-valued species, enabling government policies, marketing
drives, improvement in cooking methods, and increasing concerns on food safety. There are 19 different inte-
grated rice-field aquaculture systems in China, but rice-swamp loach, rice-crayfish, rice-crab and rice-turtle
are the most popular models currently in operation. In general, integrated rice-field aquaculture is a low-cost,
high-benefit industry suitable especially for small-scale farmers, and its popularization reflects one of the
many paradigm changes in modern inland aquaculture in China (see Wang et al. 2017). Techniques of this
industry are simple for farmers to master. It can make better use of space of rice fields to produce safer aquatic
and rice products at less cost. The Chinese government has prioritized this industry as one of the most impor-
tant aquaculture sectors for the future.
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Freshwater Pearl Culture
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3.1.1 Introduction

Pearls are not only important for ornaments and handicrafts, but also have nutritive and medicinal functions.
Pearls have long been used in Chinese medicines. Freshwater pearl culture technology was developed in
China some 2000 years ago. However, modern commercial freshwater pearl culture dates back only to the late
1950s. Since this time, the technologies used for pearl culture have been continuously reformed. Pearl culture
has become the largest freshwater mussel farming industry in China, with an annual yield of around
2000 tonnes, and China is the largest pearl producer in the world, accounting for over 80 percent of global
production (Li and Li 2009). In recent years, there have been technical advances in terms of the artificial
propagation of freshwater pearl mussels, screening of germplasm, the breeding of new varieties and further
development of freshwater nucleated pearl culture. These developments have not only stabilized the yield of
freshwater pearls, but also have greatly enhanced the quality of pearls; in fact recently, the industry in China
has transformed from a focus on quantity to one on quality. In China, freshwater pearl culture is concentrated
in the middle and downstream regions of the Yangtze River. The main bivalve species used for freshwater
pearl culture include Hyriopsis cumingii, H. schlegelii and their hybrid “Kangle Mussel” (H. schlegelii (¥) x
H. cumingii (8)). Environmentally friendly polycultures have been adopted largely by culturing pearl mussels
in hanging-cage systems together with fishes in ponds. The pearl mussel has been one of the most important
species in freshwater multitrophic level cultivation systems and have been widely applied in restoring
degraded waters (Fang et al. 2011; Tang et al. 2014).

3.1.2 Major Culture Areas

China’s freshwater pearl culture industry was initiated in Jiangsu and Zhejiang provinces, and then gradually
expanded to other areas (Li and Li 2009). Currently, the industry is largely distributed across Jiangxi, Anhui,
Jiangsu, Hunan, Hubei, Fujian and Zhejiang. Among them, Jiangxi boasts the highest yields of freshwater
pearls; its annual output is nearly 1000 tonnes (Figure 3.1.1) (Fisheries Administration, Ministry of Agriculture,
the People’s Republic of China 2015).

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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Figure 3.1.1 The major provinces that produce freshwater pearls and their yields (in kg) in China during 2014 (Ministry of

Agriculture, Fisheries Administration 2015).

3.1.3 Development History of the Industry

The former Zhanjiang Fisheries College and Shanghai Fisheries College started to trial freshwater pearl
culture in 1958; after this point, China’s freshwater pearl culture industry developed, first gradually, and then
rapidly. The first batches of freshwater pearls in China were harvested in Jiangsu and Zhejiang in 1967 and
1968, respectively. These provinces then gradually developed into the two pearl culture centers of China.
China’s pearl industry has undergone one trial period, and four development stages since 1958 (Table 3.1.1)
(Bai et al. 2014). The fourth development stage, since 2008, has seen vast improvements in the quality of

production (Figure 3.1.2). These stages are described below.

o Trial stage (1958-1971): This was the stage where trial cultures were carried out. During this stage, all

pearl mussels were obtained from natural resources.

Table 3.1.1 A summary of the development stages of the freshwater pearl industry in China.

Development stages Annual averageyield/t  Annual average growth  Length Development characteristics
Trial stage: 1958-1971 35 — 14 years  Poor yield

Stage 1: 1972-1983 27.5 22.4% 12 years  Rapid Development

Stage 2: 1984—-1993 313.1 13.9% 10years  Moderate development
Stage 3: 1994—2001 1753.7 — 8 years Steady development

Stage 3 extension: 2002—-2007 4448.3 — 6 years Repeated statistics

Stage 4*: 20082014 2981.4 -12.6% 7 years Industrial transformation

* After Bai et al. (2014), production data are sourced from China Fisheries Yearbook (2013-2015).
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Figure 3.1.2 Freshwater pearl yields from 6000
1972 to 2014.
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e Development stage 1 (1972-1983): In the late 1970s, changes in the economic system and needs of
international pearl markets boosted the development of China’s freshwater pearl culture industry. During
this stage, the technology used for freshwater pearl culture matured, but the decline in natural resources of
pear]l mussels became a bottleneck for further development of the industry.

e Development stage 2 (1984-1993): In 1978, artificial propagation of freshwater mussels was achieved and
this promoted China’s freshwater pearl industry into the second development stage. During this stage, the
technological advances mainly comprised two aspects:

— artificial propagation technologies for freshwater mussels were promoted vigorously, supplying sufficient
seed for culturing and protecting natural resources;

— a dozen varieties of mussel were used for freshwater pearl production in China. Repeated trials of
freshwater pearl culture revealed that H. cumingii and Cockscomb pearl mussel (Cristaria plicata) were
the best mussels to be used; the trials considered many factors, such as luster, color, fineness, shape, size
and yield of the pearls, as well as the efficacy of surgical procedures. In 1984, China yielded over 100
tonnes of freshwater pearls, and became the leader in the world’s pearl market.

e Development stage 3 (1994-2001): During this stage, the general public became more conscious of
freshwater pearls, as the market was reformed and opened. A number of pearl trading markets and pearl
merchants emerged, and private pearl enterprises developed rapidly. Two particular markets were pro-
moted; one was Weitang Pearl City, China, which had an annual turnover of one billion RMB (6 RMB =
1 US$), and the other was Shanxiahu Pearl Market, Zhuji, which had an annual turnover of two billion RMB.

e Development stage 3 extension (2002-2007): The cross-province contracting of aquaculture waters
commenced, in the context of large-scale enterprise operations. There was also further progress in produc-
tion technologies, mainly characterized by three factors:

— early propagation of mussel seed accelerated cultivation development, shortening the pearl production
cycle;

— the techniques and procedures of graft operation became regulated;

— further improvements in farming methods were made; first, string-hanging culture was changed to cage-
hanging culture; second, small pond culture was changed to large ponds, rivers, lakes and reservoir cul-
ture, allowing large-scale farming; third, extensive breeding methods were changed to intensive methods;
and fourth, the hanging depth of mussels moved from deep to surface waters.

e Development stage 4 (2008—2014): The demand for pearls declined during this stage, influenced by the
global financial crisis. However, pearl jewelry is still in short supply. China’s freshwater pearl industry has
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followed the industry trend of transforming from high-yield practices to the production of high-quality
pearls. The successful transformation of these industrial practices will promote China’s freshwater pearl
industry through the fourth development stage.

3.1.4 Farm Environment

The freshwater environment in which the mussels are grown not only determines the survival and growth of
the pearl mussel, but also influences the yield and quality of the cultured pearls. Hence, selection of the appro-
priate water environment is of great importance (Li and Li 2014).

3.1.4.1 Physical and Chemical Indices of the Culture Environment

In general, for pearl mussel culture, pollutant-free water sources, a convenient water supply and discharge
facilities (micro-flow quality preferred), more eutrophic waters, and conditions that promote rapid growth
are required. The water body should be free of aquatic plants; there should be little bottom sludge and there
should be a water depth of 1.5-4 m (optimum 2 m). A pH 6.5-8.5 is suitable for pearl cultivation, but neutral
and somewhat alkaline waters (pH 7-8) are more favorable for mussel growth and nacre secretion. Pearl mus-
sels require high concentrations of calcium, generally over 15 mg/1.

Water temperature also affects growth, development, reproduction and distribution of the mussels, as well
as the formation and growth of the pearls. The appropriate temperatures for pearl mussels range from 20°C
to 30°C. When the water temperature is 8°C or lower, the metabolism of mussels becomes weak and the nacre
secretion stops. When the water temperature is 35°C or higher, the growth of the mussels is also repressed;
dissimilation becomes greater than assimilation, leading to the decline and death of the mussels.

3.1.4.2 Food

Plankton contributes as the food source that enable mussels to live and grow. Pearl mussels are almost unable
to ingest plankton actively. They produce a water current by swinging the cilia on their gills and flaps; this
moves water through the water inlet, and animals trap the plankton by filtration. This is a very passive way of
feeding. The components of the plankton in the water inevitably vary and the growth of the mussels is directly
tied to its richness and species composition. Plankton comprises phytoplankton, zooplankton and protozo-
ans; phytoplankton includes cryptophyta, diatoms, chrysophyceae, and chlorophyta, while zooplanktons
include rotifers, copepoda, and cladocerans. Phytoplankton is the major food source for pearl mussels;
H. cumingii mainly live on diatoms and other algae, supplemented by protozoans and organic detritus (Yang
et al. 2005).

3.1.4.3 Disease Prevention

Culture environments need to be free of disease-causing organisms. Aquaculture waters need to be free of
blue-green algae and euglenophyta blooms, to prevent poisoning of the mussels. For freshwater pearl mus-
sels, bacterial diseases are the most hazardous; there are many varieties of bacterial diseases (Zhang et al.
2005). Moreover, bacterial diseases will induce secondary diseases. Aeromonas hydrophila is one of the most
common pathogenic bacteria. If mussels are affected by A. hydrophila, at the early stage of the disease there
is much mucilage in the body of infected animals, and the two shells open slightly. As the disease progresses,
the adductor muscle becomes non-functional, and the shells open wide. Sick mussels have intestinal edema
and ascites, with no food in their intestines, eroded-like liver, a pale leg and darkened yellow gills (Wen et al.
2001). Higher temperatures and excessively eutrophic waters tend to induce such diseases. The pathogen
inducing the red foot disease is a variant of Vibrio fluvialis. It is also a gram-negative bacterium, shaped like
a bent pipe. This pathogen also occasionally infects the mantle or adductor (Xu and Yin 1993).
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There are often multiple parasitic diseases in freshwater pearl mussels, and complications are very common
(Zhang et al. 2003). In particular, nematodes and rotifers are more common than in other cultured aquatic
animals. Currently, widespread parasites include Trichodina spp., Colpoda spp., nematodes, and rotifers,
among others. In addition, the roe of Rhodeus sinensis are often found in the gills, and excessive amounts can
cause difficulties in breathing, affecting the normal growth of the mussels, and promoting infections with
other diseases.

3.1.5 Culture Methods

The majority of freshwater pearl mussels are cultivated in ponds. Culture methods include rope and cage that
are hung in the water column, and bottom-culture methods (Figure 3.1.3). Production practices have proved
that the pearl yields from cage-hanging cultures are 38 percent higher than those from bottom-cultures,
while, in turn, the yields from rope-hanging cultures are 27.4 percent higher than those of cage-hanging cul-
tures (Li and Li 2014). However, the aliform parts of pearl mussels are relatively weak, and the drill holes
needed for rope-hanging cultures easily break, making them sink. In addition, drilling tends to wound the
body, causing death as a result of inflammation. Therefore, the cage-hanging culture method is the most
prevalent at present. The cage, usually 40x25 cm, is made of bamboo cane struts, and polyethylene net
(Figure 3.1.3). Three mussels are placed into each cage, and the cages tied on to a rope at 50 cm intervals, and
hung at 40 cm depth from the water surface.

Currently, polycultures containing fish and mussels are widely applied; these comprise multi-trophic level
culture systems in which the varieties of fish used are compatible with the feeding habits of the mussels. This
culture method makes most use of the resources in the water body and enhances economic output. There are
two main stocking patterns of polycultures containing fish and mussels: (1) mussel cultures supplemented by
fish; and (2) fish farming supplemented by mussel cultures.

Figure 3.1.3 Cage-hanging cultivation of freshwater pearl mussels. (See color plate section for the color representation of
this figure.)
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3.1.5.1 Mussel Cultures Supplemented with Fish

In the culture ponds of freshwater pearl mussels, fish, including grass carp (Ctenopharyngodon idella), crucian
carp (Carassius auratus), bighead carp (Hypophthalmichthys molitrix) and silver carp (Aristichthys nobilis),
are often cultivated together. The ratios of fish to mussels generally range from 1:7 to 1:10 with mussel density
at 0.75 ind./m’ (Yan et al. 2009). The supplemented fish are favorable for the growth of H. cumingii. In poly-
cultures, optimization of the types of fish, and the ratio of fish to mussels can help enhance both pearl and fish
yields. It can also increase the utilization efficiency of nitrogen and phosphorous inputs, reducing the outputs
of nitrogen and phosphorous during the culture.

Case 1 A culture pond for H cumingii was suitable for supplementing some silver carp and bighead carp
The ratio of mussels to fish was kept at 10:1, and the culture ratio of silver carp and bighead carp was kept at
3.7 (Yan et al. 2009).

3.1.5.2 Fish Farming Supplemented with Mussels

In ponds mainly farming fish, polycultures with H. cumingii can improve the water quality of the ponds and
the community structure of the phytoplankton; this helps to reduce nitrogen, phosphorous and organic
wastes from the culture system. Thus, the polyculture promotes ecological and economic benefits.

In a pond of 6667 m” and an average depth of 1.63 m, the density of four fish species was 1.5 m > For the
polycultures with H. cumingii, the density was maintained at 0.8 m™>, 1.0 m> and 1.2 m°. The fish yields
demonstrated that the polycultures were superior to monoculture, in terms of survival rates and average
growth rates in wet weight. The pond with a culture density of 0.8 m "> achieved the highest fish survival rates
and average growth rates in wet weight, creating optimal fish farming output (Hu et al. 2014).

In a traditional polyculture system containing C. idella, C. auratus, H. molitrix and A. nobilis, when sup-
plemented with a culture of H. cumingii at a ratio of 1:1, the yields of C. idella and C. auratus remained the
same, but lower yields of A. nobilis occurred. Polyculture with H.cumingii enhanced phytoplankton diversity.
In addition, it reduced the concentrations of total nitrogen, total phosphorus, and total organic carbon, as
well as the chemical oxygen and biological oxygen demands (Tang et al. 2014).

3.1.6 Recent Technological Progress

3.1.6.1 Seed Rearing Technology

From the 1960s to 1970s, freshwater mussels were collected from the wild and grafted for pearl production.
Due to limited resources, the yield of freshwater pearls was very low. In 1978, there was a breakthrough in
China, in terms of the artificial propagation of freshwater mussels, which terminated the need to collect
natural seed. In 1984, the freshwater pearl yield of China became the highest in the world. In recent years, in
order to optimize seed-rearing technology and the processes of growing freshwater pearl mussels, such as
H. cumingii, China has:

o conducted research into the changes of the outer gill of H. cumingii, as a nurturing pouch, during the
egg-bearing period; the embryonic development of H. cumingii within the nurturing pouch of the outer
gill; the selectivity of glochidia on host fish; and morphological changes of glochidia during the parasitic
life stage;

o explored the zero and accumulated temperatures for glochidia development, as well as the effects of envi-
ronmental conditions, like pH and salinity, for the development of juvenile mussels (Bai et al. 2014);

o invented a method of “early breeding of H. cumingii seeds’, in which parent mussels and seed are reared in
greenhouses. Water temperature adjustments and designated culture technologies of live food (phyto-
plankton) are adopted, to promote the gonads to ripen early, and encourage rapid growth of seed in early
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spring. This means that H. cumingii bred in the current year can be big enough for graft operations by late
November, effectively shortening the pearl production cycle by half a year;

e invented a specialized pond for collecting juvenile mussels taken off host fish firstly and rearing juvenile
mussels. The pond provides a temporary area for separating host fish from juvenile mussels until fish are
free of glochidia and as a consequence, the rate of seeding emergence is enhanced by 20 percent;

e Chinese research has also led to a “duplex culture apparatus for juvenile mussel of H. cumingii’; this appa-
ratus has reduced the floor area required by 50 percent, which has greatly lowered seed production costs.

The above technological innovations have continuously promoted improvement in the industrialization of
seeding propagation for freshwater pearl mussels.

3.1.6.2 Screening of Germplasm and Breeding of New Varieties

There is an abundance of freshwater pearl mussel germplasm resources in China. The growth performance,
pearl culture performance, and genetic diversity of H. cumingii from five freshwater lakes (Poyang Lake,
Dongting Lake, Tai Lake, Chao Lake and Hongze Lake) and from the Zhuji cultured population have been
investigated (Wang et al. 2014). These analyses revealed that H. cumingii in Poyang, Dongting and Tai lakes
had outstanding germplasm, and these have gradually been used by farmers as parent mussel for seed produc-
tion. The scientific research institutes have adopted and identified H. cumingii as the basic group for selective
breeding, or as lines in crossbreeding systems (Wang et al. 2014).

H. schlegelii, which produces high-quality freshwater pearls, were introduced from Japan. Shanghai Ocean
University managed to achieve distant hybridization between H.cumingii and H. schlegelii; the evaluation of
hybrids revealed that of Hyriopsis schlegelii (%) x Hyriopsis cumingii ($ ) had remarkable advantages. Hybrids
had more stable heterosis in the crossbreeding system with female H. schlegelii and male H. cumingii from
Poyang Lake have undergone mass selective breeding. In 2006, the Kangle mussel, the first new variety of
pearl mussel, was certified by the National Appraisal Committee of Aquatic Proto Species and Improved
Varieties. Kangle mussel had significant heterosis, as well as strong resistance to disease. Compared with
H.cumingii, Kangle mussels have 25.66 percent and 46.98 percent larger shell width and weight, respectively.
The pearl yield increased by 31.96 percent, the size of pearls increased by 23.32 percent, and the ratio of pearl
with eight mm or higher diameter increased by 3.72 times (Li and Bai 2007).

In 2014, Shanghai Ocean University developed a new variety, “Shenzi No. 1” Hyriopsis cumingii, after five
generations of successive selective breeding (Figure 3.1.4). The shell nacre is deep purple, and the percent-
age of purple pearls produced by “Shenzi No. 1” was 97.2 percent. However, in the eighteenth month after

Figure 3.1.4 “Shenzi No. 1" Hyriopsis cumingii.
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grafting, the percentage of purple pearls was 50.1 percent, on average. Nevertheless, the large-scale produc-
tion of rare purple pearls has been realized (Wang et al. 2014).

3.1.6.3 Polycultures of Mussels with Other Aquatic Species

Traditional pearl culture needs frequent fertilization (organic) to facilitate phytoplankton growth. This results
in high loads of nutrients, and frequent outbreaks of harmful algal blooms (especially cyanobacterial blooms)
in mussel ponds, increasing the risk of pollution of the surrounding environment, and becoming an obstacle
to the sustainable development of this industry. In order to solve the problem, many environmentally-friendly
polycultures have been developed (Wang et al. 2014). Apart from the optimization of polycultures of fish and
mussel (see Section 4: Culture methods), other advances have included: polyculture of crab and mussel, poly-
culture of shrimp and mussel and polyculture of giant freshwater prawn with H. cumingii, silver carp and
bighead carp (Liu et al. 2014).

3.1.6.4 Process of Development of Nucleated Pearls

During the culture of freshwater non-nucleated pearls, only mantle saibo made by donor mussels are
implanted in the mantle of host mussels. The pearl-culturing cycle is five years, but the cultivated pearls are
smaller with low rates of round pearls. Hence, there is a need to cultivate nucleated pearls with a short cycle,
large size, round shape and good luster (Xie 2010). However, the mantle of freshwater mussels is very thin; the
full-membrane is only 1-1.5 mm thick. In addition, the texture of the membrane is so tender that it struggles
to hold the round pearl nuclei when the diameter exceeds 6 mm. The mantle saibo is so thin and tender that
it cannot closely adhere to the pearl nucleus. In relation to these difficulties, anatomical analyses, and pearl-
nucleus-inserting experiments are used to determine the timing and optimal positioning for pearl-nucleus-
insertion. To overcome these issues, the pearl-nucleus-inserting method, “simultaneous delivery of nucleus
and saibo’, has been invented; this has resulted in an increase in the survival rate of host mussels to over
95 percent, the rate of nucleus maintenance to over 80 percent, and the rate of pearl formation to over
90 percent.

International market: East Asia,
Southeast Asia, South Asia, Middle East, |«
European Union, North America, etc.
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Figure 3.1.5 Schematic representation of the layout and features of the Chinese freshwater pearl trading markets.
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3.1.7 Marketing

Currently, China has two major freshwater pearl markets for trading raw pearls and factory-fresh commercial
pearls: East China International Jewelry City, at Shanxiahu Town, Zhuji City, Zhejiang Province, and Chinese
Pearl and Gem City, at Weitang Town, Suzhou City, Jiangsu Province (Figure 3.1.5). There are four pearl dis-
tribution centers for trading commercial pearls and pearl products: Shanghai Honggiao Pearl City, Beijing
Honggiao Pearl Trading Center, Shenzhen International Jewelry Trading Center, and Guangzhou Pearl
Wholesales Market. These markets have gradually promoted the movement of freshwater pearls from farms
to domestic, and then to foreign markets (Chen and Li 2007).

3.1.8 Development Prospects

Over the past decades, there have been significant breakthroughs in Chinese freshwater pearl culture tech-
nologies, in terms of artificial propagation of pearl mussels, seed rearing, grafting operations and pearl mus-
sel-farming technologies, among others. A set of mature systems for freshwater pearl culture technologies has
been established. This has not only promoted the development of the pearl industry of China, but has also
continuously consolidated China’s status as the country that produces the highest yields of freshwater pearls.
However, the imbalance between pearl production and quality enhancement, and large yields of low-grade
pearls, means that there has been an increasing problem of high production rates, but of low-grade freshwater
pearls. High-grade freshwater pearls are rare. For example, in the Zhejiang Province market, about 80 percent
of the pearls are medium- and low-grade pearls; this has greatly impacted on market price. A reduced yield of
medium- and low-grade pearls will not substantially impact the output value of the freshwater pearl industry,
but would be of great significance in protecting resources. Hence, since 2008, a new tendency in the freshwa-
ter pearl industry has been to enhance the quality of pearls. In the future, efforts should be made to develop
new varieties of mussels which may produce high-quality pearls, to invent new grafting techniques, and to
research and develop intelligent and factory-based pearl mussel culture technologies. This will lead to impor-
tant technological breakthroughs that will improve the quality of the pearls. In addition, in order to enhance
the value of low-grade pearls, we should formulate corresponding specification of the culture technologies for
the development of low-grade pearls, for use in pharmaceuticals, healthcare products, nutritional foods and
beauty products.
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Chinese mitten Crab Culture: Current Status and Recent Progress Towards
Sustainable Development
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3.2.1 Introduction

The Chinese mitten crab (Eriocheir sinensis) is a native freshwater crab that is widely distributed throughout
the eastern region of China (Sui et al. 2009¢). Although the species is considered to be invasive in Europe and
northern America (Ruiz et al. 2006), it has traditionally been regarded as a culinary delicacy and high-valued
aquatic product in China (Wu et al. 2007c). A famous quote from Zhuo Bi dated to about 1700 years ago,
“Wine on the right hand, mitten crab claw on the left hand, relaxing in a drifting boat, what more can I ask
for?” illustrates the love Chinese people have for this crab. Since the 1960s, the wild stock of E. sinensis and its
fisheries production have declined sharply due to overfishing, and obstructions to its migration paths by the
construction of dams and flood gates between rivers and lakes (Zhao 1980). This decline in the wild resources
stimulated the development of hatchery techniques to produce artificial seed for stock enhancement and
aquaculture in China (Sui e al. 2011a). The breakthrough in hatchery techniques of E. sinensis was achieved
at the beginning of the 1980s (Zhao 1980), and the techniques were gradually developed and improved for
practical, large-scale production by the late 1990s (Cheng et al. 2008). As a result, the commercial farming
industry of E. sinensis was established and has developed since 1980s (Wang et al. 2016). In general, the his-
tory of the development of E. sinensis culture can be divided into four phases based on changes in aquaculture
production, and expansion of the culture area: (1) infancy stage from the end of 1970s to 1992. Before the
1980s: aquaculture production of mitten crab relied on the provision of wild megalopae and stocking in lakes,
when the adult crabs were harvested every year; (2) popularization stage from 1993 to 2003: hatchery tech-
niques were gradually developed to practical, steady and large-scale production of crab seed megalopae,
which provided artificial seed for the expansion of pond culture area of E. sinensis; (3) steady development
from 2004 to 2010: the total aquaculture production increased steadily, with a large improvement on the size
of adult crabs harvested; (4) quality improvement stage from 2011 to present: annual aquaculture production
ranged from 700000 to 800 000 tonnes, but quality was improved to meet market demands for taste, smell and
nutritional values (Cheng et al. 2008; Gu et al. 2013; Wang et al. 2014; Wang et al. 2016). Annual farmed mit-
ten crab production has reportedly increased from 17500 tonnes in 1993 to 796535 tonnes in 2014 (China
Fishery Yearbook 2015; Figure 3.2.1).

Chinese mitten crab farming now occurs in all provinces and regions of mainland China, but the Yangtze
river basin (middle and eastern China, near the Yangtze river) contribute more than 80 percent to the total
culture production (Wang et al. 2014). The most important provinces for the production of farmed mitten
crab are Jiangsu, Anhui, Hubei provinces (China Fishery Yearbook 2015; Figure 3.2.2). Based on the statistics
of China Fisheries Bureau, hatchery-produced crab seed, in the form of postlarval megalopae, has
exceeded 200000 kg (approximately 140000 megalopae per kg) per year since 2001, and the figure increased

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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to 346000 kg in 2002, and further to 942 388 kg in 2014. Despite the fact that grow-out of Chinese mitten crab
is practiced all over the country, the hatcheries are mainly located in the Yangtze River Delta in eastern China,
producing more than 90 percent of the megalopae. For example, of 942 388 kg megalopae produced in 2014,
858658 kg was produced in Jiangsu province (China Fishery Yearbook 2015). Overall, Chinese mitten crab
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Figure 3.2.2 The distribution of annual farmed production of adult E. sinensis in China in 2015.
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farming is a good success story of Chinese aquaculture development, which provide a reliable source of
income for many rural people.

3.2.2 Lifecycle and Biology

The post-larval stages of Chinese mitten crab inhabit fresh water streams and lakes, particularly those with
lush growth of aquatic plants. They are omnivorous and forage mainly during night time; their diets include
mollusks, organic debris, earth worms, aquatic insects and various plants (Jin et al. 2003). Aquatic plants
often make up the bulk of their gut contents. Mitten crab has broad tolerance to temperature, and can survive
at a wide range of 1-35°C although in winter when temperature drops below 5°C, they often stop feeding and
hide in burrows or mud. The Chinese mitten crab has a strong resistance to starvation, and can survive with-
out feeding for more than one month (Wen ez al. 2006).

Chinese mitten crab are catadromous, which means that they spend most of their life in freshwater, but
must return to the estuaries or coastal waters to breed (Zhang et al. 1973). In the wild, the crabs attain puberty
molting (morphologically mature) and start migrating downstream in later fall. Females attain ovarian matu-
rity when they reach tidal estuaries, where male and female crabs mate and spawn. Extruded eggs are attached
to the pleopods of the female (Lai 1994). After spawning, the females generally overwinter in estuarine waters
until the spring, when the eggs hatch (Zhang and Li 2002).

Larval development of E. sinensis occurs in brackish water. The newly hatched larvae are planktonic, and
the tiny, first stage zoea larvae (Zoea I) goes through five zoeal stages (Zoea I to Zoea V), before metamorpho-
sis into megalopal stage (Figure 3.2.3). Megalopae then migrate with tides upstream, and metamorphose to
become first-stage crabs, which are benthic (Montu et al. 1996). The juvenile crabs continue to migrate fur-
ther inland into freshwater systems, where they will grow until their terminal molts (Lai 1994). From the
first-stage crab, it takes 13-16 molts over a period of about two years to reach the terminal molt, which indi-
cates reaching sexual maturity, and attaining a maximum size (Figure 3.2.3).

Based on the lifecycle of E. sinensis, the production cycle normally involves three distinct culture phases:
larval or hatchery stage (2—4 months, to produce megalopae), coin-sized juvenile culture or nursery stage
(eight to ten months, to produce coin-sized crablets for grow-out), and market-sized or adult grow-out cul-
ture (seven to ten months, to produce market-sized adult crabs) (Cheng et al. 2008). The following sections
review the current status, and recent progress for each culture stage.

3.2.3 Seed Production

3.2.3.1 Broodstock Selection

Obtaining high-quality broodstock is the first step to ensuring successful hatchery operations. Ideally, female
broodstock crabs should be 125-150 g, and males more than 175 g. Only healthy, active crabs with all append-
ages intact should be selected as broodstock. Although crabs collected from lakes and streams are believed to
have better reproductive performance than those from ponds (Wu et al. 2007c), pond-reared broodstocks are the
major source for commercial hatcheries (Sui et al. 2011b). Broodstock nutrition is also crucial during the gonadal
maturation period, from middle-to-late September to middle November (Wu et al. 2007a). The traditional diets
commonly used for broodstock are fresh natural food, such as low-valued fish, e.g. Chaeturichthys stigmatia,
the Chinese razor clam (Sinonovacula constricta) and sandworm (Nereis japonicus) (Wu et al. 2010). Since
mid 2000, optimized formulated diets have been developed to replace natural food for E. sinensis broodstock.
In general, broodstock-formulated diets are supplemented with balanced HUFA (highly unsaturated fatty
acids), phospholipids, cholesterol, vitamin C and vitamin E (Wu et al. 2007a; Sui et al. 2011b). Broodstock
dietary enrichment is currently emphasized as a necessity for maternal conditioning prior to mating and
spawning in hatcheries (Sui et al. 2011b). Although in hatcheries, broodstock are generally cultured
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Figure 3.2.3 The lifecycle and relevant culture stages of E. sinensis. Source: Modified after Wang et al. (2013).

in freshwater and without temperature control, appropriate water salinity can accelerate the gonadal develop-
ment of broodstock (Wu et al. 2013).

The native range of E. sinensis includes three main drainage basins: the Liaohe, Yangtze, and Oujiang rivers
(Sui et al. 2009¢), the Yangtze population of E. sinensis has the largest adult body size, as well as the best
growth performance and taste (Li et al. 2000; Zhang et al. 2000; Li et al. 2002). Therefore, most pond-reared
populations of E. sinensis in middle and eastern China originate from the wild Yangtze populations (Wang
et al. 2014). Between 1990 and 1995, pond-reared broodstock were successfully used for seed production in
commercial hatcheries, thereby closing the lifecycle of this species in captivity (Wang et al. 2014). However,
in order to reduce broodstock costs, most commercial hatcheries in China at this time tended to select small,
pond-reared adult E. sinensis (females: 60—100 g/ind; males: 80-150 g/ind) — broodstock which had not
undergone genetic improvement through selective breeding programs before 2008 (Zhang and Li 2002; Sui
et al. 2011a; 2011b). This resulted in selection for small-sized crabs, and often led to inbreeding and the deg-
radation of genetic diversity of pond-reared E. sinensis stocks which originated from the Yangtze basin (Wang
et al. 2014). In addition, during the 1990s and early 2000s, megalopae and juveniles from the Yangtze popula-
tion of E. sinensis were more expensive than those from elsewhere (Zhang and Li 2002), and this stimulated
significant demand for megalopae and juvenile E sinensis from this region. Wild or artificial seedstocks from
other E. sinensis populations were subsequently introduced to the Yangtze basin for aquaculture purposes
(Wang et al. 2014). Such introductions, and the subsequent culture of different E. sinensis populations within
the Yangtze basin undoubtedly lead to germplasm hybrids among pond-reared Yangtze populations (He et al.
2014). As a result, there was a consistent decline in performance in culture, characterized by slow growth
rates, and a high percentage of small-sized adult crabs (Wang et al. 2014).
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Since 2000, in order to improve the culture performance of E. sinensis, several selective breeding programs
on Yangtze and Liaohe populations were initiated. As a result, three genetically improved strains/breeds with
better growth performance, and larger adult size have been obtained, and certified by the Chinese Appraisal
Committee of Aquatic Protospecies and Improved Varieties in 2011 and 2013, respectively (National Fisheries
Technology Extension Station 2011). Currently, the Key Laboratory of Freshwater Aquatic Genetic Resources,
Ministry of Agriculture, Shanghai Ocean University, is conducting a selective breeding program for the exten-
sion of the period of marketing (controlling the time of gonadal development), as well as the improvement of
nutritional quality (He et al. 2015), and these improved breeds have reached the third generation.

3.2.3.2 Spawning and Berried Crab Culture

After maturation, through nutritional enrichment of the broodstock, male and female crabs are put together
at a sex ratio of female:male = 2—3:1, and brackish water is introduced to initiate mating (Sui et al. 2011a). The
optimal salinity and temperature range for inducing copulation is 14—20 ppt and 8—12°C, respectively, and a
firm sand or mud substrate should be provided to facilitate the attachment of newly extruded eggs to the
abdomen of the female (Zhang and Li 2002). Soon after the brackish water has been introduced, the crabs will
pair, mate and spawn. Berried crabs can be found on the next day, and in one week, 70—80 percent females will
carry eggs. After about two weeks, nearly all females will spawn. This spawning induction process helps gen-
erate synchronized spawning, and enables hatcheries to select the most suitable time for larval culture.
Fecundity of Chinese mitten crab is relatively high, with a range of 3500—5000 eggs per g, and females weigh-
ing between 100 g and 200 g can produce between 400000 to 900000 eggs (Wu et al. 2006). After spawning,
the female crabs carry their eggs on the abdomen for incubation; the incubation duration lasts two to four
months depending on the water temperature, and during this period the water temperature can be manipu-
lated to either speed up or slow down embryonic development (Sui et al. 2011a). When the water temperature
exceeds 12°C, the berried female would feed every two to three days (Wang et al. 2014). The common diets
for berried females are similar to those for broodstock.

Female E. sinensis are capable of spawning up to three times from a single mating. Second maturation of the
ovary in captive crabs occurs about a month after the first spawn, depending on water temperature and feeds,
and is much shorter than for the first maturation, which lasts three to four months (Yu et al. 2007; Liu et al.
2011). However, a substantial reduction of broodstock survival, egg production and larval quality is generally
observed with subsequent spawns (Ji et al. 2006; Nan et al. 2006). Few hatcheries make use of re-matured
broodstock due to the fact that egg supply is not a limiting factor in mitten crab larviculture.

3.2.3.3 Larval Rearing Techniques

During the past four decades intensive research on larval culture of E. sinensis has been conducted (Cheng
et al. 2008; Sui et al. 2011a). As a result, two commercial-scale larval culture models have been developed.
General information and recent progress on these hatchery techniques are described in the following
sections.

3.2.3.3.1 Intensive Indoor Larval Rearing

In indoor intensive larval-rearing systems (Table 3.2.1), the fertilized eggs can develop into zoeal larvae within
20 days at temperatures of 15-21°C and salinity of 18—23%o (Zhang and Li 2002). A higher incubation tem-
perature leads to a shorter incubation period, but resultant larvae are smaller (Zhao et al. 1993). Time of
hatching can be predicted by monitoring development of the embryo under a dissecting microscope. The
grey color and transparency of the eggs, as well as a heart beat of more than 150 min ", are all indicators of
imminent hatching (Zhao et al. 1993). Before being transferred into a hatching tank, the berried crabs are
usually disinfected in a 100-200 g 1" formalin bath for 1-2 h, in order to remove attached parasites and fungi.
The berried crabs are normally placed in cages suspended inside the hatching tank, to which the initial diet
for the larvae (usually microalgae and rotifers) has been added or bloomed in advance (Zhang and Li 2002).
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Table 3.2.1 General protocol for indoor intensive larval rearing of E. sinensis in commercial hatcheries.

Larval stage Zoeall Zoealll Zoeallll Zoea lV ZoeaV Megalopa
Water temp. (°C) 20-21 21-22 22-23 22-23 23-24 23-room temperature
Larval duration 3-4 2-3 2-3 3 4 5-7
(days)
‘Water exchange No water 10-20% 20-30% 30-40% 4-50% 100-200%
exchange
Aeration small small small middle high very high
Salinity (%o) 18-22 18-22 18-22 18-22 18-22 22 decreased to 4
Feeding regime Rotifers Rotifers Artemia 2  Artemia, frozen Artemia, frozen Frozen Artemia,
20-40 mL"' 20-40 mL™* —3ind. mL" Artemia or Artemia or copepods and minced
Artemia nauplii copepods copepods fish
0.5-1ind. mL™"
Microal%ae 30-40 20-30 10-20 5-10 5-10 5-8
10* mL~

In order to maintain a better water quality, berried crabs are not fed in the hatching tanks. When larval den-
sity in the tank reaches a preset level (0.2—0.4 million larvae per m®), the cages are removed from the hatching
tank and transferred to another hatching tank, where the females will continue to release larvae (Sui et al.
2011a).

The eggs hatch as zoeal larvae at an optimal temperature of 18-21°C. Larval development includes five
zoeal stages, and one megalopa stage. In order to shorten the production cycle, and consequently reduce
production costs, in practice the temperature is gradually increased from 20°C at zoea 1 (Z1) to 24—25°C at
Z5, and then decreased gently to the natural temperature range at megalopa stage (Zhang and Li 2002). In
commercial hatcheries, larval development takes two to four days for each of the zoeal stages, and five to eight
days for the megalopa stage, depending on the rearing temperature, food conditions and water salinity.

Although the initial breakthrough in the mitten crab larviculture was achieved in artificial seawater (Zhao
1980), intensive larval rearing is currently mostly performed using natural seawater, or ground-sourced
brackish water (Zhu et al. 1997; Liu and Gao 2004). The optimal water salinity for larval rearing is 20—25%o
(Anger 1991). Several water-exchange regimes are employed in intensive larval-rearing systems. Water is
not exchanged in the first three to four days of culture (Z1), thereafter, daily water renewal is slowly increased
from 10-20 per cent (Z2-Z3) to 40-50 percent (Z4—Z5), and 100-200 percent at megalopal stage, as bio-
mass and feeding levels are increased. In order to reduce the requirement of rotifers and algae, and to
improve water quality in larval rearing tanks, green water with a certain density of macro-algae (such as
Chlorella spp. and diatoms) is generally used in the larval rearing (Table 3.2.1) tanks during the early larval
culture period (Z1-Z3) (Zhang and Li 2002). Recently, probiotics have been used in larval rearing, coupled
with other water treatments, and zero water exchange can be achieved during the whole larval-rearing
process (Wang et al. 2014).

Temperature and aeration are closely controlled in the rearing tanks. Live rotifers, brine shrimp (Artemia
nauplii), and egg yolk are the major food for early stage larvae (Z1-Z3), while frozen Artemia, cladocera and
copepods are the main food for later stage larvae (Z4—megalopae). In order to maintain food density and
reduce cannibalism after Z5 stage, larvae should be fed four to six times per day, if frozen food and egg yolk
are used as the major food (Wang et al. 2014). In practice, Z1 and Z2 are usually fed rotifers, while Artemia
nauplii are usually introduced from Z3 onwards. On-grown and adult Artemia provide a large-sized prey
item, and are fed to Z5 and megalopa (Sui et al. 2008; 2009a). Yields up to 0.15-0.5 kg megalopa m” at stocking
densities of 0.2-0.5 million Z1 m™ can be obtained with a survival rate of about 1015 percent from Z1 to
megalopa. In nature, megalopa would move further upstream to rivers and lakes, where they grow into adults
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(Lai 1994). Therefore, water salinity is thus commonly diluted (“desalting”) at the end of the Z5 stage, or at the
beginning of the megalopa stage in the hatchery, and daily salinity reduction normally should be controlled to
less than 5 ppt. For six- to-seven-day old megalopae, the water salinity should be reduced to less than 5 ppt in
larval tanks (Zhang and Li 2002).

After desalination, megalopae are usually sold as coin-sized crab to grow-out farms, or are reared on in the
hatchery until the juvenile stage. Megalopa can tolerate long distance transportation when placed on a surface
of moist water grass or wet towels in air (survival up to 90 percent during 24 hr transportation). The optimum
transportation temperature is 14—18°C (Cheng et al. 2008). The process of indoor larviculture can be com-
pleted two to three times in a year (Table 3.2.1), starting from January. However, the cost for indoor intensive
larval rearing is high, and megalopal quality is generally not very good compared to wild or outdoor larvicul-
ture (Wu et al. 2006).

3.2.3.3.2 Outdoor Extensive Larval Rearing

Outdoor extensive larval rearing systems are usually managed at low stocking densities in outdoor earthen
ponds where fluctuations of water temperature and salinity are similar to those occurring in the wild. The
quality of the larvae in these conditions is considered to be similar to wild larvae, with better resistance to
disease and extreme culture conditions, and they command a higher market price. Consequently, this
approach emerged as a new trend since 2000, and became the major larval rearing method for the provision
of megalopal seed since 2006 in China (Xu and He 2006). Currently, more than 90 percent of megalopae is
produced in outdoor earthen ponds, which are mainly located in the coastal area of Jiangsu Province and
Liaoning Provinces, particularly in Rudong, Sheyang and Panjian counties (Chinese Fisheries Yearbook 2015).
There are a couple of reasons for the rapid spreading of this larval rearing model. First, the technique is sim-
ple, and easily accepted by farmers; outdoor extensive rearing models require fewer facilities than intensive
hatchery models, which often require heating and aeration systems, larval rearing tanks, and a building; sec-
ond, antibiotics typically are not used in this model, and the quality of the megalopae is better, and is more
favored by farmers who use these for the culture of “coin-sized seed crab” (described as follows) (Wu et al.
2006; Cheng et al. 2008).

The outdoor larviculture technique generally uses ponds of 0.5—1.5 ha, and with aeration. The water depth
ranges from 1 to 2 m depending on the larval stage. Larval ponds should be near estuarine areas and must be
capable of taking in both seawater (20—25 ppt) and freshwater. A 1.5-m-deep channel is dug around the
perimeter of each pond to minimize water temperature fluctuations during the rearing season — from April
to late May in the Yangtze River area. The hatching and rearing of outdoor larviculture occur during late
March to mid May in the Yangtze delta, when ambient water temperature ranges from 14-25°C (Wu et al.
2006). To prepare larval rearing, ponds are typically disinfected by using 750—1000 kg bleaching powder (Cl
>30 percent)/ha, 15-20 days before the start of larvae hatching. About seven days before releasing the larvae,
the ponds are supplied with 40-50-cm-deep filtrated sea water, and may be fertilized in order to stimulate
algal growth to provide live food for the larvae (Wang et al. 2014).

The stocking density of Z1 is typically 20000—40000 larvae per m™ (10-20 million larvae per 667 m’
pond), but the megalopa yield is not stable and varies from 20-100 g m> (Wang et al. 2014). The larvae in
all stages are mainly fed with live rotifers — Brachionus plicatilis, while Z5 and megalopal stages may be sup-
plemented with frozen copepod or adult Artemia. Z1-73 stages are fed 35—40 kg wet weight rotifers per ha
per day to maintain a density of 2000-3000 ind. 1" in the earthen rearing ponds; Z4 stage larvae are fed
70-80 kg wet weight rotifers per ha per day; Z5 and megalopal stage larvae are fed 120-130 kg wet weight
rotifers per ha per day, as well as some frozen copepod or adult Artemia, depending on the larval density and
food availability in ponds. The rotifers fed to larvae are also reared in earth ponds located near the larvicul-
ture earthen ponds, with a 1:1-3 ratio of pond areas for rotifer culture to crab larval rearing (Wu et al.
2007b). In addition, there are some farmers who specialize in rearing rotifers in earthen ponds to supply the
needs of mitten crab larviculture. Rotifers are reared largely on fermented organic fertilizer. The nutritional
value of rotifers fed with organic fertilizer is almost identical to those fed with algae, based on HUFA com-
position and levels (Wu et al. 2007b). Rotifer culture needs inoculate a certain density of seed rotifer, and
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organic fertilizers are used for algae and microorganism blooms, or as food for rotifer. Rotifers are harvested
seven to ten days after inoculation, and can continue up to a period of 20-25 days. Average production is
1000-3000 kg of rotifers per ha per crop. The price of live rotifers is about 05—15 US$ per kg wet weight (Wu
et al. 2015; unpublished data).

To acclimate megalopae for transition to freshwater salinity reduction (“desalting”) is typically begun after
three days post-molting to megalopa, and water salinity is reduced to less than 5 ppt in larval ponds for six-
to-seven-day old megalopae. Pond-reared megalopae are harvested using drag nets (Figure 3.2.4).

3.2.4 Juvenile Culture (The First Year Culture of Crablets)

After desalination at the end of the zoeal stage, or the beginning of the megalopa stage in the hatchery, the
megalopae are usually sold to a “coin-sized crab culture farm’, or are further reared in the hatchery until juve-
niles (Sui et al. 2011a).

3.2.4.1 Pond Design and Facilities

In the Yangtze River basin area, ponds are commonly used for the breeding of juvenile crabs. These ponds
consist of a primary pool (also known as seed crab breeding pool) and secondary pools (also called coin-
sized crab pool). The primary pool area occupies one-tenth to one-eighth of the whole pool, is Im-1.5 m
deep, with a water depth of 0.4m-0.8 m and a slope of 2:1. Secondary pools are built around a circular
groove of 3 m width, 1.5 m depth, 0.8 m—1.2 m water depth; there is generally a field in the middle of the
pond occupying one-fifth to a quarter of the pool, and often rice is grown in this central platform
(Figure 3.2.5). Walls 0.5 m to 0.6 m high, made of aluminum and or plastic, are set around the pools to
prevent escape.

Figure 3.2.4 The harvesting of pond-reared megalopae of E. sinensis using a drag net.
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Figure 3.2.5 Typical juvenile crab pond in China (Jintan crab farm, Jiangsu Province, China, 2015). Note the macrophyte beds in
the ponds. (See color plate section for the color representation of this figure.)

3.2.4.2 Rearing Environment of Juvenile Crabs

3.2.4.2.1 Problems in the Early Years
Overuse of fertilizer and drugs during pond preparation, the use of traditional feed (raw feed ingredients like
low-valued fish, rice bran, maize etc.) in the early years of crab farming contributed to a deterioration of water
quality, which restricted further development of juvenile crab production. For example, in the past, copper
sulfate was often used to clear pond algae, mercurous nitrate was used to deal with parasitic diseases; all prac-
tices that were detrimental to aquaculture in the long term and impeded mitten crab culture development.
So far, the cultivation of juvenile crab is still mainly based on earthen pond culture. Because of the low water
level the dissolved oxygen (DO) in ponds vary markedly diurnally, and therefore aeration has to be provided
to prevent hypoxia (Dai et al. 2013). The uneven distribution of aquatic plants in ponds sometimes caused
regional hypoxia conditions. Studies show that the oxygen-carrying capacity of juvenile crab can be affected
by ambient nitrite through oxyhemocyanin reduction, and an increase of energy catabolism in crabs (Hong et
al. 2008). Nitrite can be detoxified through the pathway of nitrate, urea and glutamine formation in crabs.
Under hypoxic conditions, crabs increase metabolic energy demand as indicated by elevated levels of glucose
and lactate in hemolymph (Hong et al. 2008). Further research indicates that parameters such as the total
hemocyte counts (THC), superoxide dismutase (SOD) activity, concentrations of lactic acid and hemocyanin
(Hc) in hemolymph were significantly affected under hypoxic conditions (Qiu et al. 2011).

3.2.4.2.2 Technologies for Improving Pond Environment
Before introducing megalopae, several steps are needed to prepare ponds to ensure a conducive culture
environment.

a) Pond cleaning

After years of practice, a protocol for the clean-up process for rearing ponds has been developed which
includes draining the pond water, digging up silt, and flattening the bottom of the pond, fixing the bank, inlet
and drainage systems, cleaning the pond with bleaching powder or quick lime. All of these steps are to ensure
a suitable growth environment for juveniles—better water quality, fewer pathogenic bacteria and fewer harm-
ful organisms are provided.

b) Planting aquatic plants
Aquatic plants are an important food source and habitat, providing shelter for crabs, and have a positive effect
on water purification, stabilizing water quality and improving substrate. For juvenile crab rearing, Alligator
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weed (Alternanthera philoxeroides) is easy to cultivate and widely used. It provides food and shelter, it also has
its regulating effect on removing nitrogen, phosphorus and reducing COD (Huang et al. 2007).

In the 1990s, in the early years of commercial mitten crab farming, A. philoxeroides was the only species
planted in juvenile crab ponds. Currently, the number of species used has increased, and the management of
aquatic plants has also improved. The coverage of aquatic plants is increased with the growth of crabs. Before
the juvenile crabs go through the fifth molting, A. philoxeroides should be distributed along the pool as well,
with a preferred coverage of a fifth to a third (Figure 3.2.6). For deep ponds, except A. philoxeroides, water-
weed and Hydrilla verticillata should be cultivated before the harvest.

Compared to past patterns, the most important change in planting aquatic plants in juvenile crab ponds is
the management of the distribution of aquatic plants —from a partial distribution pattern to even distribution
across the pond. Experimental results indicate that regardless of stocking densities, early juvenile crabs with
a mean carapace width (CW) of 70 mm had little effect on plant biomass. However, significant influence on
plant biomass began to emerge along with the growth of the crabs (Jin et al. 2001). A well-managed pond
provides more stable water temperature, dissolved oxygen (DO), pH leading to yields (Dai et al. 2013; Meng
et al. 2013; Ren et al. 2014).

¢) Green water techniques

Before introducing megalopae, green water techniques are usually used to provide a culture medium, which
employ fertilization and a supplementary feeding strategy. Mitten crab larvae feed primarily on phytoplank-
ton, rotifers, copepods and Artemia. Rotifers and Artemia are still the most widely used live foods in E. sinen-
sis larviculture, while adult Artemia provide a large-sized prey item, and are fed to Z5 and megalopae (Sui
et al. 2008; 2009a). In pond-culture practice of juvenile E. sinensis, green water could provide partial zoo-
plankton for megalopae and early juveniles (the first—third crab stages).

d) Application of micropore button aeration systems

In order to solve hypoxic problems, the micropore button aeration system was developed and used from 2007
(Figure 3.2.7). Years of production practice has showed that the application of this new technology provide
clear improvement to production (Lin et al. 2010; Dai et al. 2012; 2013). Related studies have indicated that
this new technology can increase the average size, yield, gross profit margin by 11.37-36.26 percent, 7.07—
36.26 percent, and 50.29-71.67 percent, respectively compared to the conventional technology. The DO,
NHj;-N, NO,-N, TN, TP, COD index of water in crab ponds (with micropore button aeration systems) were
also superior than those of pond without micropore button aeration systems (Liu et al. 2009; Lv 2011; Qiu
etal 2011; Xu et al. 2012).

Figure 3.2.6 The aquatic plant Alternanthera philoxeroides in a typical juvenile crab pond of E. sinensis (Jintan crab farm, Jiangsu
Province, China, 2015).
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Figure 3.2.7 The bottom aeration system using micropore used in juvenile rearing ponds of E. sinensis (Jintan crab farm,
Jiangsu Province, China, 2015). (See color plate section for the color representation of this figure.)

e) Salinity

The ability of E. sinensis to adapt to salinity variations occurring during its lifecycle is strong. In the wild,
larval development takes place in estuarine and marine coastal waters, and, after metamorphosis, juveniles
have to acclimate to decreasing salinity in the migration to inland waters. Though it is a strongly euryhaline
brachyuran, changes of environmental salinity conditions can lead to changes of many aspects of its physiol-
ogy: (1) energy metabolism, such as rate of oxygen consumption, CO, production rate, ammoniacal nitrogen
excretion rate, O/N ratio, respiratory quotient and C/N ratio etc; (2) Ion transport and regulation, including
ion transport enzymes such as Na'-K'-ATPase, V-type H'-ATPase, carbonic anhydrase and HCOs3-ATPase;
(3) hemolymph composition etc. (Weng 1996; Wang et al. 2011c; Zhao et al. 2016). Previous studies have
shown salinity of juvenile ponds should be less than 2 ppt (Gu and Jiang 2002).

3.2.4.2.3 Nutrition and Feeds for Rearing of Juvenile E. sinensis

a) Traditional feeds for juvenile crab

In addition to live feeds, conventional feed for the crab breeding stage includes egg yolk, soybean milk, fish
paste, etc. The variety of these diets generally results in an uneven food intake, and nutritional imbalances,
which do not favor the synchronous metamorphosis and development of megalopae to juvenile crabs. In
addition, these kinds of feed tend to deteriorate water quality, and are not conducive to disease prevention.
Therefore, during juvenile breeding, feeding pellet feeds is good for the maintenance of a better culture envi-
ronment. As the density of crabs is relatively high, it is necessary and important to feed pellet diets for juvenile
E. sinensis (He et al. 2016).

b) Nutritional requirements of juvenile crab and improvement of artificial feeds
Since Chinese mitten crab became a species of economic importance in the 1990s, lack of knowledge on its
nutrient requirements hindered the development of its culture (Mu et al. 1998). Follow-up studies focused on
the effect of protein and lipid levels on growth performance of juvenile Chinese mitten crab (Chen et al. 1994;
Mu et al. 1998; Zhu et al. 2000; Chen et al. 2008 ; Lin et al. 2010; Chang et al. 2011; Deng et al. 2011). The
results of the above studies confirmed that the requirements of lipid, phospholipids and highly unsaturated
fatty acids are relatively higher for seed crab (stage 1 to stage 5). It is suggested that for juvenile diets, crude
protein content and total lipids should be more than 35 percent and 8 percent, respectively; while fish meal
and fish oil content should exceed 8 percent and 2 percent, respectively (He et al. 2016).

Beside the crabs’ main nutritional requirements of protein, lipid and carbohydrate, the requirement for
amino acids, vitamins, fatty acids and other micro / trace nutrients has attracted more attention in recent
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years. Experiments have been conducted to determine the threonine (Wang et al. 2015), lysine, methionine
and arginine (Ye et al. 2011) requirements of juvenile Chinese mitten crab, which were proved to play impor-
tant roles in protein metabolism and synthesis. Selenium, copper and zinc are important trace elements for a
number of biochemical functions, and deficiencies may result in growth impairment, anorexia and depression
of immune responses (Sun et al. 2011; Tian et al. 2014). The optimal requirements of mineral mix (Zhang and
Wang 1998), Vitamins A (Sun et al. 2009), B6 (Wang et al. 2009), C (Chen et al. 2005) and E (Ai et al. 2002)
are now known, and have provided the theoretical basis for further improvement of artificial feeds for mitten
crab culture.

3.2.4.3 Integrated Rice-crab Farming of Juvenile Crab

The strategy of ecosystem-based integrated management of land, water and living resources is considered to
be a sustainable approach to balance the social, economic and environmental benefits in aquaculture prac-
tices (Ahmed et al. 2013). In China, following the success of rice-fish integrated culture in rice fields (Lu and
Li 2006), the rice-crab (crab seed) co-culture system has been promoted by government and non-government
agencies, and has achieved remarkable success (Li et al. 2007). This culture model has been largely extended
into the north of China, particularly in Liaoning Province and Jilin Province (also see Chapter 2.6).

3.2.4.3.1 Soil Humus, Pysical and Chemical Properties

Results have shown that the rice-crab production mode can be improved in output and quality by increasing
the soil extractable humus carbon (HEC), humic acid carbon (HAC), and the ratio of HAC/HEC, whereas it
decreased with increase in folic acid carbon (FAC), and ratio of FAC/HEC. Compared with conventional rice
monoculture (Wang et al. 2013) co-culture of rice with mitten crab is shown to improve soil fertility and tex-
ture, and provides many other benefits. The integrated rice-crab mode can improve the content of total nitro-
gen, total phosphorus, NHy+-N, available P, and easily oxidized organic carbon of paddy soil, increasing the
content of larger aggregates (0.2 mm), and reducing smaller aggregates (0.002 mm), helping to improve the
soil texture (Wang et al. 2011a; 2011b; 2013).

3.2.4.3.2 Zoobenthos Diversity in Paddy Fields

It has been demonstrated that the impact of crabs on zoobenthos in paddy fields becomes increasingly signifi-
cant with the growth of the crabs. The species number, average density, diversity index and Pielou’s evenness
index of zoobenthos in paddy fields showed a significant difference between rice-crab system and rice mono-
culture systems. The species number and average density were inversely related to crab density. To maintain
the zoobenthos diversity in rice-crab culture systems, the crab density of 10 ind./m™ is recommended (Li
etal. 2013).

3.2.4.3.3 Weed Control

A reduction in weeds can help reduce competition for nutrients and light, reduce the reliance on herbicides, and
thereby increase the rice yield (Xu et al. 2014). The effect of weed control was studied by assessing the dynamics
of weed growth in rice-crab systems: in rice-crab fields, the weed cover decreased by 2643—-4433 percent in
quantity, and 1772—4284 percent in wet weight; while in paddy fields where mitten crab was not provided with
supplementary feed weed cover in quantity and weight, decreased by over 50 percent (Lv et al. 2011).

3.2.4.3.4 Water Parameters in Rice Field

During hot summer months, temperatures could be higher in the absence of rice plants, which can cause
stress to crabs, and increase the ratio of precocity. Therefore, a trench/canal around the paddy field was sug-
gested which could protect crabs from being subjected to high temperatures (Wang et al. 2011b). Rice plants
provide shelter for crabs, and keep the water temperature close to optimum levels. The changes in water-
quality parameters in rice-crab culture systems indicated that environment was suitable for the growth of
E. sinensis (Wang et al. 2011a; 2011b).
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3.2.4.3.5 Cost-benefit of Rice-crab Production Systems

Since the rice-crab culture system is an efficient and environmentally friendly practice, the Chinese govern-
ment has been encouraging the development of this form of culture system. In 2013, an investigation was
conducted to analyze and compare the current status of this system, including production inputs, economic
benefits, and fertilizer and pesticide utilization in different rice-based culture systems in China. The results
indicated that rice-crab systems had better economic and ecological benefits compared to rice monoculture
systems. The study suggested that further development of key technologies, increasing governmental sup-
port, and improvement of production scales will be important factors in overcoming future problems, and
improving cost-benefits (Li et al. 2014).

3.2.5 Grow-out Culture (The Second Year Culture of Market-sized Adults)

The grow-out of adult Chinese mitten crab (second-year culture) occurs in three major forms, i.e. pond cul-
ture, lake stocking or net enclosures, and rice field co-culture, with pond culture being the major form, con-
tributing more than 80 percent to total production (Wang et al. 2014). The detailed practices of these three
culture forms have changed with time and location, depending on economic efficiency, technological
advances, culture habits and prevailing environmental protection policies (e.g. restriction of lake aquaculture
in China). From the early 1970s to the middle 1990s, wild-caught or hatchery-produced megalopae were
stocked into open lakes or net enclosures (Zhang and Li 2002). Because of the low recapture rate, an unstable
supply of wild-megalopae, as well as the unreliable supply of pond-reared coin-sized crab seed, farmers
changed from releasing megalopae into open waters to releasing coin-sized crab seed into net enclosures in
lakes (Li et al. 2000). However, for several reasons, lake stocking or net enclosure culture have a high risk.
First, the production per hectare and recapture rate of adult crabs are not stable; second, the water depth of
lakes is generally not stable over the year, and stocked crabs can escape into rivers during floods, leading to
lower recapture rates (Cheng et al. 2008); third, inappropriate culture practice in lakes can result in deteriora-
tion of water quality and a decline in biodiversity. Consequently, a series of policies and measures have been
formulated and executed to restrict lake aquaculture since 2000 (Xu et al. 2003; Wang et al. 2014). Since the
beginning of the 1990s, pond-culture technology of Chinese mitten crab has gradually been developed and
improved to commercial scales in many regions of China, and the sector includes many pond-culture modes
(Zhang and Li 2002; Wang et al. 2014).

3.2.5.1 Earthen Pond culture

Earthen ponds are used for grow-out, the size of the ponds being generally between 0.6 ha and 2 ha, with a
water depth of 1.0-1.8 m. Fences similar to those of nursery ponds are erected to prevent escape and predator
access. Sometimes prior to stocking, the ponds are disinfected with lime (2000-3000 kg/ha) and 10-20 days
after disinfection, aquatic plants, such as Vallisneria spiralis, Hydrilla verticillata, Ceratophyllum demersum,
Potamogeton maackianus and Myriophyllum spicatum, may be introduced. Aquatic plants are very important
for the growth and molting of E. sinensis. In addition, live freshwater snails, Bellamya purificata, a favorite
food for mitten crabs, may be stocked one to three times in the ponds at a rate of 1000—7000 kg/ha during the
culture process. Finally, fertilization using fermented organic fertilizers is often applied 10-20 days prior to
stocking, to increase the natural biomass in ponds. The stocking density of coin-sized crabs is normally
around 7500— 8000 crabs/ha depending on pond condition and culture management, while stocking time is
often in the period of late winter to early spring, depending on the farm and location. In grow-out culture of
E. sinensis, the crabs are often polycultured with various freshwater fish and shrimp, which may be stocked at
different times of the year. An important consideration for the selection of fish species is that their feeding
habits should complement rather than compete with that of the Chinese mitten crab (Luo et al. 2012). Over
the culture period, water quality needs to be closely monitored; pH 7.0-9.0, DO >3 mg/l, ammonia <04 mg/l,
and nitrite <015 mg/l, are within suitable ranges for E. sinensis (Wang et al. 2014). The major diets for grow-out
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are formulated feeds, low-valued fish, maize and soybean seeds and there are increasing trends for the appli-
cation of formulated feeds in pond culture of E. sinensis (Pan et al. 2016). The nutrient composition and
general parameter of different formulated diets are shown in Table 3.2.2. If only formulated diets are fed dur-
ing the grow-out, the feed conversion rate generally range from two to three, depending on the diet formula-
tion, stocking density and time of harvest (Pan ez al. 2016). Feed costs normally account for 30—60 percent of
total pond-culture costs during the grow-out stages (He et al. 2014). It has been pointed out by Wang et al.
(2016) that there is a lot of scope for improving feeding practices in mitten crab pond grow-out farming that
could potentially lead to significant improvements in net profits, and improved water quality.

During the grow-out phase E. sinensis molts three to four times, and undergoes one puberty molting. Males
have a significantly higher mean body weight after the third molting, normally during the period of June to
July (He et al. 2016; Figure 3.2.8). Table 3.2.3 shows the timing and weight growth rate (WGR) of each

Table 3.2.2 Proximate composition of formulated diets used in grow-out culture stages for E. sinensis (crude protein, total lipid
and ash are expressed as percent dry weight).

Adult crab culture stage Diameter/mm Crude protein Total lipids  Ash Feeding time Feeding frequency/time-d ™
Adult 1# 2.0 41.3 10.4 9.3 Apr-mid Jun 1

Adult 2# 2.5 38.8 9.5 10.5 Mid Jun—-mid Aug 1

Adult 3# 3.5 37.3 12.5 10.3 Late Aug—ate Nov 0.3-1
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Table 3.2.3 The molting time and growth in weight (% WGR) at each molting for both males and females during adult culture
of Eriocheir sinensis.

Female Male
No. of molting Time Weight growth rate Time Weight growth rate
First Apr. 60-150% Apr. 60-120%
Second May 70-120% May 70-120%
Third June 50-100% June-July 60-120%
Fourth July 50-80% July-Aug 70-100%

Fifth (puberty) Aug. 40-70% Aug.-Early Sep. 50-80%
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molting for males and females. During grow-out, the body weight increases significantly, while the WGR
decreases significantly (He et al. 2014). After the puberty molting, both male and female gonads develop
quickly; males and females reach maturity during the period of the end of October to November in Yangtze
populations, but female gonads mature 15-30 days earlier (He et al. 2014). Because the gonads are one of
major edible parts of adult E. sinensis, adult crabs with fully developed gonads (mature or nearly mature) are
generally sold at a substantially higher price (Wu et al. 2007c). Therefore, fattening immature crabs has
become a very important measure to improve the market value of adult crabs (Wu et al. 2004). Lipid nutrition
during gonadal development has been studied, and several fattening diets have been developed and applied
during the past ten years (Wu et al. 2007a; Sui et al. 2009b; Zhao et al. 2016). After the puberty molting, both
males and females should be fattened with formulated feeds or low-valued fish for a period of 30-60 days
(Shao et al. 2013; 2014). Moreover, during the summer season, the density of different aquatic plants (includ-
ing E. Canadensis, V. spiralis and H. verticillata) should be well distributed to cover 30-50 percent of the
pond bottom. If this distribution is not achieved it can lead to low survival, slow growth and deterioration of
water quality (Wang et al. 2014). In addition, bottom aeration in summer is an important measure to improv-
ing the production and survival of pond-culture of E. sinensis (Wang 2015).

In general, the survival of pond-reared E. sinensis during grow-out ranges from 50—80 percent depending
on density and management (He et al. 2014). The final body weight of adult males and females are 120-200 g
and 90-140 g, respectively, and the normal size distribution of adult crabs at harvesting is shown in Figure 3.2.9.
(He et al. 2016). The yields per hectare per year are variable, depending on intensity of the polyculture, but
they are normally close to 750—1500 kg of market-sized crabs, plus twice that weight of various freshwater fish
and shrimp (He et al. 2014).

3.2.5.2 Other Culture Practices

Net enclosure grow-out has been practiced in most of Chinese inland lakes in the Yangtze basin, but the
total area has declined because of environmental issues (Meng et al. 2013). Polythene nets of 1-2 cm mesh
size is a common material used. The nets are fixed in place with bamboo stakes. The net walls are folded
inwards and held on the bottom with rocks, causing them to sink into the mud. The upper edge of the net is
typically 50-60 cm above the water level. Suitable sites should have good water quality and slow water flow,
a stable water level, and suitable depth (1-2 m); and, most importantly, abundant submerged aquatic plants
and high benthic biomass (Xu et al. 2003). Stocking density used in net enclosures range from 1500 to 9000
crabs/ ha. For some enclosures, crabs can rely totally on natural food. For others with lower natural biomass,
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Figure 3.2.9 Size distribution frequency of adult E. sinensis at harvest (%). A: Females, B: Males.
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freshwater snail B. purificata may be stocked at 1000—7500 kg/ha prior to stocking and sometimes again
after stocking. Other supplementary feeds include chopped low-valued fish, and cooked corn and soybean
(Meng et al. 2013). Survival is normally around 40—50 percent. Generally, the yield from net enclosure cul-
ture is about 150-450 kg/ha of market-sized crabs although higher yields of close to 1000 kg/ ha are
possible.

The rice-crab co-culture system is also popular in northern China for grow-out of adult E. sinensis (Figure
3.2.10). The general methodology and field preparation are similar to those for nursery culture described
previously. One of the main differences is that the channel needs to be deeper at 1.5 m for grow-out. In addi-
tion, a small pond (100-200 m” with 15 m depth) needs to be dug for acclimatization, temporary culture of
coin-sized crabs and for temporary storage of market-sized crabs during harvesting. Stocking density ranges
from one to five coin-sized crabs/m> As the natural benthic biomass in the rice fields is relatively low, the
crabs need regular feeding with supplemental feeds, such as corn, wheat, low-valued fish, shrimp or mud
snails, once or twice daily. These feeds are normally cooked to avoid water quality problems. With proper
management, rice field culture can achieve yields of 300-450 kg/ha, and occasionally 750 kg/ha. The inte-
grated culture system produces good-quality rice and crabs, which generally command a higher market price
than normal from monoculture (pond-reared crabs or rice field). Therefore, the paddy-field co-culture sys-
tem has high economic profits. and ecological benefits (Wang et al. 2014).

3.2.6 Markets and Marketing

Because the hepatopancreas, gonads and meat are the three major edible parts of adult E. sinenusis, the adult
crabs with fully developed gonads (mature or nearly mature) are generally sold at a substantially higher
price (Wu et al. 2007c). In the Yangtze river basin the gonads of female and male E. sinensis become mature
or nearly mature around the end of October and middle—late November, and the marketing time of adult
E. sinensis peaks during the period of late October to November (Wang et al. 2014). The Chinese mitten
crab is largely consumed domestically, and recently significant volumes have also been exported to
Singapore, Japan, South Korea and Hong Kong (Wang et al. 2014). In 2005, the total value of exported

Figure 3.2.10 The paddy-field culture system, integrating rice production and Chinese mitten crab grow-out in northern China.
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E. sinensis exceeded US$ 100 million. The Hong Kong market prefers large-sized males because the female
gonad contains a relatively high level of cholesterol, while the Japanese and South Korean markets prefer
middle- and small-sized crabs, because they are consumed in hot pots, giving the soup an intense flavor.
Moreover, a number of different crab products have been developed, including crab meat powder, crab oil
from the hepatopancreas, crab paste from the ovaries, etc. These products extend the market time and
storage time, which promote the development of this industry.
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Culture of the Oriental River Prawn (Macrobrachium nipponense)

Fu Hongtuo and Shubo Jin

Freshwater Fisheries Research Centre, Chinese Academy of Fishery Sciences, Wuxi, Jiangsu, China

3.3.1 Introduction

The indigenous oriental river prawn (Macrobrachium nipponense) (Figure 3.3.1) is distributed throughout
China and is farmed on a large scale. Its natural habitats include rivers, lakes, reservoirs and ditches from the
south to the north of the country. Some market supplies of M. nipponense come from wild stocks, but it is also
a commercially important farmed species in China, with a culture area of about 400000 ha, an annual farmed
production of 265000 tonnes, and an annual output value of RMB 20 billion (China Fishery Statistical
Yearbook 2016; 6 RMB = 1 US$). M. nipponense has a high consumer demand because of its tender meat and
delicious taste, and is favored among farmers because it provides high economic gains.

3.3.2 Main Cultivation Regions and Past Trends

Farming of M. nipponense began in the mid 1960s in Jiangsu Province. A slow start in the 1970s and 1980s was
followed by rapid expansion in the 1990s, to a farming peak in 1999 or 2000. However, adverse selection and
inbreeding (Hongtuo et al. 2012) are common problems in M. nipponense farming; large-sized prawns were
sold to the market for high prices, leaving the remaining small prawns for breeding. This process was repeated
for multiple generations, resulting in genetic retrogression in China in the late 1990s, including low growth
rates, smaller body size, low resistance to diseases, and early maturation (neoteny). Germplasm degradation
thus led to reduced or loss of incomes, which dramatically restricted the development of M. nipponense
farming.

Some research institutes, including the Freshwater Fisheries Research Center (FFRC) of the Chinese
Academy of Fishery Sciences, started to conduct genetic improvements of M. nipponense populations from
2001, including screening wild populations for better commercial traits for breeding, in order to renew the
germplasm for production. Subsequent hybridization and multiple-generation selection led to the develop-
ment of an improved variety of M. nipponense referred to as Taihu Lake No. 1 (Hongtuo et al. 2012). This new
variety was certificated by the National Certification Committee for Aquatic Varieties of China, and identified
as the first new variety of freshwater prawn and crab in China (Ministry of Agriculture 2009). The Taihu Lake
No. 1 variety shows good production performance, including a high growth rate, large body size and strong
disease resistance.

M. nipponense farming recovered gradually from 2003 through the use of wild M. nipponense populations
with better commercial traits as broodstock, in place of multi-generation farmed populations. As a result,
farmed production increased and stabilized after 2003. The application of Taihu Lake No. 1 from 2009, along
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Figure 3.3.1 Macrobrachium nipponense (left: male; right: female).
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Figure 3.3.2 Trends in annual farmed production of M. nipponense in China.

with improved farming techniques, promoted further developments. M. nipponense farming lead to a second
production peak with an annual farmed production of >200000 tonnes (Figure 3.3.2) covering a farming area
of about 400000 ha, with monoculture and polyculture practices. According to the China Fishery Statistical
Yearbook 2016, aquaculture production of M. nipponense reached 265000 tonnes in China in 2015, with
farming being carried out in 18 provinces. East China, including Jiangsu, Zhejiang, Anhui, and Shanghai, are
the main farming areas for M. nipponense, with Jiangsu Province ranking top in terms of both production and
farming area, accounting for almost 50 percent of the total production of this species. The annual farming
production in some provinces reached or exceeded 20000 tonnes (Jiangsu, 120734 t; Anhui, 50805 t;
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Figure 3.3.3 Annual farmed production of M. nipponense in
Others different provinces of China for 2015.
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Zhejiang, 20805 t; Hubei, 30846 t; Jiangxi, 27906 t) (Figure 3.3.3). The total annual production value of the
M. nipponense industry in China in 2013 was near to RMB 20 billion (China Fishery Statistical Yearbook
2016; 6 RMB = 1 US$).

3.3.3 Culture/farming Systems

3.3.3.1 Breeding and Larval Rearing

Breeding and larval rearing of M. nipponense have been established for large-scale commercial production
(Fu and Gong 2006). The annual production of post-larvae (PL) was approximately 30 billion. The following
data relating to breeding and larval technology are based on the Yangtze River basin, which is the largest pro-
ducer of M. nipponense in China.

M. nipponense is able to overwinter successfully, without the need for greenhouses or heating. As a fresh-
water species, unlike related species such as M. rosenbergii (the giant freshwater prawn), it completes its
lifecycle in freshwater, and the entire process of breeding and larval rearing is therefore conducted in outdoor
freshwater ponds. The capacity of seedling production is around 7.5-18 million/ha, with an average of
12 000000 million/ha.

Broodstock is obtained from farmed ponds and/or wild populations in lakes and/or rivers. The chosen
breeders are cultured in earthen ponds. Their body size doubles, and gonads mature within about one month
of culture, from late March to late April.

Mating and spawning occur when the water temperature exceeds 18°C in late April or early May, with the
peak spawning season occurring from mid May to early June. Berried prawns are transferred to incubation
ponds during in this period, with a density of around 75-150 kg berried females/ha. The rate of embryonic
development depends on the water temperature. Zoea hatch out within 15-25 days of embryonic develop-
ment, from mid June to early July. The breeders are harvested for marketing after hatching, and the zoea
reared in incubation ponds.

Within 15-20 days of rearing and 9—11 molts, the zoea metamorphoses into PL in early to late July. After a
further 15-20 days (26°C-32°C), the PL grow into juveniles about 1.5-2.5 cm long and weighing about 0.1 g.
The juveniles are then trawled and stocked into grow-out ponds.
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3.3.3.2 Grow-Out Technology

The technology of M. nipponense farming in China has made much progress over the past 20 years, and some
feasible models of commercial farming have been established. The following accounts are based on farming
in the Yangtze River basin. M. nipponense can be farmed successfully in ponds in either monoculture or poly-
cultures, with the latter being more prevalent.

3.3.3.2.1 Monoculture
M. nipponense monoculture in China is generally conducted over two cycles each year, spring—summer and
summer—autumn, with total annual yield from both cycles reaching 1500-2250 kg/ha (average 1725 kg/ha).

Spring-summer Cycle  This first cycle of farming begins in March and ends in June. The body size of individuals
in the summer—autumn cycle is not uniform; larger prawns are therefore caught for marketing and the
remaining undersized prawns are collected in March, and stocked into ponds for the spring—summer cycle at
a density of 300—450 kg/ha. Marketing begins in early May and ends in mid June. Most of the stocked prawns
grow to marketable size, resulting in a yield of 600—900 kg/ha, subject to stocking density.

Summer-autumn Cycle The second cycle begins in July and ends in February of the following year. PL weighing
0.05-0.15 g are stocked at a density of 750000—1 500 000/ ha from early July to early August. However, before
stocking, ponds are disinfected using calcium oxide or bleaching powder in mid June to early July. The best
method of pond disinfection involves exposing the pond bottom to sunlight for 15-30 days until it becomes
crusty. This is an essential process and is effective in helping to prevent diseases, decompose toxicants, and
increase production.

The presence of aquatic grass is vital for high yields during the summer—autumn cycle. Aquatic grass serves
many important functions, including providing refuge for molting prawns to reduce cannibalism, improving
water quality, decreasing water temperature in summer, and allowing full utilization of all water layers, from
shallow to deep, as habitats. Submerged plants are most suitable, and the most extensively used in China
include Hydrilla verticillata, Potamogeton crispus (curled pond weed) and Elodea nuttallii (Nuttall’s water-
weed). The optimal grass-planted area comprises 30—50 percent of the total pond water area.

Autumn reproduction is a phenomenon whereby some juveniles mature within 45 days of rearing ,and pro-
duce large numbers of offspring during late August to early October. This represents a serious problem for the
summer—autumn cycle. Large numbers of newly-hatched small prawns use up space, oxygen and food, thus
increasing the risk of low dissolved-oxygen (DO) levels, greater variation in body size, and low market value.
Techniques to restrain autumn reproduction include stocking some silver and bighead carp fingerlings
(density 1000-1500/ha; body weight 30-50 g) 1015 days after stocking with M. nipponense PL, and main-
taining the clarity (transparency) of the water >30 cm to decrease planktonic biomass.

M. nipponense are marketed at 2.5-7 g. Harvest begins in late October and ends in late February of the fol-
lowing year. The prawns are caught using trapping cages or dragnets. However, most prawns are sold during
the Chinese Spring Festival, when the price is at a maximum.

3.3.3.2.2 Polyculture

M. nipponense polycultures include combinations with various other species, such as mitten crabs (Eriocheir
sinensis), giant river prawn (M. rosenbergii), marine penaeid shrimp (L. vannamei), or fish (adults or
fingerlings).

The most popular polyculture combination involves mixed crab and prawn farming of E. sinensis and
M. nipponense, as practiced in over 300000 ha in China, accounting for >90 percent of the total polycul-
tured area of M. nipponense. Typical stocking densities of this polyculture are 6000—15000/ha of crab and
300000-600000/ha of prawn, with variations in terms of seedling size, pond facilities, water quality and
the technical capabilities of individual farms. The annual outputs per unit area are 600—1125 kg/ha of crab
and about 750 kg/ha of prawn.
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E. sinensis and M. nipponense have similar habits, pond requirements, grow-out technologies, and tempera-
ture tolerances. M. nipponense can eat the food left over by E. sinensis, thus improving the overall feed conver-
sion ratio. Profits are greatly increased compared with monocultures of E. sinensis without M. nipponense.

3.3.4 Advances in Genetics and Culture Technology

The main setbacks in M. nipponense farming have included genetic retrogression of breeding stocks, and
poor farming techniques. However, under the support of national and provincial research programs, the
FFRC and other research institutes have worked together to improve both genetic traits and farming tech-
nologies since 2001, and have made a series of advances over the last decade

3.3.4.1 GeneticImprovement

Broodstocks are the basis of aquaculture. Developing high-quality broodstocks help to increase yield, reduce
disease, and improve tolerance to unfavorable conditions. Renewal of breeders, and the application of geneti-
cally improved varieties are expected to play major roles in resolving the issue of genetic retrogression. The
main advances aimed at improving the genetics of farmed M. nipponense are noted below.

1) Inorder to select high-quality wild populations, the FFRC and other research institutes have systematically

analyzed the genetic diversity and structures of wild M nipponense populations from different origins
using Random Amplified Polymorphic DNA (RAPD), Inter-simple sequence repeat (ISSR), microsatellite,
COI and 16S rRNA markers. Wild populations were collected from lakes (Taihu, Hongze, Weishan,
Poyang, Dongting, Chaohu, Hong and Bosten), rivers (Yangtze, Yellow, Pearl, Huai, Lancang, Qiantang),
and other water bodies from different provinces (Jiangsu, Zhejiang, Shanghai, Anhui, Jiangxi, Hubei,
Chongging, Guangxi and Yunnan). Systematic analyses provided basic data on genetic backgrounds for
assessing the germplasm in different populations.
Based on the genetic analyses, some wild populations with high genetic diversity were chosen for pond-
farming experiments, after which populations from Taihu Lake and Yangtze River were selected for use as
breeders At the same time as these genetic improvements, related techniques including wild-breeder col-
lection, live-prawn transportation, and pond domestication were improved. Patterns of decline in com-
mercial traits in serial multi-generation pond farming were also monitored and assessed. A ‘wild breeder
utilization technique’ was established, which resolved three main problems, including which wild popula-
tions to use, how to use them, and how many generations can be farmed before degradation occurs This
technique provided a quick and effective way of renewing M. nipponense germplasm, and its application
played an important role in the recovery of M. nipponense farming from 2003 to 2009.

2) M nipponense has some special features, including berried eggs, molting and multi-generation breeding in

ponds, which have negative effects on hybridization, in vivo markers and farming experiments. These
mean that breeding techniques established in fish, and other aquaculture species cannot be applied to
M nipponense However, the FFRC achieved artificial interspecific hybridization and selection among
Macrobrachium species to create a new variety, Taihu Lake No. 1, by hybridization between M. nipponense
and M. hainanense, followed by hybrid selection This new variety inherited desirable commercial traits of
both species.
To produce hybrids, males and females must be collected separately from the maternal and paternal popu-
lations, respectively, before hybridization. However, problems associated with large-scale parental sorting
include small body size, lower fecundity, poor resistance to low oxygen, and difficulty distinguishing sexes.
These problems were overcome by the application of two new techniques established by FFRC: the dif-
ferential harvesting technique allows effective selective capture of female prawns, while a second tech-
nique allows embryo removal from berried females with high efficiency and low damage. Use of these
methods improved efficiency more than ten-fold, and reduced the wrong-picking rate to <1 percent.
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3.3.4.2 Innovative Breeding and Farming Techniques

M. nipponense breeding and farming techniques prior to 2009 were relatively primitive and underdeveloped,
and were unable to meet the requirements of large-scale extension of new varieties. However, these tech-
niques have now been improved and extended.

3.3.4.2.1 Large-Scale Post-Larval Breeding

The long duration of the larval phase, cannibalism, and high mortality associated with harvesting during
post-larval rearing meant that the output of M. nipponense juveniles remained at around 7 500000 individu-
als/ha for a long time. Many factors were investigated, including breeding abilities and habits, control of
parental quality and numbers, optimal sex ratio, removal of harmful organisms, plankton culturing, feeding
patterns, water quality, and catch and transport of juveniles. The introduction of a range of techniques
resulted in an increase in the output of M. nipponense juveniles to 11250 000 individuals/ha in large-scale
production, and an increase in the output of PL prawns from 40000 to 100000 individuals per kilogram of
parents.

3.3.4.2.2 Farming Techniques

Characteristics of M. nipponense, including asphyxiation point, and pH, temperature and salinity tolerances
were analyzed, and key techniques were improved and optimized, including juvenile stocking, feeding, dis-
ease prevention and harvesting. Some new techniques were also applied to M. nipponense farming, including
macrophyte planting in ponds, probiotic application, and underwater microporous aeration. Aquatic-grass
planting provided necessary hiding spaces for M. nipponense, increased the utilization efficiency of vertical
pond space and improved water quality, resulting in dramatically reduced cannibalism, and improved survival
rates. The use of probiotics, including photosynthetic bacteria, bacilli and other beneficial microorganisms,
was shown to improve water quality. Microporous aeration using underwater pipelines greatly increase dis-
solved oxygen levels, especially in deep water, allowing ponds to accept a higher stocking density and achieve
a higher adult yield, whilst reducing the risk of anoxia.

The optimization and innovation of breeding and farming techniques produced good results in terms of
increasing the yield per unit, decreasing disease outbreaks and improving product quality. On the basis of this
progress, many integrated farming models were established, of which the most successful have been two-
batch per year farming, and mixed prawn and crab farming. These new techniques and models are now
widely used in the production of M. nipponense in China.

3.3.5 Constraints

Although the technology and production of M. nipponense farming in China has progressed well, some prob-
lems still hinder its further progress.

1) Undersupply of good-quality seed: most M. nipponense seed are produced separately by farmers. The
quality of PL was previously irregular and unstable because of chaotic parental origins, adverse selection
and inbreeding. The new hybrid Taihu Lake No. 1 has been farmed across 60000 ha since 2009, and has
demonstrated better production and disease resistance, with positive economic and social benefits, com-
pared with selected wild M. nipponense populations. However, the production capacity of PL of Taihu
Lake No. 1 hybrids is unable to meet the market demand, and is therefore restricting further expansion.
The demand for more and better varieties continues with advances in aquaculture, but Taihu Lake No. 1
remains the only available hybrid to date.

2) Restrictions on farming techniques and models: breeding and farming techniques have made considerable
progress over the past two decades. However, large-scale production remains unstable, and subject to
weather conditions, daily management and other factors. Further optimization is therefore needed to
allow its sustainable development.
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M nipponense is a popular aquaculture species with high market demand in China. Farmed production
thus needs to increase rapidly to satisfy increasing consumer demand. However, the average annual growth
rate of M. nipponense farming is low, with bottlenecks restricting further expansion of production. These
bottlenecks include multiple-generation rearing in ponds, and cannibalism, which restrict the increase per
unit yield. Precocious sexual development is also a problem in M. nipponense whereby PL mature within
45 days after stocking and begin to reproduce, referred to as autumn reproduction, resulting in multiple
generations of prawns coexisting in a pond, thus increasing the overall density and the variability in body
size. Cannibalism is another major problem; molting prawns are eaten, resulting in a survival rate of only
20 percent during farming. Another bottleneck involves poor tolerance to hypoxia. Prawns die rapidly out
of water or in hypoxic water, leading to high environmental demands and management requirements, thus
restricting the expansion rate of M. nipponense farming.

3) Irregular feedstuff quality, and need for specific feeds: feed quality plays an essential role in farming.
Insufficient basic research on the nutritional requirements of M. nipponense mean that no specific feeds
are available, and commercially available feeds are based on formulae for other species, such as M. rosen-
bergii or Litopenaeus vannamei. Some farmers still feed M. nipponense raw food, including wheat, corn
and frozen fish. Low food palatability and a poor conversion rate may lead to wasted feed, and poor growth
performance.

4) Diseases: M. nipponense is an indigenous species and the frequency of disease outbreaks before 2009 was
low. However, disease incidences have since increased, primarily as a result of genetic retrogression. This
remains a problem in M. nipponense farming, despite some alleviation in recent years through the appli-
cation of new varieties and new farming techniques. However, studies on disease control in M. nippon-
ense have been poor, and there is a lack of systematic research into disease prevention, diagnosis and
treatment.

5) Poor processing techniques: M. nipponense sold in the domestic market is mainly consumed fresh, while
exported prawns are usually frozen. Although some simply processed products exist, including “snap fro-
zen prawns’, chitin and astaxanthin, only a low percentage of prawns is processed, and processing tech-
nologies for M. nipponense are seriously lagging behind.

Chitin is the second largest renewable resource after cellulose, and the only natural alkaline polysaccharide
identified to date. Astaxanthin has dramatic effects as an antioxidant, and consequently is of high economic
value. Although the carapace of M. nipponense consists mainly of chitin and is rich in astaxanthin, the cara-
pace-utilization rate in M. nipponense is almost zero, resulting in a waste of resources and increased pressure
on the environment.

3.3.6 Markets and Marketing

M. nipponense is popular in China, especially in the Yangtze delta. The price of M. nipponense has continued
to increase over the past decade, despite increased farmed production, and relatively large catches of wild
prawns. The current market price of commercial M. nipponense is 35 US$/kg. As a delicious food with high
nutritional value, the market demand for M. nipponense is likely to continue to increase in line with increasing
economic development.

3.3.7 Future Prospects and Conclusions
M. nipponense farming has made great progress in recent decades and is expected to have a great future

because of the enormous market demand for, and high economic value of the product. However, certain strat-
egies are needed to maintain the healthy and sustainable development of M. nipponense farming.
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Establish a system of genetic improvement and high-quality-seed production. Search for and collect
M. nipponense germplasm based on technological innovations in wild-resource assessments; optimize
genetic breeding techniques suitable for M. nipponense; conduct continuous genetic selection of multiple
traits in order to obtain better varieties. To resolve the problem of a shortage of high-quality seed, tech-
niques need to be established for the efficient and large-scale breeding of good varieties, while the use of
high-quality seed must be promoted to increase farming profits.

Establish techniques to increase yield and promote environmentally friendly farming. Optimize farming
parameters and pond facilities; equip with intelligent monitoring and control systems; improve farming
models, including monoculture and polycultures; update farming techniques and systems.

Develop high-quality feeds specific for M. nipponense. Evaluate the nutritional requirements of different
developmental stages of M. nipponense; evaluate the effects of ecotype additives and probiotics; develop a
series of high-quality feeds suitable for the different developmental stages; establish technology for large-
scale feed production. Such newly developed feeds would reduce farming costs, increase profits, and
decrease environmental pollution.

Establish early warning systems for the prevention and control of the main diseases affecting M. nippon-
ense. Investigate the pathogens, pathology and epidemiology of the main diseases; develop techniques for
early detection, rapid diagnosis, as well as prevention and control of such diseases; establish a monitoring
system throughout the whole farming process, and provide these services to farmers in a timely manner.
Develop new products and processing technologies. Study processing technologies for the edible parts of
M. nipponense, and develop new products for consumption; study processing technologies for the cara-
pace, and develop new products for industrial production, including chitosan and astaxanthin; promote
full utilization of prawns to maximize economic benefits.

Establish a public service system to share technologies and information. Establish a public platform to col-
lect and analyze data or information relating to technologies, techniques, production and markets; this
open platform will further new technological applications, disease prevention and farm-management
plans.

Establish multi-level demonstration bases to promote the large-scale application of new technologies and
new varieties. Establish multi-level bases, supported by the government, including breeders, seed produc-
tion, farming and processing, to demonstrate and extend new technologies and supplies of seed; multi-
level governmental service stations for fisheries technology could provide technical training and services,
and promote the large-scale application of new achievements.

In conclusion, we foresee that a larger scale of commercially successful, environmentally friendly and socio-

economically sustainable production of M. nipponense farming can be achieved in China in the future
(Hongtuo et al. 2012).

References

China Fishery Statistical Yearbook of China (2016). Ministry of Agriculture, China Agriculture Press, Beijing,

p. 30.

Fu H., Gong H. (2006). Standard production of nuisanceless freshwater prawns. In: ed., Ge Xianping, Standard

Production of Nuisanceless Agricultural Products. China Agriculture Press, Beijing, China, p. 169.

Hongtuo F, Sufei J., Yiwei W. (2012). Current status and prospects of farming the giant river prawn

(Macrobrachium rosenbergii), and the oriental river prawn (Macrobrachium nipponense) in China. Aquaculture
Research, 43, 993-998. doi: 10.1111/j.1365-2109.2011.03085.x

Ministry of Agriculture (2009) Bulletin No.1169, p. 36.

225



226

34
Mud Crab, Scylla paramamosain China’s Leading Maricultured Crab

Yuanyou Li ', Chunxiang Ai2, and Lijie Liv?

'South China Agricultural University, Guangzhou, Guangdong, China
Xiamen University, Xiamen, Fujian, China
3Shantou University, Shantou, Guangdong, China

3.4.1 Introduction

3.4.1.1 Taxonomic Status

The mud crab, Scylla paramamosain belongs to Portuninae, Portunidae, Reptantia, Decapoda, Malacostraca,
Crustacea and Arthropoda. Traditionally, Giant mud crab (S. serrata) had been considered to be the domi-
nant species of mud crab cultured in China, but recent taxonomic revisions have suggested that S. parama-
mosain is the dominant (Lin et al. 2007, 2008; Ma et al. 2012). Most of the past research data on S. serrata in
fact are for S. paramamosain. Both species belong to the genus Scylla (Figure 3.4.1), and are commonly
referred to as mud crab.

3.4.1.2 Distribution

Mud crabs are euryhaline and distributed worldwide, and are found in tropical, subtropical and temperate
waters. They are widely distributed in the border of islands with high organic content and low tidal fluctua-
tions, fissures of harbors, shallow sea inner bays, estuarine and mangrove systems, reclamation areas and mud
flats of estuaries (Huang and Zhang 2009). Mud crab occur in most south-eastern coastal provinces of China
(Hainan, Guangdong, Fujian, Guangxi, Zhejiang, Jiangsu and Taiwan), and are commonest in Hainan,
Guangdong, Fujian and Zhejiang.

3.4.1.3 Lifecycle

Mud crab growth can be roughly divided into five stages (Figure 3.4.2): embryonic stage, zoea, megalopa,
juvenile crab and adult crab. On completion of embryonic development, zoea larvae pierce the egg mem-
brane, and start their planktonic life. Zoea feed on zooplankton chiefly, and go through five molts, and trans-
form into megalopa. After a single molt the megalopae transform into juvenile crabs, and assume a completely
benthic habitat with adult crab external morphology. After six molts, they finally develop into adults.

3.4.1.4 Habits

Mud crabs are euryhaline and eurythermic, living in estuarine, intertidal zones in inner bays, mud flats and
beaches with a high tidal range. S. paramamosain also inhabit mangrove swamps and shallow estuarine areas.

Aquaculture in China: Success Stories and Modern Trends, First Edition.
Edited by Jian-Fang Gui, Qisheng Tang, Zhongjie Li, Jiashou Liu, and Sena S. De Silva.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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They live in burrows or in seclusion and are territorial. Mud crabs prefer to move at night and have sensitive
eyes and tentacles; in the daytime they hide in burrows and fissures. Mud crab burrows are deep in summer
and shallow in winter, in accordance with their higher level of activity in summer and less in winter. During
low tides in midsummer, groups of mud crab usually straighten their ambulatory legs to leave head and chest
off the beach, but they hide in the mud with only their eyes protruding when it is cold. When swimming, only
swimming legs are used, and they have three pairs of ambulatory legs for walking. Nevertheless they use both
swimming and ambulatory legs when escaping from predators.

Figure 3.4.2 Lifecycle of Scylla
paramamosain. Source: After Holme
etal. (2009).

Megalopa

38 Adult crab .71 Juvenile crab
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The suitable salinity and temperature for mud crabs are 5-33 %o and 14—32°C, and the optimum values are
12.5-27.0%o and 18—25°C, respectively. The lowest limiting temperature is 7 °C. When the water temperature
drops to 7°C, crabs will stop feeding and exercising, hide themselves in silt or sludge, and be dormant. During
summer, they will feel discomfort when the water temperature rises to 35°C and feeding will cease above
37°C. When water DO content is over 2mg/l, food intake increases, activity levels and growth become nor-
mal. When DO content is below 1mg/l, they stop feeding, move slowly, appear hypoxic, and may even die.
More oxygen is needed during the period of molting. Mud crabs have a high drought-resistant ability, and can
survive out of water for a few days as long as some water is saved in gill cavities and gill filaments are moist.

3.4.1.5 Feeding Habits

Mud crabs are carnivorous crustaceans, and in nature usually feed on small-sized fish, shrimp, crabs, and
some shellfish, such as oysters, clams, razor clam, and blood clam. Crabs also eat carcasses and occasionally
some types of algae. Mud crabs have different feeding habits during the various development stages. Zoea are
omnivorous, megalopa are omnivorous and also feed on dead animal matter where as adult crab tend to feed
on dead carcasses. Mud crabs exhibit cannibalism. Crabs have acute sense organs they prefer to hide by day
and come out at night, usually foraging in the dark. Once prey is caught, mud crabs use their chelipeds to
direct the food, and pass it to the third ambulatory legs, then to the mandibles, mandibles chew, and the food
is ingested.

3.4.2 EconomicValue and Aquaculture Yield of Mud Crabs

3.4.2.1 EconomicValue

Mud crabs are popular with consumers all over the world. Crabs possess many desirable features including
large individual size, tender meat with desirable flavor, and are of high nutritional value, because of their high
content of protein, unsaturated fatty acids, trace elements such as selenium, organic calcium, as well as vita-
mins. Crabs have and always been looked on in China as a desired food item for nourishment with purport-
edly anti-aging functions (Su 2013). During the maturation period, the ovary or called crab cream will be
orange-yellow after cooking, and has an intense flavor. Many active materials, such as chitin and chitosan can
be extracted from crab shell, which are important raw materials for textile dyeing, food manufacture, and
other industries. For instance, calcium oxide from crab shell can be used as a catalyst in industrial production,
and can even be reused 11 times (Boey et al. 2009).

3.4.2.2 Mud Crab Farming in China and the World

The culture of mud crabs in China began 125 years ago, when it was begun in 1890 at Humen, Guangdong
Province. At present, mud crab farming has spread throughout the south-eastern coastal provinces of China,
such as Guangdong, Fujian, Zhejiang, Hainan, Guangxi, Jiangsu, Shandong and Chinese Province of Taiwan
(Figure 3.4.3). Other countries have also started mud crabs farming since the last decade, and the major coun-
tries are Australia, Vietnam, the Philippines and Indonesia (Broadhurst et al. 2014). It is reported that in 2005,
world mud crab production reached 123 100 tonnes, 21.38 times higher than in 1996 (5500 tonnes). Mud crab
production in China reached 108500 tonnes in 2005, and accounted for 88.14 percent of world production
(Pan 2008). According to the China Fishery Statistical Yearbook, from 2007 to 2014 the culture production
output of mud crab in China increased year by year in the last decade (Figure 3.4.4). Regardless of Taiwan
province, in the year of 2013, the mud crab production was 138000 tonnes, valued at 14 billion RMB (6 RMB
=1 US$). Guangdong was the main centre of mud crab production (44700 tonnes) accounting for 32 percent
of the total, followed by Fujian and Zhejiang with productions of 29700 and 27 300 tonnes, accounting for 22
percent and 20 percent of the total, respectively.
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3.4.3 Culture Practices

Pond culture is the main culture mode for mud crab in China. Other modes include enclosure (pen) culture
in mud flats, cage culture, ceramic altar culture and industrial aquaculture. There are two primary sources of
mud crab seed, wild caught and hatchery produced seed. Robust body, uniform size, intact appendages,
responsiveness to external stimuli, and disease free are the selection criteria of healthy mud crab seed.
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3.4.3.1 Pond Culture

There are two main kinds of pond culture modes for mud crab, i.e. monoculture and ecological polyculture,
and the latter is dominant. In recent years, the total culture area for mud crab has reached nearly 66 000 ha in
China, most in brackish water ponds. For monoculture, 0.2—0.35 ha pond size produces the best results, while
0.67-1.35 ha ponds are preferred for polyculture. When the pond is too large, it can be fenced into several
small compartments so as to meet the requirements of separate culture for crabs of different body sizes.
Ponds are usually rectangular (the aspect ratio is 5:3—3:2), water depth is 1-1.5 m. Through years of practice
it is known that the preferred orientation of ponds is east and west lengthwise and north—south width wise.
To prevent mud crabs from escaping, a fence should be built around and inside the pond dam. In the case of
monoculture, mud crabs are usually fed with low-valued shellfish, small fish and other fresh bait, and partly
with compound feed. Monoculture has the advantages of high stocking density and high survival rate (Xiao
2012). However, monoculture may easily lead to the occurrence of disease and low economic benefits, and has
gradually been replaced by polyculture.

Currently, the preferred culture mode is polyculture, when mud crab culture is combined with one or several
other species including fish, shrimp, shellfish and algae. Polyculture has the advantages of less disease occurrence.

Species cultured together with mud crabs are usually tiger prawn (Penaeus monodon), white shrimp
(Litopenaeus vannamei), Palaemon carinicauda and kuruma prawn (Marsupenaeus japonicas); mullet, milk-
fish and tilapia; oyster, razor clam and carididae for shellfish; and Gracilaria tenuistipitata for algae (Wang
et al. 2012; You et al. 2012; Qi 2015). Algae can increase dissolved oxygen (DO) in water, improve water qual-
ity, and offer shelter for crabs, and reduce cannibalism. For example, in two semi-closed culture ponds of
0.067 ha, the same density of S. paramamosain crab (67 500/hm?), shrimp P. monodon (82500/hm?) and fish
Mugil cephalus (7500/hm?) were cultured in each pond. In the late cultivation period, 21 kg of fresh seaweed
G. tenuistipitata was introduced into one of the ponds (Table 3.4.1). Some parameters, including environ-
mental factors, crab yields and survival rate were determined, so as to evaluate the effects of seaweed culture
on water quality in the following 40 days. The results showed that, compared with the pond without seaweed,
the levels of DO and pH in the pond with seaweed were significantly higher (P <0.05), DO was 9.32mg/l vs
6.96mg/1 and pH was 9.24 vs 8.83, respectively. On the fortieth day of the cultivation period, salinity was sig-
nificantly lower than it had been on the twentieth day (P <0.05), while the level of ammoniacal nitrogen and
nitrite-N became lower from the tenth day. These results indicate that the culture of seaweed has an obvious
positive effect on pond water quality. In addition, crab yields and survival rate in ponds with seaweed were
respectively 14.30 kg and 2.23 percent higher than those in the ponds without seaweed. A similar trend was
observed for other cultured animals (Table 3.4.1). The yield of seaweed G. tenuistipitata increased from 21 kg
to 262 kg after 75 days of culture (Wang et al. 2012; You et al. 2012).

The stocking density (seed density) of mud crab can be flexible according to local conditions, such as pond
depth and water temperature, conditions of water exchange, seedling sources, prey resources, feed resources,

Table 3.4.1 Effects of seaweed on yields and survival rate of cultured animals.

Pond no. Cultured species Yield (kg) Survival rate (%)
1 S. paramamosain 78.15 12.17

P. monodon 52.70 34.49

M. cephalus 36.25 65.25
2 S. paramamosain 63.85 9.94

P. monodon 45.05 29.48

M. cephalus 29.30 52.74

Notes: seaweed G. tenuistipitata was added into pond 1 but not in pond 2.
Source: Modified from You et al. (2012).
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Figure 3.4.5 Factory culture system for mud crab; each container (30 x 200 x 180 cm) accommodates 100 crabs on average.

feed types, management level, and so on. In monoculture crabs pond of 0.2-0.35 ha, the seedling density is
1.5-3 individuals per m* or 15000—22 500 individuals per ha if they grow from juveniles (summer seedlings)
to adult in the same year; if autumn seedlings are used, the seedling density should be 22500-30000 per ha.
When the pond area is over 0.7 ha, stocking density should be reduced (12000-15000 per ha for summer
seedlings). As for crab-shrimp polyculture (mud crab is the main species, shrimps and fishes are the second-
ary), if pond size is 1.35 ha, crab seedling density usually should be controlled under 9000 per ha. Crabs can
reach marketable size with a weight of 200-250 g after for three to five months.

3.4.3.2 Other Culture Modes

With the increasing demand for mud crab, its culture systems and patterns have been continuously improved.
Other crab culture systems are enclosure culture, cage culture (basket culture), ceramic altar culture, and
industrialized culture systems (Figure 3.4.5), and so on.

Enclosure culture uses a net to demarcate the culture area in intertidal zones or harbors which have large
water area. This kind of culture mode, which takes advantage of natural water resources to conduct mud crab
cultivation, can maintain good water quality with the help of tidal exchange, and has the merit of being low
cost, with a short farming cycle and high survival rate.

Cage culture, ceramic altar culture, and industrialized culture can effectively avoid cannibalism, and result
in high survival rates, farming operation is easy, and the cost of production is low (Zhou et a/. 2005). Mangrove
beach ecological culture, for instance, arranges mud crab cultivation jars on a mangrove beach, utilizes natu-
ral ecosystem itself to control water quality. Fresh shellfish attached to the trees provide food for the mud
crabs, thereby reducing feed quantity, avoiding environmental pollution, and supplying nutrition to the man-
grove, and is ecologically favorable (Zeng et al. 2011; Wei et al. 2012).

3.4.4 Major Challenges and Solutions in Mud Crab Farming

Seedling, feed, and disease are the major factors impeding the development of mud crab culture. Although
artificial propagation of mud crab has been successful (Li and Wang 2001, 2007), large-scale seed production
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has not yet been fully commercialized and disseminated across the country. Sourcing seed from the wild is
susceptible to many environmental influences, and the quantity and quality of supplies are not always reliable.
Many achievements have been made in the field of mud crab nutrition and feed development, but this sector
still lacks feeds that meet the basic nutrient requirements of mud crab. Low-valued fish are the main feed of
mud crab, partly supplemented by formulated feed (Ai 2002; Ai et al. 2005, 2007, 2010). The utilization of low-
valued fish may cause environmental pollution, and transmit diseases and parasites, leading to a decrease of
economic benefits. Thus formulated feeds to meet the nutritional requirement of mud crab during different
growth and development stages are an urgent need for healthy and sustainable development of the mud crab
culture industry (Li et al. 2008; Xia et al. 2010). Meanwhile, generalizing and applying healthy mud crab cul-
ture, namely ecological polyculture of mud crab with seaweed, fish, shrimp and shellfish, combined with meas-
ures for prevention and control of diseases contribute to sustainable development of the mud crab industry.
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3.5.1 Introduction

Commercial sturgeon farming in China is less than 30 years old, with the earliest farming attempts occurring
during the early 1990s (Sun et al. 2011). After the initial attempts in the 1990s, many developments were made
in the following decade, and sturgeon farming yields started to be included in the national statistics around
2000.

After 2000, sturgeon gradually began to be accepted by consumers, and demand increased year on year,
which further promoted development. Sturgeon farming in China in 2003 yielded 9400 tonnes, accounting
for approximately 70 percent of global production (FAO 2015). Since then, the development of sturgeon farm-
ing in China has proceeded rapidly. In the following decade, accompanied by developments in farming tech-
nology and larval production, annual yields increased to 55200 tonnes in 2012, 4.8 times that in 2003, and
accounted for 85.2 perecent of global production (Figure 3.5.1).

The fast development of sturgeon farming in China is closely associated with progress in technology in
resource conservation, acclimatization, artificial propagation, and culture practices and management. The
development of sturgeon aquaculture in China can be roughly divided into five phases (Table 3.5.1).

o surveys of wild resources, and control reproduction research (1950-1972);
o breakthrough phase, including artificial propagation and stock enhancement (1972—-1991);
e intensive culture and natural resource enhancement (1991-2001),

o controlled reproduction and large-scale production of cultured sturgeon (2001-2006); and
o caviar production and export from cultured sturgeon (2006 and later) (Sun et al. 2011).

3.5.2 Sturgeon Resources and the Main Farmed Species

Globally, the living Acipenseriformes occur only in the northern hemisphere, and are concentrated in three
main areas; in the ranges from Eastern Europe to the Caspian Sea, the Black Sea, Aral Sea, and the rivers flow-
ing into them; in the north circum-Pacific, including the east of the Asian mainland and the west of North
America; and on the east coast of North America. In all, 13 sturgeon species have been recorded from the
former Soviet Union, and 10 species each in Asia and North America.

There are eight sturgeon species indigenous to China. These belong to Acipenseridae and Polyodontidae.
Among them, seven species belong to two genera, Acipenser and Huso, of Acipenseridae, and one species
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Figure 3.5.1 Trends in sturgeon aquaculture production in China and in the world, and the percentage contribution of the
former to world production (FAO 2015).

Table 3.5.1 The developmental phases of sturgeon aquaculture in China.

1950-1972

1972-1991

1991-2001

2001-2006

2006
onwards

Wild resources survey and control reproduction research

e 1950s — sturgeon resources survey in Amur River basin completed.

e In 1957, success of control reproduction using wild mature broodstock in China for Amur sturgeon
(Acipenser schrenckii)

o In 1970s, wide survey of Chinese sturgeon (Acipenser sinensis) carried out downstream of Jinsha River, and
the Chinese sturgeon, Yangtze sturgeon (Acipenser dabryanus), Chinese paddlefish (Psephurus gladius) in
the Yangtze River basin.

Breakthrough in artificial propagation and stock enhancement

e 1973 and 1976, breakthroughs made in control reproduction of Chinese sturgeon and Yangtze sturgeon,
respectively.

e 1982, research commenced on stock enhancement of Chinese sturgeon enhancement and farming technology.

e 1983, Chinese sturgeon larvae and juveniles released for the first time.

e 1989, success in Amur sturgeon stock enhancement

Intensive culture and resource enhancement

e 1991, Russian hybrid, Sterlet sturgeon (Acipenser ruthenus) and Russia sturgeon (Acipenser gueldenstaedtii)
introduced for industrial aquaculture.

e 1992-1998, success in Amur sturgeon artificial propagation in north-eastern China, and then successfully
introduced into southern China.

e 1997, breakthroughs achieved in juvenile culture of Chinese sturgeon, and stock enhancement; released
numbers of Chinese sturgeon reached 100000 per year from 1999 to 2001.

e 2000, sturgeon farming production reached 3000 t, and production of larvae reached 20 million.
Control reproduction and large scale culture of sturgeon
e 2002, cultured mature Amur sturgeon utilized for the first time as broodstock.

o Cultured sturgeon control reproduction extended to Siberian sturgeon (Acipenser baerii), starlet sturgeon,
Russian sturgeon, hybrid sturgeon and paddlefish, and juvenile production reach requirements of aquaculture

Caviar production and export from cultured sturgeon

e 2006, caviar export amounted to 0.5 t, the emphasis of sturgeon aquaculture began to transfer to caviar
production and export.

e Currently, caviar export from cultured sturgeon is 30 t per year.
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belongs to Psephurus of the Polyodontidae. In China, sturgeon are mainly distributed in the basins of the
Amur River in north-east China, the Yangtze River in the center of the country, and the Pearl River in the
south, as well as along the eastern coastal shelf, ranging from the Yellow Sea to the East China Sea. Sturgeon
also occur in the Ili River, and Irtysh River basin in Xinjiang in north-west China.

Of the three sturgeon species of the Yangtze River, Yangtze sturgeon (Acipenser dabryanus), and Chinese
paddlefish (Psephurus gladius) are endemic to the Yangtze River, while Chinese sturgeon (A. sinensis) is a
typical anadromous fish, distributed along the eastern coastal shelf of the Yellow Sea and the East China Sea
to the Yangtze River basin. With the pattern of geographical distribution and their endangered status, these
three sturgeon were all categorized as Class I in China’s Catalogue of Aquatic Wildlife under Key State
Protection in 1988 (Wang 1994). Since then, wild resources of sturgeon have been conserved, and sturgeon
fishing has been banned. In addition to the three species above, other sturgeon include the Amur sturgeon
and the Kaluga in the Amur River, the Fringebarbel sturgeon in the Irtysh River, and the Siberian and Sterlet
sturgeons in the Ili River. These five species are all in international rivers shared by China with Russia or
Kazakhstan (Table 3.5.2).

With the rapid development in sturgeon aquaculture over the past two decades, many sturgeon species
have been screened for suitability for farming. So far, over ten species in three groups are farmed on a large-
scale (Table 3.5.3). The first group is the native species which includes Amur sturgeon and Kaluga which are
farmed on a large scale, and Fringebarbel sturgeon farmed on a small scale. Although artificial propagation of
Chinese and Yangtze sturgeons has been developed, commercial farming of these is forbidden as these are
Class Iin the Catalogue of Aquatic Wildlife under Key State Protection.

The second group of farmed sturgeons are introduced species. These include paddlefish, Siberian sturgeon,
Beluga, Sterlet sturgeon, Starry sturgeon, and Russian sturgeon. Among these, paddlefish, Siberian sturgeon
and Beluga are farmed on a large scale. The third group is hybrid sturgeons. The hybrids between Russian

Table 3.5.2 Native sturgeon species and their main distribution areas in China.

Family/ Genus/ Species Common Name Distribution Status
Acipenseridae
Acipenser
A. sinensis Chinese sturgeon Yangtze River, Yellow sea, East Class I state protected species.

China Sea, Pearl River Annual stock enhancement using

cultured sturgeon

A. dabryanus
A. baeri

A. ruthenus

A. nudiventris

A. schrenckii

Huso

H. dauricus

Polyodontidae
Psephurus

P. gladius

Yangtze sturgeon

Siberian sturgeon

Sterlet sturgeon

Fringebarbel sturgeon

Amur sturgeon

Kaluga

Chinese paddlefish

Yangtze River

Irtysh River
Irtysh River

1li River

Amur River

Amur River

Yangtze River

Few wild resources;
Introduced for farming

Few wild resources;
Introduced for farming

Farming;
Enhancement release

Farming;
Enhancement release

Class I state protection animals;
Endangered
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sturgeon ( 3 ) and Siberian sturgeon (%), Beluga ( 3 ) and Siberian sturgeon (%) in China, as well as the cross
and back-crosses between Amur sturgeon and Kaluga and Amur sturgeon and Siberian sturgeon are farmed.
Among the farmed hybrid sturgeons, the major Amur sturgeon (¥) and Kaluga () hybrid, is suitable for
caviar production, due to its fast growth, easy domestication, high-quality caviar, and shortened maturation
time compared with the female parent. While the performance of the crosses and back-crosses of Amur and
Siberian sturgeons are indistinctive and both exhibit better growth rates, adaptability and survival in trans-
portation than the parents. The hybrid cross from Amur sturgeon and Siberian sturgeon, named West hybrid,
are the major sturgeon species in fresh fish markets in China presently.

3.5.3 Sturgeon Farming Areas and Practices

Sturgeon farming now has expanded to most provinces in China. Since environmental conditions are very
diverse over the vast territory of China, the scale of culture, species and practices differ between sturgeon-
farming provinces.

In China, sturgeon farming provinces (Table 3.5.4) can be divided into two categories based on yield. The
first category includes Inner Mongolia, Ningxia, Tibet, Tianjin, Shanghai, Qinghai and Jilin, where annual
yields are less than 30 tonnes. In the other category, covering 23 provinces, sturgeon farming yields are high,
such as, for example, in Hubei, Shandong, Hebei and Zhejiang where production exceeded 2000 tonnes, and

Table 3.5.3 Main sturgeon species groups commercially farmed in China.

Species Farming mode

Native species

Amur sturgeon Major farming;
Running water concrete ponds;

Kaluga C
ages

Fringebarbel sturgeon Small scale
Introduced species
Paddlefish

Siberian sturgeon

Major farming; Extensive culture; Ponds; Cages

Major farming;
Running water concrete ponds;

Bel
cga Cages

Sterlet sturgeon

Russian sturgeon

Starry sturgeon
Hybrids

Major hybrid
(Amur sturgeon ¥ x Kaluga )

Minor hybrid
(Amur sturgeon & x Kaluga ¥)

West hybrid
(Amur sturgeon ¥ x Siberian sturgeon & Amur sturgeon 3§
x Siberian sturgeon ¥)

Minor farming;
Running water concrete ponds;
Cages

Small scale

Major farming;
Running water concrete ponds;
Cages

Minor farming;

Running water concrete ponds;
Cages

Major farming;

Running water concrete ponds;
Cages
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Table 3.5.4 Sturgeon farming scale, based on average annual production in 2011 in different provinces in China.

Annual yield in t Province

more than 2000 Hubei, Shandong, Hebei, Zhejiang

1000 to 2000 Jiangxi, Shanxi, Henan, Liaoning, Yunnan

50 to 1000 Guizhou, Sichuan, Jiangsu, Shannxi, Guangdong,

Beijing, Hunan, Chongqing, Fujian, Gansu, Heilongjiang, Anhui, Guangxi, Xinjiang

less than 30 Inner Mongolia, Ningxia, Tibet, Tianjin,
Shanghai, Qinhai, Jilin

Source: After Sun (2015).

accounted for 65.1 percent of the domestic production. Provinces with annual yields ranging from 1000 to
2000 tonnes include Jiangxi, Shanxi, Henan, Liaoning and Yunnan.

The sturgeon species farmed also vary in the different regions. In the high latitude areas such as north-east
China, the major farmed sturgeon species are Amur sturgeon, Kaluga, Siberian sturgeon, and other intro-
duced frigostable species. While, in north China, which has the proper climate for sturgeon farming, small
sturgeon species like the West Hybrid (Amur sturgeon ¥ x Siberian sturgeon & ; Amur sturgeon & x Siberian
sturgeon ¥ ) and the Siberian sturgeon are much popular. Sturgeon farming in East and Central China is also
well developed with various farmed species. The sturgeons in these two areas are mainly supplied for the
fresh market, and also for caviar production. The sturgeons for the fresh markets include Kaluga, the Major
hybrid (Amur sturgeon ¥ x Kaluga &), the West hybrid [male and female symbols here x 6 total] (Amur
sturgeon ¥ x Siberian sturgeon & ; Amur sturgeon & x Siberian sturgeon ¥ ), Siberian sturgeon and pad-
dlefish. The farmed sturgeons mainly for caviar contain Kaluga, Amur sturgeon, the Major hybrid (Amur
sturgeon ¥ x Kaluga $) and Beluga. In Southwest China, favorable climate and abundant water resources
are suitable for sturgeon farming, and the consumption patterns are also similar to East and Central China,
where the major farmed species include the major hybrid (Amur sturgeon ¥ x Kaluga ), and Beluga. In
south-west China, a favorable climate and abundant water resources make the area suitable for sturgeon
farming, and the consumption patterns are also similar to East and Central China, where the major farmed
species include the major hybrid (Amur sturgeon ¥ x Kaluga &), Russian sturgeon, paddlefish, Kaluga,
Amur sturgeon, Siberian sturgeon and the West hybrid.

3.5.4 The Major Farming Practices

In China, sturgeon farming typically means feeding larval sturgeons of 10 to 20 cm to adult or sub-adult fish,
when, depending on local consumption patterns fish will be sold fresh, while a proportion will be retained for
caviar production. The most popular marketable size is around 0.75 kg, but in some places, especially in
north-east China, frozen sturgeon of over 10 kg is much more popular. For caviar production, sturgeons are
reared up to seven to ten years.

With its vast territory, huge temperature differences between the north and south, and the variety of water
resource characteristics, farming patterns in China are highly diverse. Major patterns of sturgeon farming
include running water farming, cage farming, pond farming, recirculating water farming, and extensive farm-
ing (Sun 2015). Among these, running water farming and cage farming are the most popular. Recirculating
water farming and extensive farming are emerging patterns. Recirculating water permits better adaptability,
but the capital and recurrent costs associated with maintaining recirculating systems are too high to gain wide
popularity/adoption by farmers. Extensive farming is more suitable for those producing large or caviar-
producing sturgeons. Pond farming is much more common in Guangdong and Hubei for paddlefish.
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3.5.4.1 Running Water Farming

In running water farming, water run continuously through the culture ponds for the whole farming period,
and is discharged. In some mountain or hilly areas, farms are built at different altitudes, the water in higher
place can be reused for agriculture at the lower heights, often untreated.

Running water farming is one of the major patterns for adult sturgeon farming, and accounts for around
40 percent of sturgeon production in China. Running water farming is commonly utilized for all species
except Amur sturgeon (Yang 2012).

The water in running water farming is seldom pretreated. As a result, abundant water resources at the
correct temperature and of the right quality are a necessity. Therefore, running water farming often occurs
around pollution-free rivers, lakes, reservoirs, or in some areas with abundant underground water (include
artesian springs and wells). The net benefit of running water farming is closely related to the water-supply
methods. Because of the characteristics of running water farming, it is more common in those areas with
numerous streams, springs and reservoirs, such as in south-east, central and east China. Energy-saving pat-
terns are incorporated into running water sturgeon farming. For example, farms operate downstream of a
reservoir dam enabling the utilization of bottom layers of low temperature water that is discharged. The other
ones directly use the natural streams, springs and rivers along the platform of hills, which is more popular in
south-west China (Figures 3.5.2 and 3.5.3).

Normally, the ponds in running water farming are made of brick or reinforced concrete, and are circular,
oval, rectangular, or octangular. The pond area and depth range from 100-200 m* and 1.5—1.8 m, respectively.
In hilly areas like Sichuan, Yunnan and Guizhou provinces, ponds are constructed of stone or are excavated,
and the shape often depends on the local landscape (Yang 2012).

Running water farming occupies less space, and makes better faming conditions, and results in a high-qual-
ity product which is popular in the markets. This form of farming allows high-density stocking and results in
higher yields. Depending on differences in the water resources, facilities, management and water exchange
ratio, yields can range from 25-30 kg/m® (Xiang 2014; Pang and Cui 2015).

3.5.4.2 Cage Farming

Cage farming of sturgeon is a characteristic Chinese farming pattern, which began around 2000 (Huang
et al. 2000). Now in China, it has become a major farming practice accounting for nearly 50 percent of
domestic production. Cage farming is common, except in north-east and north-west China. It is widely
adopted in large-sized reservoirs, rivers and deep lakes in south-west, central and in east China (Sun
2015).

Cages are often made of polyethylene or metal netting, assembled into rectangular or circular cages with
support frame, fixed blocks and floats. In some provinces such as Hubei, the surface water temperature in
summer often exceeds 28°C, which is beyond the tolerance range for certain sturgeon species, and could
result in high mortality. To compensate for high summer temperature cages are modified to enable moving
down the water column to depths of lower temperature (Figures 3.5.4 and 3.5.5).

As cages permit effective water exchange higher stocking densities can be maintained, with resulting high
yields. Yields in sturgeon cage farming can range from 35—40 kg/m’ (Ji et al. 2011; Zhu et al. 2011; Jiang 2014;
Chen 2015).

The main advantages of cage farming include low capital costs and easy harvesting. However, the open
farming environment leads to a relatively low feeding rate, and higher food coefficient (about 1.8-2.0). This
not only increases the farming costs, but also increases levels of N, P in the effluent. In some reservoirs with
large-scale cage farming, degradation of water quality and resulting eutrophication problems impact on the
morbidity of farmed sturgeon. These issues in cage farming have drawn the attention of the national govern-
ment which has introduced strict management measures and improved cage technology. In Qingjiang River
in Hubei, a novel two-layer cage has been developed for sturgeon farming (Zhu et al. 2011). In these systems
the space between the two cages is utilized to raise bighead carp or black carp, so the feed wastes of sturgeon
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Figure 3.5.2 A sturgeon farm in Dujiangyan, Sichuan,
located below a reservoir dam, utilizing the water
discharged.

Figure 3.5.3 Amur sturgeon farm in Yunnan province, using water from a stream.
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Figure 3.5.4 Sturgeon farm base of Hangzhou Qiandaohu Xunlong Sci-tech Co. Ltd.

Figure 3.5.5 Liujiaxia reservoir sturgeon base of Haidong Sturgeon Exploitation Co. Ltd., Ningxia Province.

in the inner cage can be used by the latter (Chen 2015). These systems result in increased yields around
7.1 kg/m®, enabling profit increases of about 15 percent (Yang and Zhu 2011; Zhu et al. 2011).

3.5.4.3 Pond Farming

Pond farming is a historical fish farming pattern in China. Water could be still, exchanged regularly or run-
ning slowly. The major farmed species are carps including grass carp (Ctenopharyngodon idellus), black carp
(Mylopharyngodon piceus), silver carp (Hypophthalmichthys molitrix), bighead carp (Aristichthys nobilis),
common carp (Cyprinus carpio), and crucian carp (Carassius auratus). Pond farming of sturgeon started
recently, and occurs on a small scale (Figure 3.5.6). The main reasons are that ponds cannot meet the stur-
geon’s needs for higher dissolved oxygen (DO) concentration, and water temperature often exceeds 30°C in
the major sturgeon farming areas in east and central China. These conditions make it hard for sturgeon to
survive in ponds, and lead to low farming profit.

However, paddlefish can tolerate a wider temperature range, and can feed on zooplankton. As such, pad-
dlefish are widely raised in Hubei and Guangdong provinces in ponds (Luo et al. 2011). In addition, pond
farming of sturgeon is practiced on a small scale in other areas such as Hebei, Beijing and Heilongjiang, pri-
marily for broodstock.

Sturgeon pond farming can either be monoculture, the farmed species being only paddlefish, and or
polyculture of paddlefish with a few other fish to regulate water quality and to utilize the pond space more
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Figure 3.5.6 Ponds farming of sturgeon of Hubei Yangtze River Aquatic strains testing station. (See color plate section for the
color representation of this figure.)

effectively. In Guangdong, the major species is paddlefish, cultured with channel catfish (Ictalurus puncta-
tus), or grass carp. In other areas where the major fish is Sterlet sturgeon, silver carp and bighead carp are
more commonly used as subsidiary species.

The other mode of pond farming sturgeon is polyculture, where the major species are traditional farmed
fish such as silver carp, bighead carp, grass carp, black carp, channel catfish and mandarin fish (Siniperca
chuatsi), and the minor species is sturgeon. The mass of the major species is dependent on the water quality,
and on the feeding habits of the minor sturgeon. In ponds where the major species is grass carp, profit can
increase significantly when culturing with 300-450 ind./ha paddlefish of average weight of 250 g (Chen et al.
2011, 2012; Luo et al. 2011; Li et al. 2013).

Guangdong and Hubei are the main provinces of sturgeon pond farming, and both provinces have devel-
oped special farming methods. In Hubei, ponds are used mainly to raise broodstock and for seed production
instead of table-size fish for the market. In recent years, 15-20 million fertilized eggs, and over 15 million fry
of paddlefish were produced from pond farming operations in Hubei. In contrast, pond farming in Guangdong
is often for the production of table-size fish. In Foshan in Guangdong, paddlefish can grow to an average
weight of 2.3—-3.0 kg in just one year, with yields up to 37.5-45.0 t/ha. Overall, pond farming of sturgeon in
Guangdong produces 2500-3000 t/year.

3.5.4.4 Farming in Recirculating Systems

Sturgeon farming in recirculating systems in China is still in early stages of development. The main aim of this
type of system is to create suitable ecological conditions for the last stage of gonad development using the
advantage of controllable water quality. This can promote egg maturation, and produce large quantities of fry,
as well as caviar. Some hatcheries also use recirculating systems to produce fry, as the controlled environment
can improve the survival rate of fry. However, use of recirculating systems for farming table-size sturgeon is
rare. The main limiting factors in this regard are the large investment needed, high operating costs, and that
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overall returns are low. Therefore, a new ecologically integrated recirculating farming system, outlined below,
has been developed, and is used for production.

The theory of ecologically integrated recirculating farming system is the incorporation of a biological filter
to purify water which makes use of the absorption ability of hydrophytes and the decomposition ability of
microbes. Recirculating farming is composed of a culture pool, a physical filter pool, a biological filter pool
and a hydrophyte culture shelf, and associated facilities includes water and gas pumps (Figure 3.5.7). The
effluent from culture pools flow through successive sedimentation pools, biological filter pools, artificial wet-
land planted with hydrophytes, and a collection pool. The purified water is pumped back into the culture
pools after oxygenation. In sedimentation pools, solid wastes can be filtered and removed. In the biological
filter pool, ammonia and nitrite in the water is transformed to nitrates by microbes. Ornamental water grass,
hydroponic vegetables, and flowers planted in the artificial wetland can absorb nitrogen and phosphorus in
the water. After the treatment through the wetland, water runs into the collection pool where it is oxygenated,
and pumped back to the culture pools. Harvesting of the hydrophytes in the artificial wetland can remove
excess nutrients from the water (Lin et al. 2011).

High farming density makes sturgeon prone to injury through contact, and as such lower densities are
preferred in recirculating water farming systems compared to others. Nowadays, the most common den-
sity used is 50 kg/m®. When it comes to ecological farming, the density needs to be continually lowered to
20-30 kg/m® (He et al. 2006; Ren et al. 2013).

In recent years, a new farming pattern has appeared especially used for the production of large-sized stur-
geons. In this practice, sturgeon fry are released into large reservoirs, deep lakes and or old river ways. Animals
grow on the natural feed resources as well as on supplemental feeds. This form of extensive farming is prac-
ticed mainly for Amur sturgeon, Sterlet sturgeon and paddlefish in Qionghai Lake in Sichuan, Yangtze old
river ways in Hubei, and Shengli reservoir in the north east. Amur sturgeon and Sterlet sturgeon extensive
farming experiments are still in progress in reservoirs and lakes in Sichuan and Xinjiang provinces (Sun 2015).

3.5.5 Problems and Challenges

It took only 20 years for sturgeon farming for China to become the largest sturgeon nation producer account-
ing for over 80 percent of world production. This development is a consequence of the large market demand,
and also of the breakthroughs in technology on sturgeon biology, controlled reproduction, and culture. The
artificial propagation of Amur and Chinese sturgeons, and fry-to-fingerling rearing (Sun et al. 2003; Yang
et al. 2008), regulation of gonadal development by controlling water temperature in the case of Amur and
Russian sturgeons and paddlefish (Hu ef al. 2007; Zhang et al. 2012b), and sturgeon sex identification technol-
ogy in the early stages (Chen et al. 2004; Zhang et al. 2012a) are significant developments that have impacted
on sturgeon farming. These advances guaranteed the supply of fingerlings, and permitted sturgeon farming
though the year. Hatcheries in Hubei and Beijing are capable of producing paddlefish, Siberian sturgeon, and
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hybrid sturgeon seedlings for six months of the year. Sturgeon egg production has reached 150000000 per
year, and can fully meet the needs of the sturgeon farming sector in China (Sun 2015).

As sturgeon farming has intensified, as expected, many new problems have emerged that require attention.
The first is sturgeon germplasm conservation, and maintaining pure breeding lines. In the wake of meeting
the seed requirements for sturgeon farming, there has been unplanned broodstock management, as well as
hybridization between many species. All this has led to a degeneration of germplasm, and a decrease in fry
quality and productivity in certain instances. The second is the lack of comprehensive utilization, and appro-
priate development of processing of farmed sturgeon. The third is the lack of attention on the relevant envi-
ronmental problems in sturgeon farming.
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3.6.1 Introduction

Snakeheads (Perciformes, Channoidei, Channidae) are a group of freshwater fish that are able to breathe air
directly through their gill apparatus. The placoid scales of snakeheads are covered with a protective layer of
slime. The shape and stripes of the head resemble a snake, hence the name “snake head” These are highly
aggressive predators, and even become cannibalistic when food is in short supply. Snakeheads show an amaz-
ing tolerance of harsh conditions. Parents construct nests and take care of the young, and prefer to live in
swamps, streams and lakes with aquatic vegetation.

Snakeheads are a freshwater fish species of high economic value in China, since they are considered to be
of high nutritional value, with tender flesh as well as an intense flavor, and are thought to have medicinal
properties, such as promoting muscle growth and hematopoiesis. The northern snakehead (Channa argus)
and blotched snakehead (C. maculata) are two of the most important cultured snakeheads and are native to
China. The snakehead C. argus is widely distributed, except in the Tibetan plateau area. C. maculata is mainly
spread in the Pearl and Hainan river basins. Snakeheads have always been highly prized in Hong Kong, Macao
and Asian countries, and consequently has been one of the primary aquatic products of the Chinese export
trade. In 1994, researchers from Shunde Guangdong successfully bred hybrids using female C. maculata (%)
and male C. argus (3) (Yang 2004). After nearly 20 years of promotion and improvement of farming technol-
ogy, the hybrid snakehead fish has become more popular in China (Figure 3.6.1).

3.6.2 The Main Region of Culture Activities in China

Over the past 30 years, overfishing of wild snakehead resources has led to a sharp reduction in the domestic
supply, as well as a rise in price, which have significantly stimulated intensive snakehead farming. Data from
2003-2014 (China Fishery Statistical Yearbook 2014) show that, the aquaculture production of snakehead
ranked ninth in national freshwater fish production for eight years. In 2014, the snakehead farming yield
(including hybrid snakehead) reached 510340 tonnes (Figure 3.6.2), of which the snakehead yield in Shandong
Province was 113278 tonnes, and the hybrid snakehead in Guangdong Province was 114 981 tonnes, account-
ing for almost half the national farmed snakehead output.

In the last decade, eight main farming regions of snakeheads have emerged in China; include Shandong,
Guangdong, Jiangxi, Zhejiang, Jiangsu, Hubei, Anhui and Hunan provinces (Figure 3.6.3). In 2003 and 2013,
the annual production of the smallest main farming region reached 10000 tonnes and 30000 tonnes,
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Channa argus

Channa maculata

C.argus Q x C. maculata 8
(from Kunci Chen)

C.maculata @ x C. argus 3

Figure 3.6.1 Snakeheads cultured in China.
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Figure 3.6.3 The distribution map of main farming regions of snakehead.

respectively. In the past, C. argus and C. maculata were cultivated in northern and southern China, respec-
tively. Due to favorable and desired characteristics of hybrids, hybrid snakehead has become the main species
replacing C. argus and C. maculata (Yang 2004), especially in southern China, and the scale of the hybrid
farming is still expanding.

Currently, the farming of C. argus in China is concentrated in Weishan in Shandong Province, Yuanjiang in
Hunan Province, Yuhang in Zhejiang Province, and Yugan in Jiangxi Province. In Shandong Province, the
farming area is mainly located around Weishan and Dongping lakes, which account for about 78.13 percent
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of the whole production of the province. Moreover, Lugiao Town in Weishan County, Shandong, is the biggest
snakehead breeding—farming base.

Nearly, 99 percent of hybrid snakehead farming areas are located in southern China. Guangdong is the larg-
est producer of snakehead with more than 4000 ha of farming area, including Shunde, Zhongshan, and Nanhai
in the Pear] River Delta region. In recent years, Zhejiang has also become one of the main regions where there
has been rapid development of snakehead farming. The farming area here reached 2000 ha in 2010, compared
with 500 ha in 1990s, mainly concentrated in Xiaoshan, Yuhang, Linghu.

3.6.3 PastTrends

Numerous features, such as strong environment adaptability, ready availability of seed, fast growth, high
yields, good meat quality, and easy long-distance transportation, have stimulated snakehead farming.
Industrial development of this sector can be roughly divided into three phases: the early exploration phase,
the maturing phase of culture technology and industrialization, and the rapid development phase.

3.6.3.1 Early Exploration Phase

Since the 1980s, wild caught snakehead fingerlings were stocked experimentally in ponds and cages, and fed
low-valued fish in a few areas of northern and southern China. In 1987, the first batch of C. maculata from
Hong Kong was introduced into Shunde in Guandong, and showed good growth performance. Within a six-
month culture period, this Hong Kong stock gained an average weight of 1 kg. Over the same period, a lot of
basic research and experiments on snakehead have been carried out, including nutrition and food, disease
control, broodstock cultivation, and so on. Wide experience has been accumulated through culture practices,
but, due to some limitations on seed availability and in artificial propagation technology, the development of
aquaculture has been slow (Lin 1986; Chen 1997; Yue et al. 1999). Annual production was about 15000 tonnes
in China at the end of the 1980s (Zhang et al. 2011). Cultivation of C. maculata was mainly concentrated in
Zhongshan in Guangdong Province, C. argus are cultured in Xiaoshan in Zhejiang Province, and in Honghu
lake in Hubei Province.

3.6.3.2 Maturing Phase of Culture Technology

In the 1990s came breakthroughs in artificial propagation and in the large-scale production of snakehead
fingerlings (Chen 1997; Yue et al. 1999; Chen et al. 2001). A series of pollution-free technical specifications
for culture, based on feeding, water-quality control, and disease prevention and control, were worked out.
Based on the above specifications large-scale popularization of high-yielding culture models promoted the
industrialization of snakehead farming. A group of villages and towns specializing in snakehead farming
sprang up in Shandong, Hubei, Hunan, Guangdong, Jiangsu, Anhui, and other provinces. In Luqgiao town,
Weishan, Shandong, more than 95 percent of snakehead farmers had mastered breeding technology of the
snakehead (Si et al. 1999), and between them produced more than 200000000 larvae annually, increasing the
output value of the larvae to 80 million RMB (6 RMB = 1 US$).

The hybrids C. maculata (%) x C. argus (3 ) were developed successfully in Shunde, Guangdong in 1994.
Hybrids exhibited excellent heterosis in farming. Remarkable progress was made in larval hatching and snake-
head feeding around 1996.

Meanwhile, traditional snakehead cultivation not only threatened natural fish resources, caused deteriora-
tion of water quality, and resulted in frequent disease outbreaks, but also led to the wasting of water resources
and environmental pollution owing to frequent exchange of large quantities of water (Wang 2003). This hin-
dered the healthy and sustainable development of the snakehead farming industry. In 1996-1997, serious
germplasm degradation problems brought a heavy blow to the snakehead farming industry in the Pearl River
Delta. Problems arose such as high feed-conversion ratio, a slow growth rate, poor water quality, a higher
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frequency of disease with lower survival rate, as well as higher cost of production, resulting in lower profit
margins.

3.6.3.3 Rapid Development of Industrialization of Snakehead Farming

In the twenty-first century, the development on pond farming of the snakehead C. argus persisted in what is
referred to as an Improved Variety System, a brand known in northern China. A series of cleaner production
technologies were applied, such as breeding, pond ecological transformation, composite system construction,
water quality regulation, and wetland water circulation, which promoted the rapid progress of industrialization.

Aquaculture in the Weishan Lake area paid particular attention to quality of the produce and efficacy of
marketing. Farmers have implemented ponds-wetland circulation ecosystem model at lakeside ponds in the
production of C. argus. In 2012, the farmed production of snakehead reached 56 202 tonnes in Jining, produc-
ing 320 million fry, expanding the farming acreage to 10333 ha in North China.

The hybrid snakehead was widely cultivated in the Pear] River Delta in 2003, where highly intensive cultiva-
tion in ponds was the main mode of farming. With improvements in feed, and greater promotional efforts by
feed mills, farmers gradually accepted extruded feeds. With the improvements in fingerling production, and
the use of extruded feeds, the industrialization of snakehead aquaculture made great progress in southern
China during 2012. It was unexpected to observe that the farmed production of hybrid snakehead yield ranged
75000 to 112 500 kg/ha compared with other freshwater fish species. This interest in snakehead farming had
spurred vigorous development of supporting industries, such as seed stock and formulated feeds.

The snakehead has overcome its negative image as a predatory ‘black fish’ in aquaculture and has gradually
become a favorite species with an annual production of more than 500 000 tonnes. It has been transformed from
a special, high-quality species into a conventional freshwater fish on the dining table of the common people.

3.6.4 Culture Environments

Ponds used for snakehead farming are usually 667—2668 m>, and 1.5—-2 m of water depth. The farming condi-
tions require a dissolved oxygen (DO) level above 5 mg/l, pH 7-8, and water transparency of more than
30 cm.

In the case of high-density farming, pond water is prone to become black and smelly, and needs replenish-
ment in time. In general, pond water needs to be exchanged 1/3 times in a week during the early culture
period, and 4/5 times every seven to ten days during the high temperature season. Water has to be exchanged
at least 10 times during a culture cycle of six months in earthen ponds, and perhaps 20 times in cement pond
culture. In addition, making scaffolding shade in the summer, and increasing the depth of water in winter
ensures that the water temperature is kept relatively stable.

The breeding period of C. argus is generally from May to July. The water must be clean, with an ambient
temperature of 20-25°C, water depth 20-35 cm. Quiet and weak light without wind is most suitable for
spawning. C. argus larvae are cultivated with slow flowing or still water in cages or cement pools. To ensure a
relatively stable environment, it is better to install a greenhouse over the pond to prevent direct sunlight
and rain.

3.6.5 Culture/Farming System(s)

3.6.5.1 Artificial Propagation

3.6.5.1.1 Natural Breeding
Natural spawning occurs from April to June when water temperatures reaches 20—25°C, in cement or earthen
ponds in greenhouses, stocked with aquatic plants to provide the materials needed to build artificial nests,
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and stocking one male and one female in a pond (Liu et al. 1996; Chen et al. 2001). After incubation, the fry
are fed with live zooplankton collected from rivers, lakes and ponds (Du and Zhou 1962). When fingerlings
reach a body length of about 2 cm, they are fed with a mixed diet of zooplankton and surimi and the propor-
tion of the latter is increased gradually. Fingerlings of about 3 cm are transferred to outdoor ponds or cages
for the next stage of culture. This model is mainly used in Shandong and other northern areas that are rich in
wild C. argus resources.

3.6.5.1.2 Mass Breeding

Mass breeding is performed in a batch of foam boxes or net cages with one male and one female per box or
cage, using artificial hormones to induce spawning. This model is mainly used for hybrid snakehead breeding
in South China, and C. argus breeding in a few other regions (Liu et al. 1996; Si et al. 1999; Chen et al. 2001).
After incubation, fry are transferred to outdoor ponds with abundant zooplankton. Fingerlings of about 3—-5
cm are fed extruded feed.

3.6.5.2 Farming Models

In China, snakeheads are generally cultured in outdoor earthen ponds. Cage and cement ponds are also used
in a few farms. At present, snakehead cultivation is mostly a high-yield model, and mainly comprises of eco-
logical farming, and intensive farming models (Wang 2003).

3.6.5.2.1 Ecological Farming Model

The ecological farming model refers to a model where seed density is controlled, stock is fed low-valued fish,
and water quality is controlled through stocking bighead carp and silver carp or aquatic plants. In this model
probiotics are also used to reduce the incidence of disease and use of medication, to improve flesh quality,
yields and profits, and achieve the best environmental and ecological benefits.

In 2012, the traditional farming ponds of snakehead C. argus in Luqgiao, Shandong was transformed into a
system that resulted in zero water discharge by recirculating the water within a pond complex. This has been
extended to over 3250 ha of snakehead farms. In such situations, farmers have mastered the technology
needed to maintain good water quality with minimal water exchange. The brand of Lake Weishan C. argus
was recognized as a national geographical indication product. It is an example of ecological farming and
branding in the snakehead farming industry of the aquaculture industry of China.

Snakeheads grow fast, a significant proportion of the stock can be sold in May, and the rest before the end
of the year. The ecological farming ponds in Weishan town rely on feeding fresh ice fish. The stocking densi-
ties used range from 60000—75000 ind/ha, when an average yield of 64485 kg/ha, and a maximum yield of
97500 kg/ha, with fish of average weight of 1317 g can be obtained.

3.6.5.2.2 Intensive Farming Model

Hybrid snakeheads are usually farmed intensively in ponds and fed with extruded feeds. As the availability of
water is limited and its usage is restricted, farming is practiced without any water exchange or with limited
water exchange. With water regulation technology, aerator facilities, and the use of extruded feeds, the inten-
sive high-density farming model has achieved success in the Pearl River Delta region since the promotion of
hybrid snakehead farming in 2003.

In Guangdong, the fingerlings of hybrid snakehead are stocked in April at a density of 225000—-300000 ind./ha
(Zou and Zhuo 2011). Fish of average weight of 0.45-0.75 kg are harvested in around September and yields of
90 000—112 500 kg/ha are achieved. In Zhejiang a stocking density of 105 000 ind./ha or so is used, and aver-
age vields of 51 712 kg/ha are achieved.

The intensive aquaculture of hybrid snakehead has some pros and cons, such as high output, a short farm-
ing cycle, a low feed conversion rate (FCR), bigger risks, high-technological inputs, and large investments.
There are many animal health and feed companies that deal in chemicals and treatments to maintain good
water quality, and to treat diseases. Most of them also provide technical services to farmers.
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3.6.6 Main Advances in Culture Technology over the Last Decade or More

3.6.6.1 Production of Snakehead Hybrids

Hybridization of the northern snakehead and blotched snakehead resulted in two hybrids (C. maculata % x
C.argus § and C. argus ¥ x C. maculata ¥).

Zhongshan fishery technology departments of Guangdong Province attempted hybridization between
C. maculata (%) and C. argus (§) in 2000, and developed the hybrid snakehead variety “Huinong No. 1”, with
many advantages, including fast growth, strong resistance to disease, less reliance on low-valued fish as feed
(Yang 2009).

In 2009, Hangzhou Agricultural Science Research Institute of Zhejiang Province successfully developed
another hybrid “Hangli No. 17 C. maculata (%) and C. argus (§) which is the first hybrid snakehead variety
approved by China National Aquaculture Variety Approval Committee (CNAVAC) (Wang et al. 2009).

In 2014, the hybrid snakehead variety “Wuban hybrid snakehead” (C. argus ¥ x C. maculata &) developed
by Pearl River Fisheries Research Institute (PRFRI) was approved by the CNAVAC as a new aquaculture vari-
ety. This hybrid showed significant heterosis and better growth, lower FCR and better yield, and stronger
cold-tolerance (Zhang et al. 2011).

3.6.6.2 Extruded Feeds

Since 2000, farmers in the south showed some interest in using extruded feeds. With improvements to the
feeds and more promotional efforts by feed mills, farmers gradually accepted extruded feeds (protein:
40-45 percent, fat: 4-5 percent, crude ash: <16 percent, water: <12 percent). In 2002, the extruded feed
market for snakehead was just about 200 tonnes, but reached 220000 tonnes in 2012. Except for some
farming of C. argus, using low-valued fish in the north of China, most farmers now prefer to use extruded
feed (Figure 3.6.4).

Figure 3.6.4 An example of an extruded feed bag used in snakehead
culture.




Emerging Cultured Species

The promotion of the use of snakehead hybrids and extruded feeds in southern China, not only greatly
reduced deterioration of water quality, but also successfully solved the problem of the availability of artificial
feeds especially formulated for snakehead. With the development of these technologies and excellent brood-
stock, the farming density and unit production of snakehead will be further enhanced. All these successes
have not only established a solid theoretical and practical foundation for commercialization and large-scale
production of snakehead, but have also laid a firm foundation for the subsequent application and promotion
of extruded snakehead feeds.

3.6.7 Markets and Marketing

With an expanding domestic market, the snakehead has become an important commercial fish of high market
value. In recent years, market demand for snakehead in Hong Kong, Macao, Japan, South Korea, Vietnam and
other regions has increased markedly. Guangdong is the largest producer of hybrid snakehead, and more than
80 percent of its production is sent to Shanghai, Zhejiang, Hubei, and other northern provinces. During the
harvest period, more than 300 tonnes of the hybrid in Shunde, Guangdong are sent to market daily
(Figure 3.6.5).

The price of snakehead was at RMB 40-60 per kg (6 RMB = 1 US$) in the late 1990s, and the profit margin
at farm level was around 33 percent. The high returns have attracted many newcomers to snakehead farming.
This has resulted in an oversupply, and a reduction in price with dependence on local live fish markets. The
fish price was very low with a large production in 2010, but rose in 2011 and reached the highest point in 2012,
but dropped again in 2013-2014.

Since 2010, the market for snakehead has gradually approached saturation. The price has remained at 20
RMB per kg. The market price is high between June and September when there are insufficient supply of
commercial-size fish in the market. However, market prices continue to decline even below cost price in
northern China because of the import of hybrid snakehead from Guangdong, and farmers have had to choose
to stock snakehead fish ponds according to market demands.

Figure 3.6.5 Snakehead at a wholesale market in Wuhan, Hubei Province. (See color plate section for the color representation of
this figure.)
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3.6.8 Constraints

In China, snakehead culture breakthroughs in fingerling production, commercial farming, and extruded feed
development have enabled the establishment and popularization of the snakehead industrialization process.
Currently, there are some urgent issues restricting healthy and sustainable development of the industry.

In traditional snakehead culture low-valued fish was the main feed, which led to high feed coefficient, food
wastage, and deterioration of water quality. Yet it was very common to discharge wastewater directly into
common waterways. The discharge of nearly 300 million tonnes of wastewater every year aggravated the level
of eutrophication in rivers, lakes and reservoirs, which not only restricted the sustainable development of the
aquaculture industry, but also intensified pressures on water resources.

At present, the artificial propagation of C. argus, C. maculata and hybrid snakehead are inadequate. There
are many private-sector hatcheries and nurseries producing hybrid snakehead, but these management sys-
tems are not standardized. The high profits of hybrid seed production have resulted in the production of
some low-quality fingerlings, and consequently negative economic characteristics, including slow growth and
disease have already appeared in some regions (Zou and Zhuo 2011).

As fish prices fluctuate every year, the industry needs a fish trade association, as well as a marketing sys-
tem to ensure its profitability. More assistance and guidance from the government are sought in establishing
effective fish marketing communication channels to ensure a balance in supply and demand, throughout
China.

3.6.9 Future Prospects

The conservation of germplasm resources of C. argus and C. maculata is the basis of the industrial develop-
ment of hybrid snakehead. Because hybrid snakehead farming expanded rapidly and rather blindly, it is easy
for these hybrids to impact on the gene pool of parent stocks.

The standardization of intensive farming technology guarantees the healthy development of the snakehead
industry. With strict legal regulations, banned medicines are seldom used in aquaculture. It is still necessary
to enhance the environmental awareness of the farmers and encourage compliance with sustainable aquacul-
ture protocols.

Opening diverse markets at home and abroad will be an important factor in the steady development and
industrialization of snakehead culture. In Zhejiang Province, some leather producers are attempting to use
the skin to produce commercial products, such as handbags and handicrafts. The meat yield of the snakehead
is as high as 63 percent, and thus it has a potential for the export of fillet.

It is reasonable to believe that the snakehead will continue to be a promising farmed freshwater fish in
China. We expect that the high profit margins will continue to drive the growth in snakehead farming.
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3.7.1 Why is It Mandarin Fish (Siniperca chuatsi)?

China has continued to lead global aquaculture production over the last few decades, and its freshwater
aquaculture sector has remained a cornerstone of global aquaculture (Wang et al. 2015b). Over the years, the
Chinese major carps — grass carp (Ctenopharyngodon idella), silver carp (Hypophthalmichthys molitrix),
bighead carp (Aristichthys nobilis), common carp (Cyprinus carpio), crucian carp (Carassius auratus), black
carp (Mylopharyngodon piceus), and round-head bream (Megalobrama amblycephala), have dominated
Chinese freshwater aquaculture, accounting for nearly 65 percent of the total freshwater aquaculture produc-
tion in China. These carps continue to contribute to food fish availability and food security, but are generally
considered as the ‘poor man’s’ fish. With improving living standards, and a growing middle class in the devel-
oping world and in China (Li 2010) which generally has an appetite for high-quality food varieties, one could
expect a change in the species profile of cultured species; perhaps significant increases in carnivorous species,
which often are purported to have a better taste, and rarities such as puffer fish and Sinipercinae fish (Wang
et al. 2015b).

Sinipercinae species, freshwater fish indigenous to East Asia, are mostly distributed in China, on the Korean
Peninsula, in Japan, Northern Vietnam, and the Amur River along the Russian borderlands (Li et al. 2014a).
Sinipercinae comprise two genera, Siniperca with eight species, and Coreoperca with four species. Among
them, ten species occur in China, primarily in central and southern China (Yao and Liang 2015). Mandarin
fish (Siniperca chuatsi), bigeye mandarin fish (S. kneri), and spot mandarin fish (S. scherzeri) have been farmed
in China. They are traditional high-valued food fish, with a good flavor, high nutritional value, little bone in
the muscle, and cherished by Chinese people. However, compared with the latter two species, mandarin fish
is more widely cultured throughout the country, and is also important in stock-enhanced fisheries in lakes
and reservoirs due to its large size, rapid growth, short culture period, ready availability of seed, high market
demand, and value (Liu et al. 1998; Li et al. 2014b; Yao and Liang 2015) (Figure 3.7.1).

3.7.2 Biological Characteristics of Mandarin Fish

Mandarin fish is a demersal species. The fish, with nocturnal habits, often inhabits complex habitats in lakes,
reservoirs and rivers. Mandarin fish have good growth potential, a six-year-old individual captured in Lake
Biandantang in Zhengjiang Province weighed over 5.5 kg. The growth rate is much faster in artificially con-
trolled conditions than it is in nature. For example, the mean weight of mandarin fish cultured in ponds can
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Figure 3.7.1 Mandarin fish Siniperca chuatsi.

reach 900 g compared to about 200 g in a lake, over the same period of time (Li et al. 2014a; Yao and Liang
2015). Also, their growth rate showed significant sexual difference in that the growth rate of female was 10-20
percent faster than in males (Chiang 1959; Li et al. 1998; He and Xiang 2005).

Mandarin fish in nature mature at two years, and the main breeding season is between April and July, when
the water temperature is above 20°C. Spawning grounds of mandarin fish are generally known to be in the
littoral zones and water inlets of lakes and reservoirs, especially in sandy or submerged vegetation-covered
shallows with flowing water. Spawning time lasts for three—six hours, but very occasionally may last 24 hours.

Mandarin fish have unusual feeding habits. The fish only eat live fish and shrimps, and do not consume
dead prey or artificial diets during all lifecycle stages (Chiang 1959; Li et al. 2014a; Yao and Liang 2015). In
nature it is completely carnivorous, and has been found to capture live fry of other fish species from the first
feeding stages (Chiang 1959). Their feeding strategy differs at different stages of their lifecycle, using a cruis-
ing search-and-attack strategy in the larval stage, and a hide-and-ambush strategy in the adult stage (Li et al.
2014a; Yao and Liang 2015). The diet of mandarin fish is dominated by crucian carp, topmouth gudgeon
(Pseudorasbors parva), sharpbelly (Hemiculter leucisculus), Rhodeinae and shrimps (Macrobrachium spp.
and Caridina spp.) in many lakes in the middle reaches of the Yangtze River (Li et al. 2013a, 2014b; Yang et al.
2002). The difference in dominant prey fish consumed by mandarin fish in lakes may result from differences
in availability and abundance. Mandarin fish is a mouth gape-limited predator which possesses a “predation
window” defined by the minimum and maximum size of prey consumed (Claessen et al. 2002; Li et al. 2013a).
The size spectra of a potential prey consumed by mandarin fish is within the predation window set by its
mouth gape (Li et al. 2013a).

3.7.3 The Value and Significance of Mandarin Fish in Aquaculture

Mandarin fish is a famous freshwater fish in China, and has a relatively high market value. The fish is generally
considered to be important as a top order predator in aquatic ecosystems, and it has important significance
for regulating the structure of the food web and maintaining ecosystem balance.

3.7.3.1 Economic Benefits

Mandarin fish has been considered as a valuable fish since ancient times. The fish, together with Yellow River
Carp (Cyprinus carpio var), Songjiang River Perch (Perciformes spp.) and Xingkai Lake Culter (Erythroculter
erythropterus), were hailed as the “four famous freshwater fish” in China (Yao and Liang 2015). The market
price of mandarin fish is much higher than many other freshwater fish, e.g. its market price is five to ten times
that of Chinese carps. In 2014, the production of mandarin fish was 293 853 tonnes and the output value was
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US$ 2.37 billion. Production of mandarin fish accounted for 1.00 percent of the total freshwater aquaculture
production, but the output accounted for 2.90 percent of the total output value of freshwater aquaculture of
China (China Fishery Statistical Yearbook 2015). Also, the fish has become a new export aquatic product that
is exported live to neighboring countries and regions.

3.7.3.2 Optimizing Freshwater Aquaculture Modes

The total freshwater aquaculture production was 29357 591 tonnes in China in 2014, of which 65 percent was
accounted for by grass carp, silver carp, bighead carp, common carp, crucian carp, black carp and round-head
bream (China Fishery Statistical Yearbook 2015). These carps, with low market price, were usually cultured
in ponds at a high density, creating an oversupply and resulting in environmental problems (Zhang et al.
1997). Mandarin fish, with high market value, can be profitable at relatively low yields, reducing the pressure
of aquaculture on the environment. Therefore, developing aquaculture of mandarin fish was considered as
the important step of adjusting and optimizing the freshwater aquaculture modes in China.

3.7.3.3 Improving Water Quality in Natural Water Bodies

There is a growing recognition of the important role of predators in regulating ecosystems and sustaining
biodiversity (Ritchie and Johnson 2009). Furthermore, studies on North American and European lakes have
suggested that stocking piscivorous fish has direct and indirect impacts that alter the biota and water quality
of lakes through top-down effects (Carpenter and Kitchell 1988; Van Liere and Gulati 1992; Zhang et al.
1997). The top-down effects of piscivorous fish in lake systems predict that an increase in piscivorous fish will
reduce the biomass of zooplanktivorous and benthivorous fish, leading to a reduction in phytoplankton bio-
mass (Carpenter and Kitchell 1988; Benndorf et al. 2002). Stocking piscivorous fish in lakes has become a
strategy for water quality management and a widely accepted ecological paradigm (Van Liere and Gulati 1992;
Drenner and Hambright 1999).

In China, mandarin fish is considered to be one of the important predators in freshwater ecosystems.
However, the natural resources of mandarin fish have declined sharply in the past several decades due to habi-
tat degradation, reduced spawning grounds, overfishing and (or) eutrophication, resulting in small-sized fish
species dominating fish communities in many Yangtze lakes (Cao et al. 1991). These small-sized fish usually
have low market value, and potentially compete for resources with other large or medium-sized commercially
valuable fish. In order to utilize the abundant small-sized fish resources, and to prevent populations of small-
sized fish from growing excessively, stocking of piscivorous fish, especially mandarin fish, has become an
important fisheries activity in lakes along the Yangtze River (Xie et al. 2000, 2003; Cui and Li 2005; Li et al.
2014b). Mandarin fish stocking is a form of culture-based fisheries in lakes (Wang et al. 2015a), which not
only channel more energy into large and medium-sized commercially valuable species, but also enable the
recovery of the latter populations. In addition, our practices have indicated that stocking mandarin fish has
the potential to improve water quality of shallow Yangtze lakes (unpublished data). Based on the above, stock-
ing mandarin fish in lakes may have a positive role for optimizing food web structure and regulating
ecosystems.

3.7.4 Development and Status of Mandarin Fish Culture

Experimentation on mandarin fish culture began in 1958 (Yao and Liang 2015). Juvenile mandarin fish were
captured from lakes and or rivers and reared in small ponds at that time. From the 1960s to 1970s, mandarin
fish culture developed slowly due to limited availability of seed stock. In 1975, artificial propagation of man-
darin fish was successfully conducted in the aquaculture farm of Suzhou, Jiangsu Province. In the 1980s, as
the technologies of artificial propagation continued to improve, and the technology of larval rearing was
developed, and the bottleneck of mandarin fish seed production was settled. Since then, fry and fingerling
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Figure 3.7.2 Fry (a) and fingerlings (b) of mandarin fish.

production of mandarin fish has increased rapidly (Figure 3.7.2). According to incomplete statistics, at least
1.5 billion mandarin fish fry and fingerling were produced in 2014. Due to the increasing demand of high-
quality mandarin fish fingerlings for grow-out, a number of large-scale grow-out farms have built hatcheries
to produce fry and fingerling for their own use.

Now that the key technologies of artificial propagation, larval rearing and commercial fish culture has
improved, the production of mandarin fish has increased rapidly. From 1993 to 2014, production increased
seventeen-fold, from 17 600 tonnes to 293900 tonnes (Figure 3.7.3). There were three main culture practices
of mandarin fish that were practiced in the development processes; pond, cage, and pen. The development of
these types of culture has changed with time. The first record of the production of commercial-sized cultured
mandarin fish from artificially propagated seed was in 1975, when 482 individuals were produced in a pond
(Yao and Liang 2015). At the beginning of 1990s, pond culture of mandarin fish developed rapidly in
Guangdong Province. In 1994, the production reached 18 600 tonnes and the output value was over 1 billion
RMB (6 RMB= 1 US$) in Guangdong Province. In the mid 1990s, mandarin fish culture in cages was con-
ducted in reservoirs and lakes in Hubei, Guangdong, Jiangsu, and Anhui provinces. Also, practices of mandarin
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fish stocking in shallow Yangtze lakes were carried out. At present, artificial stocking of mandarin fish in lakes
has achieved success, and has been an important fisheries pattern in China (Xie et al. 2003; Li et al. 2014b),
which has not only increased the profits at relatively low yields and cost, but has also facilitated the control of
populations of small fish with low market value, and resolved the conflict between fisheries development and
water quality conservation based on the principle of trophic-cascading effects (Carpenter and Kitchell 1988;
van Liere and Gulati 1992; Li et al. 2014b).

The development of mandarin fish culture differs significantly in different regions of China. The main
regions for mandarin fish production is in the middle and lower reaches of the Yangtze River and in southern
China, concentrated in Guangdong, Jiangxi, Anhui, Jiangsu, Hubei, Hunan, Zhejiang, and Sichuan provinces,
which account for more than 96 percent of the total production (Figure 3.7.4). Annual production in
Guangdong province was much higher than in the other provinces above, accounting for at least 32.7 percent
of the total production until 2014.

3.7.5 Key Factors for the Success of Mandarin Fish Culture in China

3.7.5.1 Seed Production

The availability of good-quality fry and fingerlings in adequate quantities is considered to be one of the most
critical factors for the success of mandarin fish culture in China. Before 1975, fry and fingerlings were wild
caught and supply was limited, so the culture of mandarin fish in that period was mainly in small ponds with
low stocking density (Yao and Liang 2015). Since the development of artificial propagation, mandarin fish
seed has been produced in hatcheries in adequate amounts, and commercial culture has developed with mul-
tiple crops per year which has enabled the adoption of high stocking densities.

3.7.5.2 Improvement on Matching Prey Fish Techniques

As indicated earlier, mandarin fish have very peculiar feeding habits, only preying on live fish and shrimp during
all life-history stages (Chiang 1959; Li et al. 2014a; Yao and Liang 2015). Availability and palatability of prey fish
for mandarin fish during all life-history stages is vital for their survival and growth (Li et al. 2013a). Mandarin
fish start to first feed on the third or fourth day after hatching, therefore it is necessity to provide other palatable
larval fish on the third day after hatching. Various kinds of different sizes of live prey fish must be prepared
in advance, based on the time of commencement of feeding of mandarin fish. At commencement of feed-
ing, the optimal prey fish provided for mandarin fish are three-day-old fry of bream (Parabramis pekinensis),
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round-head bream (Cirrhinus molitorella), Cirrhinus mrigala, mrigal or Labeo rohita, labeo. After the period of
initial feeding, the prey fish size rather than the species is important for mandarin fish. Prey fish with body depth
exceeding the gape size of mandarin fish will not be captured. At this stage, more palatable prey fish such as
silver carp, grass carp, and/or bighead carp could be used to feed mandarin fish. Improvements in prey fish
matching techniques for mandarin fish is one of the key factors for the success of mandarin fish culture.

3.7.5.3 Key Pond Culture Techniques

The techniques for commercial food fish culture of mandarin fish in ponds have improved over three decades
of studies and practice. The key techniques of mandarin fish culture in ponds include environmental condi-
tions, stocking parameters, and daily management techniques. Among these, the stocking density is directly
related to production. Generally, the stocking density of mandarin fish of 2.5 g is 10000 to 15000 individuals
per ha. However, a higher stocking density is often used in some practices with the improvement of culture
techniques (Yan et al. 2016; Zhao 2016).

3.7.5.4 High Economic Benefits and Available Markets

High economic benefits and available markets are two attractive reasons for involvement of investors in man-
darin fish farming. In recent years, many owners of mandarin fish farms are investors from other industries.
Mandarin fish farming requires high investment for fingerlings, prey fish and pond rent, but the total net
benefit per unit area is much higher than for other farmed species, such as traditionally farmed carps, due to
the high market price of mandarin fish. In general, the production of traditional carps per unit pond area in
China is two to three times compared to that of mandarin fish; but the market price of the carps is only one-
tenth to one-fifth that of mandarin fish. Second, the availability of markets has also been one of the key factors
contributing to the fast growth of mandarin fish industry. With the advance of living standards in China, more
people are demanding quality aquatic products. The increasing requirements for mandarin fish from a grow-
ing middle class often results in a short supply, especially during festival seasons. In addition, the rapid expan-
sion of export markets also played a key role in the increase of production in the recent past.

3.7.6 Culture Modes

There are three main culture practices of mandarin fish in China: pond culture, cage culture, and stock
enhancement in lakes. Pond culture has been developing rapidly since the success of artificial propagation of
mandarin fish and has become the dominant culture model. The important driving forces in the development
of pond culture practices include low infrastructural investment, a short culture period, and high economic
benefits. Mandarin fish culture in ponds has two modes: intensive culture and co-culture with other aquatic
species. Mandarin fish culture in cages was first reported in 1988 in the Fugiaohe Reservoir in Hubei province
(Huang 1988). Experimental results showed that cage culture gave good economic gains, but this culture prac-
tice developed slowly, primarily due to higher risks, such as escape of stock, higher technical demands from
farmers, and higher costs leading to reduced economic efficiency compared to pond culture. Stock enhance-
ment of mandarin fish in lakes, which is a form of culture-based fisheries (De Silva 2003), began to develop
from the beginning of the 1990s in Hubei Province. Since then, this culture practice has been developing very
rapidly in many lakes of the middle and lower reaches of the Yangtze River (Li et al. 2014a; Wang et al. 2015a).

3.7.6.1 Intensive Pond Culture

Intensive pond culture is the dominant practice of mandarin fish culture in China due to the availability of
ponds, a short culture period, low infrastructural investment, and high economic benefits compared to cage
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and lake practices. This culture practice is concentrated in the warmer areas of southern and central China,
and is still developing fast.

3.7.6.1.1 Pond Conditions

Intensive pond culture of mandarin fish demands a nearby water source, and the water quality has to conform
to the national standards for fisheries. Pond size for mandarin fish intensive culture is similar to around 0.2-1
ha, and 0.3-0.6 ha are considered optimal (Figure 3.7.5). The depth of the pond is about 2 m, and the water
depth is maintained at 1.5 m. In general, ponds, with little mud and a sandy bottom are preferred. Prior to
stocking, all ponds should be thoroughly disinfected with quicklime (1.5 tonnes used in 1-ha pond) in order
to reduce the occurrence of disease during the culture period. In addition, some submerged macrophyte, such
as Hydrilla verticillata, Vallisneria natans are usually planted in the littoral zone around the pond, which act
as a shelter and facilitate the predatory habits of mandarin fish, as well as absorbing nutrients from the bottom
sediment.

3.7.6.1.2 Fry and Fingerling Stocking

The quality of fry and fingerlings of mandarin fish is vital for the success of mandarin fish culture in ponds.
So it is better to choose fry or fingerlings that are directly obtained from hatcheries. Prior to stocking, fry or
fingerlings should be immersed in a disinfectant aqueous solution of 3 percent to 5 percent NaCl for ten to
fifteen minutes.

Two stocking methods are commonly used in intensive pond culture of mandarin fish: direct-stocking and
staggered-stocking. Direct-stocking is when fry of an average length of 3 cm is stocked in ponds, and cultured
to marketable-sized fish. This method is suitable for farmers who own a limited number of ponds. In this
method, initially, 20000 000, three-to-five-day-old larvae of mud carp (C. molitorella) are stocked per ha, and
allowed to grow to alength of 1.5 cm over two weeks, at which point 20000 mandarin fish fry are stocked. The
advantage of this method is that it is simple to operate, it requires a smaller pond area, and saves on invest-
ment and labor. The disadvantages are low survival rate due to small stocking size. In contrast, the staggered-
stocking method is when fry of 3 cm are first cultivated to large-sized fingerlings, then stocked in ponds and

Figure 3.7.5 An intensive mandarin fish culture pond.



Emerging Cultured Species

cultured to table-size fish. This method is usually adopted by enterprises and farmers with facilities for large-
scale production. The large-sized fingerlings can be cultivated in ponds or cages. In this stage of large-size
fingerling cultivation, the stocking density of mandarin fish fry of length of 3 cm was 60000 to 75000 per ha
or 100 to 150 per m® in cages. After about 40 days, most fry reach fingering size of 50 g. Large-sized fingerlings
at a stocking density at a rate of 15000 per ha are transferred in to grow out ponds where prey fish have been
prepared. The advantages of this method are low mortality and high economic returns, and the disadvantages
are higher technology demand for farmers, more pond space requirement and higher investment costs.

3.7.6.1.3 Prey Fish Feeding

Live small fish and shrimp can be used as prey fish for mandarin fish. Previous studies have documented that
C. molitorella, C. mrigala, L. rohita, silver carp, bighead carp and crucian carp, can be considered as optimal
prey fish for mandarin fish (Li ef al. 2014b; Yao and Liang 2015) (Figure 3.7.6). Mandarin fish showed appar-
ent size-selectivity in lakes (Li et al. 2013a). The ratio of prey fish length to man