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Preface

The world is in the midst of the greatest human migration of all time, with millions of
people moving from rural, inland areas to coastal cities. The United Nations estimates
that by 2025 the world’s urban population will increase to 5.1 billion people, equivalent
to the entire human population on Earth in 1930. Meeting basic human needs for protein
foods by urban consumers and disposal of human wastes concentrated in urban centres
will be a major challenge for the future. As we cannot expect to catch more food from the
sea, the world must turn to farming the waters — not just hunting them — and rapidly
accelerate the ‘blue revolution’. The expansion of aquaculture will have to occur not only
in rural areas but also in the urban areas of the world that can be centres not only of mar-
keting and distribution, but also of recycling and production. Traditional, often ancient
aquaculture methods integrate wastewater disposal, retain and recycle nutrients, and also
produce safe drinking water within peri-urban spaces next to urban centres. These
ecosystem-conscious aquatic farms are models for modern ecological engineering. Marcel
Proust said, ‘The real voyage of discovery consists not in seeking new landscapes but in
having new eyes.’

The late ecologist Eugene Odum defined cities as fabricated, heterotrophic parasites
on the global landscape. Our challenge is to make cities more autotrophic, more self-
feeding, and assist the evolution of urban agriculture and aquaculture and other ‘green
businesses’ in the underutilized urban and peri-urban environments of the world. As
rural lands disappear, brownfields, abandoned industrial buildings and warehouses of
the 20th century could become integrated aquaculture/agriculture/energy parks of the
21st century. But urban aquaculture is not only the growing of aquatic plans and animals
in the cities and the peri-urban neighbourhoods. Cities are the most important market-
places for all aquaculture products. Many of these markets are now holding tonnes of
live products for consumers. New aquaculture businesses have evolved to maintain
these valuable, live commodities. And there lies the seed of potential for these supply-
type urban businesses to evolve even further. Actually, when we think about it, this
keeping of fish in markets is how aquaculture started in Asia some 2000 years ago
(Costa-Pierce and Effendi, 1988). Fish were kept live in woven baskets and bamboo cages
in ponds and canals outside markets. Fishmongers noticed how they became tame and
began to feed them with market wastes, and the rest is history. Asia became the world’s
aquaculture leader through the development of market-driven aquaculture technologies
that met human needs.



X Preface

Urban areas are centres of change and innovation, and of rapid developments in
education. As urban areas become completely human-dominated ecosystems with people
increasingly separated from nature, integrated aquaculture systems put in our schools can
not only help reconnect people to the natural world, distant times and their ethnic roots,
but also offer many future possibilities as invaluable tools to increase mathematics and
science capabilities in our urban educational systems.

Lewis Mumford, in his 1938 Introduction to The Culture of Cities, said that ‘The city is
a fact in nature, like a cave, a run of mackerel, or an ant-heap. But it is also a conscious
work of art, and it holds within its communal framework many simpler and more
personal forms of art.” It is our challenge and our duty to encourage the art of aquaculture
in urban areas and plan creatively for its beauty and utility in revitalized cities.

Barry Costa-Pierce and Alan Desbonnet

Reference

Costa-Pierce, B.A. and Effendi, P. (1988) Sewage fish cages of Kota Cianjur. Naga. The
ICLARM Quarterly 11(2), 7-9.

Mumford, L. (1938) An Introduction to the Culture of Cities. Harcourt, Brace & Co, New
York.



1 A Future Urban Ecosystem Incorporating
Urban Aquaculture for Wastewater
Treatment and Food Production

Barry Costa-Pierce and Alan Desbonnet
Rhode Island Sea Grant College Program, University of Rhode Island,
Graduate School of Oceanography, Narragansett, USA

Abstract

Predicted increases in wastewater flows from seven megacities by 2050 show that even with large
capital investments in sewage treatment to treat an ever-increasing volume of wastewater, nitrogen
loadings to coastal oceans will continue to increase dramatically. Furthermore, it is uncertain if
nations will be able to afford the huge capital investments required to gain nitrogen reduction via ter-
tiary or reverse osmosis treatments, or if these nitrogen reductions will be enough to fall below a
threshold that would prevent the eutrophication of coastal waters. Carrying capacity models for use
in coastal waters to guide the management of wastewater nutrient loadings are not widely available,
making cost—benefit analyses difficult, if not impossible.

In order to avoid continuing damage to coastal ecosystems from increased wastewater nutrient
loadings, future urban ecosystems must plan for: (i) diverting a greater percentage of wastewaters
inland, and more aggressively developing water markets for wastewaters; (ii) increasing research
investments into understanding the ecological roles and carrying capacities of wastewater inputs to
protect (and even possibly enhance) nearshore ecosystems; and (iii) developing new, innovative
urban ecosystems that make productive use of wastewaters for aquaculture and agriculture.

A pilot scale aquaculture—wetland ecosystem (AWE) using wastewaters was developed in Los
Angeles County, California (USA) that grew luxuriant crops of Chinese water spinach and tilapia for
food, and water hyacinths as soil conditioners (mulch and composts). The AWE removed over 97%
of the nutrients from tertiary-treated wastewaters.

Introduction ulation on planet Earth in 1930 (United
Nations Population Division, 1994). This

By 2015, the United Nations Population massive trend towards urbanization of the

Division (1994) estimates there will be 27
mega-cities of 10 million or more people —
23 of them in economically developing
countries — and most of these will be
located on the coast. By 2025, the world’s
urban population will increase to 5.1 billion
people, equivalent to the entire human pop-

© CAB International 2005. Urban Aquaculture

landscape will have major influences on
ecosystems at regional and global scales
(Alberti et al., 2003). To sustain these people
the United Nations World Commission on
Environment and Development projects a
5—10-fold expansion in industrial activities
(WCED, 1987). Matthews et al. (2000)

(eds B. Costa-Pierce, A. Desbonnet, P. Edwards and D. Baker) 1
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project a 50% increase in world population,
a 500% increase in global economic activity
and a 300% increase in global energy con-
sumption and manufacturing activity.

The huge human demand on the Earth’s
freshwater and marine resources could
lead to massive losses of biodiversity and
the complete dismantling of the remaining
intact coastal ecosystems if we defer the
necessary planning and innovative natural
and social engineering needed to ensure
the sustainability of water resources for
both nature and millions of people. Given
these challenges, Vitousek et al. (1997) rec-
ommend: a slowing of the rate of popula-
tion growth, since humanity’s growth
drives all resource use and waste genera-
tion; a reduction in the rate of human
impacts, since ecosystems can react to
lower rates of impacts and stabilize with
moderate levels of human-induced
changes; and accelerating ecosystem-level
research and management understanding.

Coastal oceans are among the most heav-
ily used and modified areas of the planet,
suffering a disproportionate amount of habi-
tat destruction and pollution. Human activi-
ties in the coastal zone deliver sewage, solid
wastes, refuse (marine debris), sediments,
dust, pesticides and oil hydrocarbons to
rivers, estuaries and coastal oceans. It is
estimated that about 80% of marine pollu-
tion originates from land-based sources and
activities (Vitousek et al., 1997). Assessing
the range, magnitude and delivery of land-
based sources of pollution to coastal oceans
is a major global effort.

There is a growing chorus of voices say-
ing the planet is entering into a time of
water crisis (Falkenmark, 1989). Humanity
is now one of the major driving forces of
the Earth’s hydrologic cycle, using more
than half of the world’s freshwater runoff
(Vitousek et al., 1997). Water is increas-
ingly scarce in regions of limited rainfall
such as in the Middle East, Africa and por-
tions of Asia, to name a few (Gleick, 1998;
Speidel et al., 1988). Most of the world’s
rivers are dammed — there are 36,000 dams
— and the number of dams is increasing
(Costa-Pierce, 1997; UNEP/GRID, 2002).
Many major rivers (Colorado, Nile and

Ganges) are so heavily used that little or no
water reaches their deltas and the sea. Only
2% of rivers in the USA run free, and many
major inland water areas (Aral Sea, Lake
Chad, etc.) have nearly dried up or been
reduced to small, saline lakes. It is esti-
mated that two out of every three people
will live in water-stressed areas by the year
2025, and that about 450 million people in
29 countries currently suffer from water
shortages (UNEP/GRID, 2002). In Africa, it
is estimated that 25 countries will be expe-
riencing water stress (below 1700
m3/head/year) by 2025. Recycling of waste-
water is one of the main options when
looking for new sources of water in water-
scarce regions.

While availability of water is a major
issue in water-scarce regions, water quality
issues are of concern at a global scale.
Clean water supplies and sanitation are
major problems in many parts of the world,
with 20% of the global population lacking
access to safe drinking water. Water-borne
diseases from faecal pollution of surface
waters are a major cause of illness in devel-
oping countries (Blumenthal et al., 2000).
Polluted water is estimated to affect the
health of 1.2 billion people, and con-
tributes to the death of 15 million children
annually (UNEP/GRID, 2002).

Inputs of nutrients to the coastal zone
from wastewaters, development and agri-
culture pose a major threat to the sustain-
ability of coastal marine ecosystems.
Increased wastewater discharges result in
dramatic ecosystem changes to nearshore
environments, have human health impacts,
and huge economic consequences for
tourism, recreation, fishing and aquacul-
ture interests (CGER, 1993). Wastewaters
are, however, highly valuable sources of
freshwaters that are enriched in nutrients —
resources that are much too valuable to be
wasted by simple disposal and dilution in
global oceans. Further treatment of waste-
waters creates a product of sufficient qual-
ity that it can, and should, be utilized
(Asano and Levine, 1998). The reuse of
treated wastewaters for agricultural and
industrial purposes should be part of a
comprehensive urban planning process to
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reduce water consumption, improve the
quality of receiving waters and reduce
overall environmental impacts.

Current Solutions

Sewage often accounts for 50% or more of
the nitrogen inputs to various estuaries and
may be a more controllable input than
those from agriculture and other non-point
sources (Nixon and Pilson, 1983; Table 1.1).

Currently there are only two solutions to
the disposal of wastewaters in coastal
regions: (i) discharge to coastal oceans; and
(ii) enormous capital investments to treat
wastewaters using secondary or tertiary
treatment, or expensive reverse 0smosis

technologies. The major problems with
these alternatives are that wastewaters
cause environmental/ocean contamination
leading to eutrophication, toxic pollution,
harmful algal blooms and other contamina-
tion (CGER, 1993) and the fact that the
large capital investments for sewage treat-
ment to tertiary treatment (and beyond) are
not affordable in poorer countries. Indeed,
even many of the rich countries struggle to
obtain the fantastic amounts of capital
required for wastewater treatment to ter-
tiary levels and beyond.

It is a common perception that tertiary
sewage treatment plants (TSTPs) remove
nutrients completely and are ‘environmen-
tally friendly’ (Table 1.2). However, TSTPs
are not a panacea and will not solve the

Table 1.1. Dissolved inorganic nitrogen inputs (DIN in mmol/m2/year)
and percent sewage to selected bays and estuaries (CGER, 1993).

Estimated

% from
Bays/estuaries DIN inputs sewage
Kaneohe Bay, Hawaii 230 78
Long Island Sound, New York 400 67
Chesapeake Bay, Maryland-Virginia 510 33
Apalachicola Bay, Florida 560 2
Narragansett Bay, Rhode Island 950 41
Raritan Bay, New Jersey 1,460 86
North San Francisco Bay, California 2,010 45
New York Bight, New York—New Jersey 31,900 82

Table 1.2. Engineering solutions alone cannot solve the wastewater crisis. Typical percentage removal
capabilities for a range of wastewater treatment processes (CGER, 1993) indicate that complete nitrogen
and phosphorus removal from wastewaters is impossible.

Nutrient removal

Conventional preceded by
biological conventional
Chemically secondary Biological biological
enhanced  preceded by secondary secondary and
Treatment Conventional primary conventional preceded by conventional Reverse
levels primary (CEP) primary CEP primary osmosis
Nitrogen 2-28 26-48 0-63 N/A 80-88 97
removal
(as mg/I TN)
Phosphorus 19-57 44-96 10-66 83-91 95-99 99
removal

(as mg/I TP)
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problem alone. While large capital invest-
ments in TSTPs will certainly assist in
reducing nutrient inputs to coastal oceans,
the facts are that: (i) the sheer magnitude of
the predicted increased volumes of urban
wastewater flows has the potential to
increase, in some cases dramatically, the
discharges of total nutrients given contin-
ued secondary treatment (Table 1.3); and
(ii) while TSTPs will reduce overall nitro-
gen loadings, they do not reduce nutrient
levels below those that stimulate primary
productivity in aquatic environments. For
example, total inorganic nitrogen concen-
trations (ammonia-N, nitrite-N, nitrate-N)
in wastewater effluents from the Pomona,

Table 1.3. Estimated increases in population growth,

seven megacities up until 2050.

California TSTP averaged 14.1 mg/] (range
8.8-20.6 mg/l) over a year-long monitoring
period (Costa-Pierce, 1998). So, while
nutrient reduction will be a good course to
pursue, it is unclear if TSTPs can provide
the degree of treatment required to sustain
healthy coastal ecosystems.

With the huge projected increases in
wastewater discharges in the future (Table
1.3) — even with treatment levels obtain-
able by employing reverse osmosis tech-
nologies (Table 1.4) — nutrient reductions
via engineering solutions alone may not
provide a complete solution to the nutri-
ents problem as long as the wastewater dis-
charge pipes continue to be ‘pointed

wastewater discharges, and nitrogen loadings from

Nitrogen input (10° kg per year)d

Water use Discharge
Population (10| per year (10° | per Reverse
(millions)2  per person)®  year)® Rawe Primaryf Secondaryd Tertiary®  osmosis’

2000

New York City 16.7 259 4334 173.3 138.7 86.7 26.0 8.7
Tokyo 26.4 157 4152 166.1 132.9 83.0 24.9 8.3
Calcutta 13.1 18 235 9.4 7.5 4.7 1.4 0.5
Los Angeles 13.2 259 3422 136.9 109.5 68.4 20.5 6.8
Mumbai 16.1 18 290 11.6 9.3 5.8 1.7 0.6
Sé&o Paulo 18.0 91 1635 65.4 52.3 32.7 9.8 3.3
Jakarta 11.0 12 132 5.3 4.2 2.6 0.8 0.3
2025

New York City 18.7 259 4843 193.7 155.0 96.9 291 9.7
Tokyo 27.2 157 4277 1711 136.9 85.5 25.7 8.6
Calcutta 19.9 18 357 14.3 1.4 71 2.1 0.7
Los Angeles 15.1 259 3898 155.9 124.7 78.0 23.4 7.8
Mumbai 26.8 18 481 19.3 15.4 9.6 29 1.0
Sé&o Paulo 22.2 91 2020 80.8 64.4 40.4 12.1 4.0
Jakarta 20.3 12 243 9.7 7.8 4.9 1.5 0.5
2050

New York City 20.4 259 5279 2111 168.9 105.6 31.7 10.6
Tokyo 27.3 157 4279 1711 136.9 85.6 25.7 8.6
Calcutta 32.2 18 580 23.2 18.6 11.6 3.5 1.2
Los Angeles 15.9 259 4118 164.7 131.8 82.4 247 8.2
Mumbai 36.0 18 648 25.9 20.7 13.0 3.9 1.3
Sé&o Paulo 23.1 91 2106 84.2 67.4 421 12.6 4.2
Jakarta 23.9 12 287 1.5 9.2 5.7 1.7 0.6

aFrom United Nations Population Division (2002).

bFrom Gleick (1998). Water use from 2000 to 2050 is assumed to be constant.

°Derived from Population X Water Use estimates.

9Based on a Total N concentration of 40 mg/l in untreated domestic sewage (Corbitt, 1989).

¢Assumes 0% N removal.

fAssumes 20% N removal.

9Assumes 50% N removal.

hAssumes 85% N removal (CGER, 1993).
iAssumes 95% N removal (Hocking, 1998).
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Table 1.4. Estimated nitrogen loadings from seven
megacities will still increase even while employing
expensive, highly sophisticated reverse osmosis
technologies.

Nitrogen load?
(108 kg per year)

2000 2050
New York City 8.7 10.6
Tokyo 8.3 8.6
Calcutta 0.5 1.1
Los Angeles 6.8 8.2
Mumbai 0.6 1.3
Sao Paulo 3.3 4.2
Jakarta 0.3 0.6

aAssumes 95% N removal (Hocking, 1998) for
2000 and 2050.

towards the coast’. While investments in
sewage treatment will undoubtedly
increase worldwide in the next century, the
quantities of nutrients discharged to the
ocean will continue to cause degradation of
coastal ecosystems. It is important that
new, more comprehensive strategies be
developed and that more productive uses
be found for the increasing volumes of
nutrient-rich wastewaters being generated
by urban areas.

Wastewater Strategies for a Future
Urban Ecosystem

More comprehensive strategies are needed
to develop future urban ecosystems, and
research will be needed to provide infor-
mation by which to develop the strategies.
Research will have to be conducted from a
perspective that incorporates human activi-
ties as a part of ecosystem functions, not
just as a perturbation to them, and with a
focus on maintaining life support systems
while meeting human needs (Palmer et al.,
2004). These strategies will need to involve
the following:

® Greater knowledge is needed on the
impacts of wastewater discharges to
coastal oceans. Science-based informa-
tion will allow more accurate determi-
nation of the carrying capacities of

recipient coastal waters so that the nat-
ural treatment capacity for urban waste-
waters that cause no environmental
harm can be determined more effec-
tively (CGER, 1993).

® Inland water markets for wastewaters
need to be developed, and then
expanded.

® Development of new, innovative urban
ecosystems to treat wastewaters need to
be encouraged. These systems will use
the principles of ecological and social
design and engineering (Lyle, 1994;
Costa-Pierce, = 2002;  Mitsch  and
Jorgensen, 2004).

Wastewater Impacts of Discharges on
Coastal Oceans

Nitrogen is the primary limiting factor for
marine plankton production in marine
ecosystems (Ryther and Dunstan, 1971).
Significant increases in nitrogen and solids
in coastal waters create symptoms referred
to as ‘eutrophication’. The symptoms of
eutrophication are many: food chain shifts
from phytoplankton and diatom-based to
flagellate-based food webs (Doering et al.,
1989; Rosenberg et al., 1990; Smayda,
1989); anoxic conditions causing cata-
strophic impacts to populations of fishes
and invertebrates (Mearns and Word, 1982;
Hansson and Rudstam, 1990; Rosenberg et
al., 1990); increased abundances of nui-
sance species such as filamentous algae,
macrophytes and jellyfish (Baden et al.,
1990; Rosenberg et al., 1990); and losses of
desirable vascular species, such as eelgrass,
and of economically important species
such as oysters and other shellfish species
(Bricelj and Kuenstner, 1989; Ryther, 1989;
Tracey et al., 1989).

There are many examples of adverse
impacts on coastal ecosystems from the
accelerating inputs of wastewaters.
Increased nitrogen loadings have been
implicated in stimulating nuisance algal
blooms and in degrading the structure and
function of coastal marine ecosystems of
the Southern California Bight off San Pedro
Bay (Eppley et al., 1972; Thomas et al.,
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1974; Maclssac et al., 1979; Mearns, 1981;
Reish, 1984). Similar results have been
reported for the Swedish coast of the Baltic
Sea (Rosenberg et al., 1990).

In some estuaries, naturally occurring
turbidity limits light penetration, which in
turn limits phytoplankton response to
nutrient increases, while in other estuaries
the phytoplankton blooms themselves limit
light penetration (CGER, 1993). Malone
(1982) reports on light limitation effects on
eutrophication impacts in the New York
Bight. In this case, nutrients are trans-
ported offshore from the Hudson River and
New York Harbor — where light penetration
is limited and nutrient input high — creat-
ing impacts to offshore ecosystems rather
than impacting estuaries and adjacent
nearshore ecosystems that receive waste-
water discharges directly. In Chesapeake
Bay, it has been found that light limitation
resulting from phytoplankton blooms in
response to nutrient inputs has created
shading associated with the loss of eel-
grass, an important bay macrophyte (Kemp
et al., 1983; D’Elia, 1987). Similar impacts
have been recorded in the Dutch Wadden
Sea (Gieson et al., 1990) and in Australia
(Cambridge et al., 1986).

However, despite the ‘bad reputation’ of
nutrients as agents of ecosystem change,
nutrients are necessary for the maintenance
of sustainable aquatic ecosystems. In mod-
eration, nutrient inputs can stimulate pri-
mary productivity in coastal waters,
providing for increased food availability to
shellfish and other filter-feeding organisms,
leading to productive marine food webs.
Stimulation of primary productivity can be
harnessed to provide food for juvenile
fishes, which in turn can be cultured to
food products, or fed to target culture
species. The difference between beneficial
and deleterious is aptly stated in a report
published by the National Academy of
Sciences: ‘Whether or not nutrient inputs
should be considered excessive depends in
part upon the physics and ecological sensi-
tivity of the receiving water body’ (CGER,
1993). The challenge ahead lies in better
defining the carrying capacities of receiv-
ing waters such that wastewater nutrient

loadings perform ecosystem functions that
are beneficial rather than detrimental.
Good, practically applied science that
informs management will have to be fos-
tered to achieve that end.

Development of Inland Water Markets
for Wastewaters

As human populations increase globally,
the need for potable water will increase
accordingly and, as water is a limited, finite
resource, planning for water recycling and
reuse will have to become ‘mainstreamed’
as a societal norm. Already wastewaters are
used for irrigation of crops in various coun-
tries: an estimated 60% of the total effluent
is used in Israel, 25% in India and 24% in
South Africa (Blumenthal et al., 2000). Use
of wastewaters for irrigation of crops has
been reported to increase yields by as much
as 30% (Blumenthal et al., 2000). In France,
golf courses are becoming major consumers
of wastewaters for use in greens-keeping
and grounds maintenance (Bontoux and
Courtois, 1996). The World Health
Organization (WHO) has developed a set of
guidelines for the use and treatment of
wastewaters for reuse (World Health
Organization, 1989).

However, while water markets have
developed, they certainly have not devel-
oped rapidly enough to stem the increased
disposal of wastewaters in the ocean. For
example, in Los Angeles County, California
(USA), ten wastewater reclamation plants
discharge approximately 1966 km? per day
of wastewater effluents from treatment sys-
tems ranging from non-disinfected sec-
ondary, to coagulated, filtered and
chlorinated tertiary wastewaters. While
there has been an increased reuse of
reclaimed wastewaters in inland areas of
southern California since 1970, water mar-
kets have been too slow to develop. Only
an estimated 5% (91 km?® per day) of the
wastewater generated by the ten treatment
plants is sold, and mostly to non-agricul-
tural users (of the 322 users of reclaimed
water only nine were agricultural; SDLA,
1995). Over 90% of wastewaters is dis-
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charged to the San Gabriel River and then
to the ocean, or directly into the ocean at
San Pedro Bay. This situation occurs even
given the fact that reclaimed water in Los
Angeles County is available at a substantial
discount in comparison with potable water.
In 1995, the costs of reclaimed water
ranged from US$61.78 to US$411.24/km?, a
15-72% discount from purchased water
from the Colorado River (SDLA, 1995).

Wastewater storage reservoirs are a prac-
tical alternative in arid and semi-arid
regions where agricultural production is
limited by access to natural water
resources. In Mexico, wastewater is
pumped into storage reservoirs prior to use
for crop irrigation. Raw wastewater effluent
is pumped into a storage reservoir, where it
is retained for a period of up to 7 months
(Blumenthal et al., 2000). Effluent then
moves into a second reservoir where it is
retained for an additional 2-6 months,
attaining an even higher quality that has
been deemed safe by WHO for irrigation,
provided that the edible portion of the crop
is not in direct contact with irrigation
water. Wastewater from the second reser-
voir applied on crops that are consumed
directly, such as salad greens, was found to
increase diarrhoea, especially in children
(Blumenthal et al., 2000). Blumenthal et al.
(2000) note similar results from wastewater
storage reservoirs used in Israel, where
wastewater is suitable for restricted irriga-
tion. Blumenthal et al. (2000), however,
document the use of sequential batch-fed
storage reservoirs (3-week retention time)
in Brazil that produced water quality with
faecal coliform concentrations of less than
1000 colonies/ 100 ml, suitable for direct
use in the irrigation of crops for human
consumption. In the Netherlands, artificial
lakes have been constructed to capture
river water, which was then piped to sub-
surface aquifers that had been overdrawn
by urban populations (Martinez and Psuty,
2004). While the Netherlands example
does not incorporate wastewater treatment,
similar concepts could be applied to
treated wastewaters such that they could
be recycled into aquifers for reuse in urban
ecosystems.

While the possibilities for the use of
wastewater as a commodity on the open
market has many opportunities, present
efforts in this regard are meagre, at best,
and very little information is available at
both national and global scales (Postel, per-
sonal communication). The future is wide
open in this regard for innovative thinkers
and strategic planners who can perhaps cre-
ate an economically viable solution to inte-
grating wastewater reuse into the design
and functions of future urban ecosystems.

Using Ecological and Social
Engineering to Develop New, Urban
Aquaculture Ecosystems

Odum urged society to consider the funda-
mental ecological characteristics of urban
centres (Odum, 1993). As pointed out in
Chapters 3—7 of this volume, there is a fas-
cinating wisdom based upon indigenous
knowledge of the farming elders in India,
Vietnam and other Asian countries on
wastewater use. This knowledge serves as
the basis for developing a futuristic
approach  emphasizing  technological
engagement and education on wastewater
issues which will help to reverse the men-
tality of ‘flush it and forget it’. The wisdom
in Odum’s thinking in regards to the cur-
rent problem is that there needs to be
greater attention to the use of wastewaters
as ‘misplaced resources’.

Growing fish and vegetables using
wastewaters produced by urban popula-
tions has been practised throughout much
of recorded history, as is noted by Bunting
and Little in Chapter 8. Various authors of
this book, as noted in Chapters 3-7, show
that fish production using wastewater efflu-
ents is a critical form of income and liveli-
hood maintenance in less developed
countries, and has evolved over time in
response to rapid urbanization. As urban
populations grow, and the demand for
aquatic foods increases proportionately, the
income-producing potential of integrated
wastewater aquaculture/agriculture ecosys-
tems will increase similarly. While inte-
grating wastewater aquaculture into urban
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ecosystems is desirable for economic and
ecosystem benefits, there are concerns for
public health that must be addressed, as
noted in Chapters 3—7 of this book. WHO
has developed guidelines for the use of
wastewaters in aquaculture (World Health
Organization, 1989), based on the studies
of Strauss (1985). The WHO guidance sets
limits on faecal coliform concentrations so
that the flesh of cultured fish will not be
contaminated; skin and viscera must be
handled carefully and discarded to avoid
cross-contamination.

In November of 2002, a workshop in
Hyderabad, India on the use of wastewaters
for agricultural irrigation resulted in the
development of The Hyderabad Declaration
(2002), which outlines best practices for the
use of wastewaters in agriculture. The
declaration, as provided below, while
focused on agricultural use, is directly
applicable to aquaculture as well.

The Hyderabad Declaration on

Wastewater Use

Rapid urbanization places immense pressure
on the world’s fragile and dwindling fresh
water resources and over-burdened sanitation
systems, leading to environmental
degradation. We as water, health, environment,
agriculture, and aquaculture researchers and
practitioners from 27 international and
national institutions, representing experiences
in wastewater management from 18 countries,
recognize that:

1.1 Wastewater (raw, diluted or treated) is a
resource of increasing global importance,
particularly in urban and peri-urban
agriculture.

1.2 With proper management, wastewater
use contributes significantly to sustaining
livelihoods, food security and the quality of
the environment.

1.3 Without proper management, wastewater
use poses serious risks to human health and
the environment.

We declare that in order to enhance the
positive outcomes while minimizing the risks
of wastewater use, there exist feasible and
sound measures that need to be applied.
These measures include:

2.1 Cost-effective and appropriate treatment
suited to the end use of wastewater,
supplemented by guidelines and their
application.

2.2 Where wastewater is insufficiently
treated, until treatment becomes feasible:

(a) Development and application of
guidelines for untreated wastewater use that
safeguard livelihoods, public health and the
environment.

(b) Application of appropriate irrigation,
agricultural, post-harvest, and public health
practices that limit risks to farming
communities, vendors, and consumers.

(c) Education and awareness programs for
all stakeholders, including the public at
large, to disseminate these measures.

2.3 Health, agriculture and environmental
quality guidelines that are linked and
implemented in a step-wise approach.

2.4 Reduction of toxic contaminants in
wastewater, at source and by improved
management.

3. We also declare that:

3.1 Knowledge needs should be addressed
through research to support the measures
outlined above.

3.2 Institutional coordination and integration
together with increased financial allocations
are required.

4. Therefore, we strongly urge policy-
makers and authorities in the fields of water,
agriculture, aquaculture, health, environment
and urban planning, as well as donors and
the private sector to safeguard and strengthen
livelihoods and food security, mitigate health
and environmental risks and conserve water
resources by confronting the realities of
wastewater use in agriculture through the
adoption of appropriate policies and the
commitment of financial resources for policy
implementation.

An Experimental Urban Wastewater
Ecosystem

In a pilot study in California, an experi-
mental aquaculture—-wetland ecosystem
(AWE) and management protocols were
tested to see if the available tertiary-treated
wastewater could be used inland to simul-
taneously accomplish irrigation, aquatic
food production and inorganic nitrogen
removal from wastewaters received from
the Pomona, California Tertiary Sewage
Treatment Plant (TSTP) (Costa-Pierce,
1998). The experimental ecosystem com-
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prised a wastewater supply tank, aquacul-
ture ponds and an artificial wetland. The
pilot aquaculture—wetland ecosystem was
able to utilize wastewaters to:

® Grow luxuriant crops of Chinese water
spinach (Ipomea aquatica): an edible
vegetable with a high food value, which
has a proven ability to control water
quality (Abe et al., 1992) (Fig. 1.1).

® Grow tonnes of water hyacinths
(Eichhornia crassipes) that were har-
vested regularly and made into compost
for soil conditioning. Tissue nitrogen
concentrations of the water hyacinths
were high enough in order for the pond
plants to be ‘self-composting’ by heaping
them together in windrows (Fig. 1.2).

® Grow healthy tilapia (Oreochromis
spp.). The AWE produced over 1000 kg
of fish per season.

The AWE accomplished significant protein
production while simultaneously removing
97% of the inorganic N in the original
tertiary-treated wastewater. Pond effluents

were treated effectively by the in-pond
plants and wetland components of the
ecosystem (Fig. 1.3).

This aquatic agroecosystem using waste-
water was a research and demonstration
site in not only the productive uses of
wastewaters, but also in the ecosystem
restoration of a damaged peri-urban envi-
ronment. The AWE was not only important
for its production of aquatic foods but also
important for its ‘ecosystem services’ as
artificial wetlands attracting wildlife (Lyle,
1994). In the arid and stark urban environ-
ment of Los Angeles County, California
(USA), the ponds and wetlands were
observed to be vital habitats for a variety of
threatened bird species, notably black-
crowned night herons, blue and green
herons and rails. Further technical details
of the pilot-scale system, and the challeng-
ing and unique methods found to manage
and control water quality with the high
nutrient loadings in the arid climate, are
described in Costa-Pierce (1998). A future
AWE would include a treatment reservoir

Fig. 1.1. Overview of the polyculture ponds with floating water hyacinths and Chinese water spinach
mats contained by floating booms. Water quality control was achieved by initially establishing a bed of
water hyacinths over 50% of the pond area and by flushing ponds with wastewater 50% a day. Chinese
water spinach was then planted into the hyacinths bed, and as it established, water hyacinths were
removed for composting, Chinese water spinach established to cover 50% of the pond surface and
wastewater flushing rates decreased to 20% a day (Costa-Pierce, 1998).
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Fig. 1.2. Water hyacinths were harvested weekly from the pond surfaces to maintain a pond cover of 50%,
and plants were heaped into windrows. Plant tissue nitrogen concentrations were high enough that plants
were ‘self-composting’, e.g. no additional nitrogen was needed to make rich composts as soil conditioners.

¥ 3. st
Fig. 1.3. Overview of the artificial wetland. All
outflow discharges from the culture ponds that
received wastewaters as inputs flowed into an
approximate 0.1 ha wetland planted with Typha
latifolia and seeded with duckweed. Duckweed
was harvested monthly from the wetland and used
as a soil conditioner.

and use solar energy to power a recycling
loop to pumped storage (Fig. 1.4).

While development of such aquacul-
ture—wetland ecosystems is potentially
new productive uses for treated, nutrient-
rich wastewaters in the peri-urban areas
around major urban centres, the economic,
regulatory and public perceptions about
these systems, none of which were
addressed in the Costa-Pierce (1998) study,
need much more examination. Blumenthal
et al. (2000) conclude that wastewater,
provided it maintains a concentration of
4 X 10* faecal coliforms or less, poses no
health threat, from domestic or recre-
ational contact, to persons older than 5
years of age. Increasing the reuse and effi-
ciency of wastewater recycling by devel-
oping  wastewater food production
ecosystems, especially in arid regions of
the world like Los Angeles (Khalil and
Hussein, 1997), and keeping these waste-
waters inland and away from the coastal
ocean, are priority issues for global sus-
tainability (Vitousek et al., 1997). Such
aquatic agroecosystems could make cities
less heterotrophic and damaging to coastal
ecosystems (Odum, 1993), and be new,
important, non-polluting contributors to
world food production.
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Fig. 1.4. Design of an integrated aquaculture—wetland ecosystem where aquatic protein production and
nutrient removal from tertiary-treated wastewaters are accomplished by fish polyculture, in-pond aquatic
plant culture, wetland and reservoir ecosystems integrated with solar arrays for aeration and water
pumping. A reservoir below the wetland provides additional protein production, wastewater treatment and
nutrient and water recovery, and tightens the integration with terrestrial food production ecosystems.

Conclusions

Marcel Proust said ‘The real voyage of dis-
covery consists not in seeking new land-
scapes but in having new eyes.’” The
expansion of aquaculture worldwide will
have to occur not only in rural areas but
also in the urban areas of the world that
can be centres not only of marketing and
distribution, but also of production, reuse

and recycling. Our challenge is to make
cities more autotrophic, more self-feeding
and less ecologically damaging, and to
assist the evolution of urban agriculture
and aquaculture and other ‘green busi-
nesses’ in the urban and peri-urban envi-
ronments of the world.

As urban areas become completely
human-dominated ecosystems with people
increasingly separated from nature, inte-
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grated aquatic ecosystems can help not only
contribute to global food production and
water  sustainability ~ while reducing
impending environmental harm to coastal
oceans, but also reconnect people to the
natural world, distant times and their eth-
nic roots.
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2 Viewing Urban Aquaculture as an
Agroindustry

Greg Lutz
Louisiana State University, Baton Rouge, USA

Abstract

Although a number of aquaculture projects have been proposed or attempted in urban areas in the
past several decades, many have faced serious questions related to sustainability. Truly sustainable
urban aquaculture must be technically, financially and economically sound. Each of these areas of
emphasis presents tremendous challenges for entrepreneurs and communities wishing to develop
aquaculture facilities in an urban setting. In terms of planning and feasibility analysis, urban aqua-
culture can be viewed as an agroindustry: an enterprise that processes agricultural inputs into con-
sumable products while adding value. This review presents the technical, regulatory, financial and
marketing constraints currently facing urban aquaculture development, with examples of economic

impacts and potential solutions.

Introduction

The term agroindustry relates to a variety
of enterprises that process or fundamen-
tally transform agricultural raw materials.
Although characterizing urban aquaculture
may be almost as difficult as defining aqua-
culture itself, many forms of urban aqua-
culture fit the concept of agroindustry.
‘Raw’ materials such as feed and finger-
lings are transformed into value-added
products, be they living organisms or fresh
fillets. Traditional agroindustries vary in
the complexity of the transformation
processes they employ and, as a rule, the
more complex the process, the greater the
requirements for capital, technology and
management. These same relationships are
apparent in urban aquaculture enterprises.
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Over the past several decades, an entire
discipline has evolved to facilitate the
planning, analysis and evaluation of
agroindustries (Austin, 1981). Much of this
work has been undertaken through interna-
tional institutions such as the World Bank.
The process of agroindustrial development
involves a number of steps, including iden-
tification of opportunities, project design,
project analysis and implementation.

Each year, institutions of higher educa-
tion throughout the world produce count-
less professionals with industrial or
agricultural expertise, but very few with
both. This same division of focus is widely
apparent in governmental institutions and
multilateral agencies. These disciplines are
rarely integrated to the degree required for
sound agroindustrial project analysis.
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Many urban aquaculture enterprises have
failed as a result of inadequate planning
and analysis, but emerging agroindustrial
methods are well-suited to this type of
endeavour.

Defining Agroindustry

Agroindustries are quite varied. Examples
include facilities for cleaning and packag-
ing fresh vegetables, pencil manufacturing,
potato storage and packing houses, sugar
mills, and poultry production and process-
ing. In spite of their differences, all share a
number of common characteristics. To
varying degrees, the raw materials they
transform exhibit seasonality, perishability
and variability in quality. In contrast, the
finished products they market are subject
to more constant demand. This results in a
fundamental difference between agroindus-
try and traditional manufacturing, and cre-
ates greater challenges in terms of
inventory management, balancing supply
and demand, scheduling production, and
coordinating internal acquisition, process
and marketing activities.

In the case of urban aquaculture, fea-
tures typical of agroindustries are often
obvious, especially with regard to season-
ality of inputs. In many cases, fry and/or
fingerlings are available for only a short
period of time each year. Production
processes, storage facilities and scheduling
must be designed accordingly. One exam-
ple in North America involves the produc-
tion of hybrid striped bass in indoor
recirculating systems. Fingerlings from
this artificial cross are only available dur-
ing a 2-month period each year, and sev-
eral large producers have developed the
concept of ‘cold-banking’, which relies on
housing fingerlings en masse at low tem-
peratures until production facilities and
scheduling can accommodate their
growout. Although this practice requires
significant outlays for facilities, labour and
energy, it is necessary to meet the constant
demand required by target markets.
Unfortunately, risk of losses to disease or
technical malfunction is ever present.

Perishability issues typical of agroindus-
tries are also encountered frequently in
urban aquaculture. Storage space is often
limited and, in reality, critical inputs such
as feed and fingerlings are often highly per-
ishable. Inputs are also often highly vari-
able. Examples include feed quality and/or
palatability, fingerling size and health sta-
tus, chlorine/chloramine content of munic-
ipal water supplies, etc. Indeed, in many
intensive aquaculture facilities even energy
supplies must be considered somewhat
variable, necessitating on-site generators
and switching systems.

In the future, water will probably also
figure as a major raw material cost in urban
aquaculture processes. Herein lies one
important divergence of urban aquaculture
from the general agroindustry model: raw
materials are typically the most important
cost components of agroindustries, but
they may be partially or wholly eclipsed in
an urban aquaculture enterprise by cost
factors such as labour, energy, liquid oxy-
gen, interest on borrowed capital and
insurance fees.

Compared to typical manufacturing,
agroindustrial production, planning and
management can be extremely challeng-
ing. Less-standardized inputs result in
additional pressure on production sched-
uling, cash flow and quality control than
in traditional manufacturing. These chal-
lenges, in turn, require a much higher
level of integration and information flow
within the enterprise. In an urban aqua-
culture enterprise, these variations are
compounded as various batches of fish
move through the production cycle,
requiring segregation, grading and mainte-
nance until they are harvestable. Space,
feed and labour must all be appropriately
allocated to avoid undue stress on pro-
duction stocks. Agroindustries are also
somewhat unique in their dependence on
a number of distinct economic sectors,
from agricultural inputs to service indus-
tries, utilities and distribution enterprises.
Each of these linkages results in the
potential for interruptions in day-to-day
operations, especially in an urban aqua-
culture enterprise.
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In spite of the uncertainties that typi-
cally characterize these businesses, few
other investments can rival well-planned
agroindustries in terms of creation of eco-
nomic value. In most cases, this statement
also applies to urban aquaculture. The key
qualifier is planning. Effective planning
and evaluation of agroindustrial projects
requires the incorporation of elements
from both agricultural and manufacturing
analysis. As stated above, this combina-
tion of disciplines is often difficult to
attain, in institutions or individual ana-
lysts. None the less, key aspects of both
manufacturing and agricultural analysis
have been successfully integrated on
numerous occasions to allow for design
and implementation of well-conceived
agroindustrial enterprises.

Planning and Evaluating
Agroindustries

While an agroindustrial enterprise may
include production, transport, distribution
and marketing activities to varying degrees,
its primary focus must be the value-added
transformation of agricultural products.
Accordingly, traditional agroindustrial
analysis focuses on the transformation
process, and on associated procurement
and marketing activities. Since the trans-
formation process is generally dependent
on and determined to a great extent by pro-
curement systems, procurement planning
is often a logical starting point for agro-
industrial analysis.

Procurement

Key considerations in planning and analy-
sis of procurement activities include quan-
tity (availability), quality, timing
(seasonality, perishability, lead time
required to secure), cost (including cost
determinants and pricing) and organization
of the procurement system (composition
and integration). In the case of an urban
aquaculture enterprise, appropriate ques-
tions might include:

® Who are the key suppliers for any par-
ticular input? This is particularly impor-
tant if fry/fingerlings must be purchased
on the open market. This is also an
important consideration for feed
requirements.

® What have their production capacities
been over the past 5-10 years? It is
important to evaluate to what extent
competition for inputs such as finger-
lings and speciality feeds may impact
their availability or prices. Annual sup-
ply variation must be characterized and
major causes must be identified.

® What, if any, problems have the key pro-
ducers experienced historically? In
some instances, suppliers may not be
able to meet their obligations due to
unforeseen problems resulting from
inadequate facilities or management. A
fingerling supplier that has suffered
from poor spawning success in three of
the past five years may not be a reliable
choice for a long-term contractual
arrangement. Similarly, a feed supplier
that has inconsistent access to ration
components such as fish meal may be a
liability in terms of long-term planning.

® What are their plans for the immediate
future? Is retirement, a sale to new own-
ers or a shift to an alternative species
being planned? If a tilapia grower finds
that his fingerling supplier intends to
convert entirely to yellow perch and
hybrid bluegill, alternatives will be
somewhat limited.

® Who are the other major customers
(competing users)? Are they planning to
expand (and thereby present a more
lucrative account for key inputs such as
feed or fingerlings)?

In terms of quality of inputs, key consider-
ations for fry or fingerlings might include
size availability, health status, genetic
background (performance), uniformity, col-
oration and adaptability to the production
system (process) in question. For feeds,
palatability, formulation (digestibility),
consistency, fines content and storage fea-
tures (perishability) are all important char-
acteristics. In an urban aquaculture setting,
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perhaps even more emphasis could be
placed on regular feed availability and
rapid delivery to avoid the need for exten-
sive on-site storage. To a certain extent, the
quality of inputs such as feed and finger-
lings must reflect market demands. Some
examples from urban consumers in devel-
oped nations include use of hormone-free
fingerlings, ‘organic’ feed formulations, or
particular coloration in finished products,
be they living fish or fillets.

Seasonality, while less of a considera-
tion for feed inputs, can be especially
important in the procurement of finger-
lings. As mentioned above, for many
aquatic species, fry or fingerlings are avail-
able only for a limited period of each year.
Maintaining seedstock for growout and
harvests throughout the year requires spe-
cialized holding and grading facilities,
while greatly increasing the risk of cata-
strophic losses. Health status of fry and fin-
gerlings upon delivery becomes even more
important under conditions wherein they
must be held for months prior to growout.
Identification of suppliers willing to take
on part of the management and risk associ-
ated with expanding the period of avail-
ability for appropriately sized fingerlings
can be a high priority for many intensive
aquaculture facilities.

Another important aspect of procure-
ment analysis involves input costs and
cost determinants. Underlying factors
affecting costs of inputs will include sup-
ply and demand relationships (i.e. finger-
ling producers and competing users),
opportunity costs for operations produc-
ing fingerlings (whether to sell to poten-
tial competitors, attempt to growout
in-house or simply dispose of excess fin-
gerlings), the procurement system struc-
ture (hatcheries, live-haulers, brokers) and
logistics (who is where). Pricing, for oper-
ational and planning purposes, may
involve spot pricing, wherein a going mar-
ket price based on multiple suppliers is
used at any point in time to determine an
input cost. Alternatives involve contract
pricing from designated suppliers, which
may be based on spot prices, on a cost of
production plus a certain agreed-to pre-

mium, or on a fixed base price plus an
additional charge based on designated
economic and market factors.

Such arrangements have been success-
fully used for both fingerlings and feed
supplies in urban aquaculture enterprises.
In many cases, favourable prices can be
negotiated with sufficient lead time and
commitment. Clearly, contract pricing
allows for more long-term procurement
relationships to be established, but it also
increases dependency on outside entities.
Procurement cost analysis should define
and accommodate historical variation in
input costs, while attempting to determine
those factors that have contributed to his-
torical variability.

Analysis of the fry/fingerling procure-
ment system structure deserves special
consideration in aquaculture growout oper-
ations. Numbers of producers, their capaci-
ties and their transport capabilities must
all be determined, as well as their geo-
graphic locations in relation to the facility
in question and to other, competing users.
The product mix of each supplier also
becomes an important consideration, since
competitive pressures or emerging oppor-
tunities may result in individual opera-
tions ceasing to produce the particular
species being sought. Ownership patterns
are important indicators of the stability of
key suppliers, and should not be over-
looked. Flow of fry/fingerlings from pro-
ducers to growout facilities, either directly
or through live-haulers and brokers must
be analysed to determine centres of power
in the procurement system. Power among
individual entities at each step of the pro-
curement pathway is indicated by both vol-
ume (portion) of total production handled
and margins realized between suppliers
and purchasers (Austin, 1981).

In some instances, especially for aquatic
species that can be reared entirely in recir-
culating systems or at various times
throughout the year, it may make more
sense from logistical and financial stand-
points to adopt ‘backward vertical integra-
tion’ and develop in-house facilities for
fingerling production. While this approach
provides for more control and flexibility in
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the production process, it also requires
substantial capital and a more-or-less per-
manent alteration of the enterprise.
Backward integration should be evaluated
during the procurement analysis for any
inputs that could potentially be elaborated
in-house. Questions that must be answered
will relate to the efficiency of the proposed
process, the scale required for economic
efficiency, genetic impacts (inbreeding
depression) and hidden costs in terms of
diversion of management, production
areas, labour and other resources. This
approach may be best utilized by urban
aquaculture enterprises when addressing
new markets or in developing new prod-
ucts (species).

Production (transformation) technology

Once a clear picture begins to emerge of
procurement systems for required inputs,
analysis and planning activities can focus
on the production (transformation)
processes that will be employed. Key con-
siderations will involve the technology to
be utilized, facility location requirements,
inventory management procedures,
required supplies and inputs (other than
raw materials), process control and pro-
gramming, and potentially profitable by-
products. A number of factors must be
considered in planning and evaluating
alternative production (transformation)
technologies, including labour vs. capital
requirements (especially for handling, sort-
ing and packing activities), energy require-
ments, raw material needs and productive
use of available capacity.

Evaluation of the production process
must consider both financial and economic
perspectives. While return on investment
might be maximized through adoption of
high levels of automation and process con-
trol, efforts to shift technology more toward
the use of manual labour may make more
sense if the overall goal is local or regional
economic development (Austin, 1981). In
most situations, these two needs must be
balanced to some degree in order to secure
both investment and local political support.

In terms of facility location require-
ments, access to inputs, markets and
labour are often overlooked or not given
sufficient emphasis in urban aquaculture
development. Similarly, utilities and
water availability (potable, cooling/heat-
ing and process water) are often over-
looked. Far too often, undue importance
is placed on site costs for urban aquacul-
ture, especially when this outlay should
be viewed as an annualized cost compo-
nent for any agroindustrial enterprise.
While neglected manufacturing or ware-
housing facilities often appear well-suited
for conversion to urban aquaculture at
first glance, most are fundamentally
flawed structures for such purposes in
terms of drainage, tolerance of exposure to
high levels of humidity and salts, and
biosecurity.

Availability of working capital and suffi-
cient lines of credit should be key consid-
erations when determining technology and
site requirements. Using a series of bioeco-
nomic models, Lutz and Roberts (1998)
illustrated the impact of interest payments
on profitability of a 46 t per year recirculat-
ing tilapia aquaculture system. Financing
60% of the initial outlay and all operating
expenses at 10% interest extended the
break-even horizon from 4 years to 11
years, and all but eliminated profitability
for the model enterprise.

Markets and marketing

Of course, while intense analysis must be
undertaken to estimate costs associated
with the procurement and transformation
processes to be used, any urban aquacul-
ture enterprise must be based on a sound
market analysis and marketing plan.
Markets and marketing are far too often
considered secondary characteristics of
urban aquaculture enterprises. There is a
fascination with production technology
among many aquaculturists that blinds
them to the more basic requirement for any
agroindustry: to sell a value-added product
at a price that allows both financial and
economic sustainability.
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Marketing analysis must take into con-
sideration both consumer attributes and
the competitive environment (Shaw, 1990).
Consumers must be defined in terms of
who they are, how they might decide to
purchase the proposed product, be it live
fish or processed fillets, and when, where
and how often they would be most likely to
make such a purchase. Potential consumers
must be characterized in terms of socioeco-
nomic status, income levels, language, eth-
nicity, urban or suburban location, and
education levels.

Perhaps the most fundamental question
in a marketing analysis would be: why?
Why would a consumer purchase the
product in question? How sensitive are the
potential consumers to price variation;
and how prevalent is price discounting?
How do potential consumers define qual-
ity, and how important is it to them?
Chapter 18 of this volume provides insight
into some of the qualifiers that consumers
consider when purchasing aquaculture
products.

Similarly, the competitive environment
must be defined in terms of the current
market structure, including the current
and previous market shares of competi-
tors, the basis for competition among sup-
pliers, barriers to entry for new producers
and any existing institutional constraints.
Key considerations include defining
potential product substitutes, as well as
the potential for raw material (fingerling)
suppliers to forward integrate, or for dis-
tributors to backward integrate. Barriers to
entry involve economies of scale, absolute
cost advantages and vertical control of the
procurement or marketing systems.
Analysis should consider whether pene-
tration pricing (i.e. below cost of produc-
tion) will be required to gain initial
market share.

Once these factors have been examined,
a marketing plan can be developed to
include product specifications, pricing
guidelines, promotion, distribution chan-
nels and integration with procurement and
production processes. These concepts,
however, are beyond the scope of this dis-
cussion.

Financial and economic analysis

While transformation, procurement and
marketing activities form the basis of sys-
tems analysis, financial and economic
analyses are also required for sound plan-
ning and evaluation of agroindustries.
Once analyses have been completed for the
procurement, processing and marketing
factors, more traditional approaches such
as whole farm budgeting and partial bud-
geting can be applied (Jolly and Clonts,
1993).

Financial analyses are generally essen-
tial for access to capital, while economic
analyses are typically of greater interest to
local authorities and communities where
proposed agroindustries will be located.
Financial analyses focus primarily on fac-
tors such as return on investment, while
economic analyses address costs and bene-
fits to local, regional and national
economies. Each has its own format and
key considerations. O’Rourke (1996) pro-
vides illustrations of some economic analy-
ses particularly useful for analysis of
recirculating aquaculture systems.
Financial and economic analyses, however,
cannot be effectively developed until sys-
tems analysis has been completed, and
often both must indicate favourable results
to allow for the implementation phase to
proceed.

An lllustrative, Fictional Case Study
The opportunity

An experienced fish culturist and several
relatives and business associates decide to
establish an urban aquaculture facility in a
large metropolitan area in a temperate cli-
mate. The basic plan for the enterprise is to
supply urban markets for live and/or fresh
fish. The species proposed for start-up
operations is the ‘rainbow bass’, a fast-
growing carnivorous fish native to natural
waters to the south of the region where the
facility will be established. Several farms
produce rainbow bass in ponds in the areas
where the species occurs naturally.
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Market characterization

Market demand for rainbow bass in the
area includes both white table cloth restau-
rants and upscale seafood counters. Some
flexibility in demand exists in the retail
side of the market, but restaurants require
regular supplies and consistent quality to
commit a place on their menus for this
product. Several established rainbow bass
producers move their product through
large seafood brokers in the city in ques-
tion. These producers do not harvest and
deliver on a regular basis, and extended
transport times and related stress occasion-
ally result in quality issues for both retail-
ers and consumers. Market advantages for
the proposed facility would involve the
ability to deliver regularly, to respond
rapidly to meet special customer demands
from time to time, and to label the product
as locally grown.

Transformation process and materials

Rainbow bass require high-protein/high-
energy diets to achieve sufficient growth
and maintain health. Additionally, recircu-
lating system production requires feeds to
be substantially fortified with vitamins and
minerals. Rainbow bass have a low toler-
ance for ammonia, so bio-filtration must be
highly efficient and reliable. Like many
other carnivorous finfish, rainbow bass
exhibit some degree of growth variability,
with associated concerns for cannibalism
and fish-on-fish aggression within culture
systems.

Site considerations

In preliminary discussions, local govern-
ment is pushing for one particular site — a
long-unused warehousing facility.
Authorities are proposing significant tax
incentives and other assistance for this
urban aquaculture venture, but these offers
are linked to the development of this spe-
cific facility.

Procurement issues

Rainbow bass have a limited spawning sea-
son in the autumn of every year.
Depending on weather and other factors,
supplies of fingerlings are abundant some
years and quite limited in others. Over the
past several years, between 18 and 30 mil-
lion fingerlings have been available for
growout annually. These extremes of abun-
dance or scarcity also affect market prices
of cultured rainbow bass from year to year
as a result of fluctuating supplies.

There are three large hatcheries doing
business in rainbow bass fingerlings, along
with one medium-sized hatchery. All are
located to the south, in the region where
rainbow bass occur naturally and pond
production takes place. Two of the larger
hatcheries are relative newcomers to the
business, and both have had personnel
changes within the past 6 months. The
hatcheries typically prefer to sell advanced
fingerlings, trained on feed, directly to
growout operations. However, when nurs-
ery facilities are filled to capacity, hatch-
eries often sell some portion of their fry to
four or five operations that purchase them
when available and raise them to finger-
lings for sale. One of these operations has
large, diversified facilities for a variety of
species, and normally controls roughly half
of the fry-to-fingerling sector of the supply
chain. Clearly, the trade-off for the hatch-
ery facilities involves the additional rev-
enue that can be earned by selling fry that
would otherwise go to waste versus the
additional availability of fingerlings on the
market and resultant price reduction.

In either case, fry are available for only a
limited period each year of approximately
3—4 weeks, and fingerlings are available for
no more than 8 weeks. Hatcheries will
accept deposits from persons wishing to
reserve orders at a pre-set price prior to the
spawning season on a first-come, first-
served basis. Fry-to-fingerling operations
are less inclined to make such arrange-
ments, at least where pricing is concerned.

A local feed mill, immediately outside
of the metropolitan area targeted for the
enterprise, has the capability to produce a
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feed suitable for culturing rainbow bass.
However, special arrangements are
required to produce this feed as it is not
part of the plant’s regular product line. The
plant cannot produce speciality orders in
quantities of less than 5 t. Alternative feed
sources, near existing pond production
facilities, are at least 190 km distant and
although they can provide suitable feed in
smaller quantities, delivery costs from
these sources are substantial.

Decisions and strategies

The decision is made to focus marketing
through regularly scheduled deliveries to
several restaurants, and to move additional
product, as available, through local seafood
markets. Integration of procurement,
process and marketing goals results in a
plan to use a combination of cold-banking,
staggered stocking dates and densities, and
grading to spread harvests over time for
regular deliveries and to avoid periods
when supplies are relatively abundant due
to batch harvests from pond producers to
the south.

The determination is made to configure
production (transformation) technologies
to rely on high levels of process control
and monitoring, as well as high intensity
measures such as liquid oxygen supple-
mentation and an innovative bio-filtration
approach. But plans also allow the facility
to generate employment through labour-
intensive animal husbandry (grading, har-
vesting, feeding, backwashing filters, etc.).
Financial projections based on this tech-
nology suggest positive cash flow horizon
after 21 months. Additionally, economic
analysis by local authorities is very posi-
tive in terms of generation of employment
and taxes.

The filtration system to be used relies on
a novel yet very promising bio-filtration
design which has proved highly efficient in
university laboratory-scale systems. This
type of filter requires high flow rates and
liquid oxygen to operate efficiently.

Municipal water supplies available at
the site are chlorinated, and would

require treatment prior to use for fish cul-
ture. The decision is made to drill an
independent well on-site to meet produc-
tion water needs.

Unforeseen developments

In initial discussions to arrange for pro-
curement of fingerlings, several hatchery
operations cite fixed capacities as a limit
on availability of advanced fingerlings. As
a result, only one can commit in advance
to supply fingerlings, and only 60% of the
projected need for first year operations. A
decision is made to try to contract with two
smaller fry-to-fingerling operations in an
effort to meet fingerling needs.

A number of permits are required from
the regional and state groundwater authori-
ties prior to attaining permission to drill
the production water well. This delays
development of other aspects of the facil-
ity. None the less, lease payments and
monthly notes on capital expenditures and
interest must be made in the interim.

The warehouse facility to be used for
the project has limited areas suitable for
feed storage. This complication is com-
pounded by the need to purchase feed in
bulk loads. Quality problems arise in
stored feed due to condensation and
humidity, frequently resulting in the need
to discard feed before it can be used.
Temporary arrangements must be made to
purchase feed in smaller loads from alter-
nate suppliers, while the feed storage area
is retrofitted with appropriate heating,
ventilating and air-conditioning (HVAC)
equipment.

Bio-filtration problems result from diffi-
culties in maintaining sufficient flow rates
in scale-up of the prototype systems origi-
nally proposed. Ultimately, custom-fabri-
cated sand filters must be installed to attain
efficient nitrification.

Fingerlings are delivered on time from
the large facility which agreed in advance
to supply fingerlings, but shipments are
delayed from one fry-to-fingerling opera-
tion and completely unavailable from the
other due to a poor spawning season and
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difficulty obtaining fry from hatchery
sources. Two established pond growout
operations in turn drive spot prices up in
efforts to meet their fingerling require-
ments. In the tight supply situation, reluc-
tance is apparent on the part of most
fry-to-fingerling operations to commit lim-
ited supplies to a new buyer with no estab-
lished track record.

Cold banking and grading both result in
unforeseen problems with diseases, espe-
cially in combination. Bio-filtration compo-
nents operate at very low efficiencies at
low temperatures, resulting in poor water
quality and compounding disease prob-
lems. The resulting need to increase
exchange rates on cold banking systems
increases utility use associated with cool-
ing water.

Initial growth projections are not
applicable to later groups of fish. Greater
variability in growth, in combination
with production methods, results in an
overall extension of average time to har-
vest. This results in problems correlating
available tank space to accommodate the
necessary harvest schedule. Difficulties
meeting size and quantity needs of
restaurant customers results in the loss of
one of these accounts and the need to
divert more variable-sized product
through seafood markets. Penetration
pricing is not an option due to the costs
of transformation processes utilized and
to cash flow constraints resulting from
other problems (see above) during the
first year of operation. The operation suf-
fers from overall reductions in revenue
and increased marketing costs.

The outcome

Ultimately, after re-negotiating lease obliga-
tions, re-financing certain expenses and
bringing in new investors, the facility is
eventually well-established and operates
with marginal profitability. Local government
and business leaders point to it as an exam-
ple of a success story in urban economic
development. Management is interested in
developing production techniques for alter-
native species, as well as technologies or
facilities for in-house fingerling production.

Conclusions

The typical agroindustrial project, includ-
ing most urban aquaculture enterprises, has
four phases of development: identification
of the opportunity, analysis and design,
implementation, and evaluation. There has
never been a shortage of ‘opportunity iden-
tification” where urban aquaculture is con-
cerned; and there have been numerous
examples of attempted implementation.
Unfortunately, there have been far fewer
opportunities for on-going evaluation of
urban aquaculture enterprises due to a very
low success rate. This, in turn, reflects fatal
flaws in the analysis and design phases of
most urban aquaculture enterprises.
Procurement, transformation and marketing
components of an urban aquaculture facil-
ity must be thoroughly evaluated and inte-
grated a priori. Hopefully, increasing
emphasis on these aspects of project devel-
opment will boost the success rate for such
enterprises in the years to come.
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Aquaculture, with a Focus on South and
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Abstract

Any assessment of the opportunities and constraints to urban aquaculture requires that a clear idea
of the concept is in hand. Definitions of urban aquaculture that reflect current thinking about urban
development and urban food production, more specifically in South and Southeast Asia (SSEA), are
initially discussed. The importance and specific characteristics of both aquaculture development and
urban growth in this part of the world leads to the concepts of both ‘extended metropolitan regions’
(EMR) and the ‘waste economy’ model being used to explain the nature of urban aquaculture. Three
main trajectories are advanced to explain the conditions under which urban aquaculture develops in
the SSEA region: (i) opportunistic development of aquaculture within the changing physical aquatic
landscape occurring through urbanization, (ii) continuation of existing aquaculture, often in a highly
modified form, as urbanization occurs around it and (iii) strategic locating of new enterprises in
urban areas to take advantage of specific resources such as nutrients, markets, information or some
combination of these. The multiple roles that urban aquaculture performs at a household, local and
municipal level are explained. Benefits extend far beyond the producer households and, because of
urban-rural links, far beyond urban areas per se. In particular, the poor benefit through their role as
service providers and consumers. Trading of wastes and other inputs, and processing and sale of
aquaculture products, are important sources of employment. Migration for employment has affected
market niches for products of urban aquaculture in urban areas and influenced consumption in rural
areas. At a local community and municipal level, benefits accrue from the role of urban aquaculture
in waste disposal and treatment, food production, flood control, employment, environmental quality
and recreation. A variety of factors constrain the development of urban aquaculture, including loss of
suitable physical locations and changes in waste disposal, that are often influenced by broader devel-
opment trends. Changing attitudes and expectations in urban areas, especially as they become more
affluent, are also related to changing demand. The ‘openness’ of aquatic systems make urban aqua-
culture particularly vulnerable to contamination and theft, both factors which discourage invest-
ment, although successful examples demonstrate how aquaculture may remain viable in urban areas.
The dynamic role of entrepreneurs in urban aquaculture, reusing urban-derived wastes, is particu-
larly important. Intensification strategies are also varied, and proven to maintain the competitiveness
of aquaculture within the urban environment in the SSEA region. The proposed research and devel-
opment agenda advocates holistic analysis of risks and benefits, and ensuring urban aquaculture is
central to efforts towards improved public health. Improved education about the issues and enforce-
ment of legislation among stakeholders is required. A better understanding of bioaccumulation of
contaminants in aquatic farming systems is urgently required towards these ends.

© CAB International 2005. Urban Aquaculture
(eds B. Costa-Pierce, A. Desbonnet, P. Edwards and D. Baker) 25
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Introduction

Rapidly increasing levels of urbanization
occurring in many less developed coun-
tries are a major demographic and develop-
mental phenomenon. Maintaining food
security (Koc et al., 1999), both in terms of
quantity and quality, and ensuring sanitary
waste disposal for dynamic towns and
cities are major challenges, especially in
the context of urbanization on seasonally
flood-prone land in Asia. We explore what
urban aquaculture is, where it is occurring
and its roles in people’s livelihoods before
examining the conditions under which it
has developed. We then assess the evi-
dence for the sustainability of urban aqua-
culture as part of modern development,
and review the major research and action
needs to support it.

What is Urban Aquaculture and
Where Does it Occur in Asia?

Aquaculture, as is the case with food pro-
duction more generally, is mainly associated
with rural areas, though typically aquacul-
ture has strong linkages with urban centres.
This is probably associated with the recent
history of aquaculture in most of South and
Southeast Asia; fish culture as a traditional
activity is not widespread (Edwards et al.,
1996). Its rapid development in recent
decades has been driven by access to infor-
mation and markets that are more readily
available in cities, but also due to availabil-
ity of wastes. In contrast, fishing and collect-
ing of wild stocks of indigenous aquatic
plants and animals still typically meet most
people’s needs in rural Asia. Aquaculture,
both rural and urban, is usually based on
the stocking of exotic species produced in
hatcheries. Around cities, higher yields of
fish from resource-intensive culture systems
are more likely to be achieved, compared to
rural areas in which a paucity of nutrients
often restricts farmers to polycultures of fish
feeding low in the food chain. In rural areas,
yields from stocking are often comple-
mented by wild species entering, or self-
recruiting in, culture systems.

Conventional definitions of urban and
rural food production have relied heavily
on location, and there has been little dis-
tinction between intra- and peri-urban
locations. In general, both areas appear to
occur in the cities of South and Southeast
Asia to a greater or lesser extent, and an
all-embracing urban aquaculture label
seems more sensible. Whereas rural aqua-
culture has tended to become linked with
‘traditional’ and ‘agricultural’ practices,
urban has become synonymous with
‘industrial’. As rural aquaculture has
been defined as systems ‘meeting the
needs of, and fitting with resources avail-
able to, small-scale farming households’
(Edwards et al., 2002), it might be
assumed that urban aquaculture is sup-
ported by urban/industrial resources.
This dichotomy is overly simplistic, how-
ever, as nutrient linkages between aqua-
culture and nearby food production are
often weak in rural locations and, in con-
trast, urban systems can be well inte-
grated with respect to water and nutrient
reuse. A major characteristic of urban
aquaculture systems in Asia is the link
with waste and wastewater reuse. Nor can
urban and rural aquaculture be defined
solely in terms of the markets for their
products, and the development of enter-
prises for export purposes fits uneasily in
either urban or rural categories. Such
export-oriented aquaculture is typically
‘stand-alone’, albeit with linkages to ports
and supplies of industrially produced
pelleted feed and other inputs.

Connection of urban aquaculture with
the ‘urban ecosystem’ has been proposed to
give urban food production a stronger con-
ceptual basis (Mougeot, 1999). This defini-
tion stresses the importance of linkages
with the urban nutrient cycle and broader
urban food system (Smit, 1996). The vari-
ous characteristics of urban agriculture
may make this broad definition particularly
relevant. Others might consider that urban
aquaculture fits neatly into a ‘waste econ-
omy’ model as coined by Whitney and
White (1992), for example, viewing the
economic and social flows associated with
wastes in a holistic approach.
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Clearly aquaculture in and around
cities such as Ho Chi Minh City, Vietnam
does not fit comfortably within metropoli-
tan boundaries, which often include rural
areas (see Chapter 6 of this volume). In
contrast, concentrations of aquaculture
further away in neighbouring provinces
have strong urban  characteristics.
Producers can commute to and from the
city, and farms can supply products to
urban consumers on a daily basis. Urban
aquatic production systems may be rela-
tively distant from urban centres, but
strongly linked and interdependent
through flows of water and nutrients. The
definition of urban aquaculture cannot,
therefore, be uncoupled from the nature of
urbanization that typically occurs around
cities. These patterns are determined by
road development. Von Thiinen (1875),
Losch (1964) and Mougeot (1999) have
commented that the travel-time band
around cities is typically more star-shaped
than circular, and is a product of the char-
acteristics of the road network. This con-
trasts with the ‘rings’ of productive
horticulture (and aquaculture) that were
located around traditional urban centres
(von Thiinen, 1875). The concept of the
‘extended metropolis’ (McGee, 1991), or
more recently EMRs (Extended
Metropolitan  Regions; McGee and
Robinson, 1995), encapsulate the idea of
urban areas now rarely having single cen-
tres, but rather sprawling regions of mixed
land use that have both rural and urban
characteristics. These so-called desakota —
areas of mixed agricultural and non-agri-
cultural activities that stretch between
large city cores — are embryonic in many
Southeast Asian countries attempting to
develop provincial centres away from
their core cities, and these are typically
areas of aquaculture development. McGee
(1995) suggests that structural change,
globalization and transactional revolution
all affect how EMRs develop. The impor-
tance of these factors to urban aquaculture
is considered later.

Urban aquaculture typically has many
linkages with rural aquaculture, especially
with regard to movements of products and

knowledge, and there may be a tendency
towards relocation from urban to rural as
infrastructure and linkages improve. In
terms of understanding livelihood strate-
gies, strict distinctions between rural and
urban are unhelpful because of these strong
linkages (Farrington et al., 2002).

Definitions of aquaculture, and the level
of intensity in relation to the urban envi-
ronment, are discussed elsewhere (Bunting
and Little, 2003). Generally, extensive sys-
tems relate to aquaculture reliant on back-
ground levels of  natural food;
semi-intensive systems, which encompass
a large range of systems and production
levels, are based on managed nutrient
inputs that supplement background levels;
and intensive culture systems, usually of a
high density of organisms, are solely
dependent on imported nutrients, usually
as commercial feeds.

There is an important interface between
culture and the exploitation of unmanaged
stocks. These stocks may be of plant or ani-
mal origin, and management practices may
vary over time in relation to alternative
sources of fish and livelihood opportuni-
ties. Management of aquatic organisms in
this way has been coined ‘proto aquacul-
ture’ (Beveridge and Little, 2002), suggest-
ing a relatively small degree of control of
the stock life cycle being imposed, but
resulting in improved outcomes compared
with exploitation alone. The relatively
higher levels of background natural food
levels in and around urban areas, com-
pared to more nutrient-limiting rural areas,
may make such systems productive and
sustainable.

Under What Conditions Has Urban
Aquaculture Developed?

Urban aquaculture appears to develop as
the physical landscape changes in three
ways. First, opportunistically as people
take advantage of places where fish can be
cultured, or aquatic plants grown, that are
created by the process of urbanization such
as borrow pits (holes left behind from the
removal of soils for construction use else-
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where) and wastewater canals. Second,
aquaculture can become urban as enter-
prises get overtaken by urban development
but are sustained, often in a highly modi-
fied form. Third, operations that become
established strategically in urban areas
because of a need to be close to nutrients,
markets, information or, as is most usual,
some combination of these factors.

In Asia, a high proportion of aquacul-
ture is urban based on this definition. The
high perceived value of many aquatic foods
as dietary items, and the pattern, pace and
control of urbanization in much of Asia,
probably explains this situation.
Settlement close to water is normal for
communities of people, and historically
some of the longest established and densest
populations in Asia have occurred close to
river floodplains (Beveridge and Little,
2002). The importance of annual floods
mediated by monsoon rains to such people
is indicated by the primacy of aquatic
foods in Asian diets — rice, an aquatic
grass, and a variety of other aquatic plants
and animals have been, and remain, sta-
ples. Urban lifestyles reduce opportunities
for subsistence livelihood strategies based
on the farming of wet rice and capture of
fish, but demand for these products
remains strong. Urban markets for aquatic
products appear to have been a major stim-
ulus to the development of aquaculture in
South and Southeast Asia.

The highly perishable nature of aquatic
food products also gave producers close to
local markets a competitive edge. Rapid
deterioration and decline in value occur in
fish and vegetables even over short time
periods in tropical conditions. Live mar-
keting of fish is possible for local produc-
ers, and even when live haulage
techniques and quality of infrastructure
improve, risks remain higher. Thus,
tilapias produced in ponds and cages in
urban areas and marketed live in provin-
cial cities of northeast Thailand have a
premium over even much larger iced fish
transported from lower cost systems in
central Thailand. Cage culture of common
carp in and around Ho Chi Minh City can
be sustained because of the value advan-

tage of marketing live or very fresh fish.
The concept of rings of production around
cities, first identified by von Thiinen
(1875) for perishable vegetables, persists
in the region, especially where transporta-
tion infrastructure remains undeveloped.
A major feature of urban compared to
rural areas is the high cost of land, making
food production per se an unlikely first
investment choice. However, agriculture
in urban areas may be a niche function (de
Zeeuw et al., 2000) and is often carried out
on land not owned by the user. Food pro-
duction may also be a transitional use of
land and water. Land and water bodies
earmarked for construction by government
or the private sector may be used infor-
mally for aquaculture on a temporary
basis. Access may be controlled by infor-
mal rents, leases, inheritance or traditional
rights. Typically, fear of eviction, and/or
social conflicts, constrain investment, par-
ticularly if holdings are not home-based.
Thus, households managing patches of
aquatic vegetables around the periphery of
a municipal urban lake will approach
management decisions differently than a
household producing the same crop in a
small pond that they own within their
homestead. Urban administrators often
attempt some level of control on the type
of development through zoning or other
mechanism, which combined with specu-
lative land ownership ensures cities and
their environs are often rich in undevel-
oped patches. In flood-prone Asia, many of
these are used for aquatic food production.
Urban development of floodplains also
demands the use of large quantities of fill
or ‘borrow’ which are most cost effectively
removed from the periphery of cities giv-
ing rise for further opportunistic aquacul-
ture. As urban areas expand, such borrow
pits, which are often very deep, are typi-
cally bypassed, remaining as water
resources throughout metropolitan areas.
These water bodies, partly because of the
expense involved in refilling, often
become permanent resources, typically
developing a range of functions regardless
of ownership. In recent decades, the
falling cost of mechanization has acceler-
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ated hole-digging in many places, espe-
cially during periods of construction
boom. The now common development of
extensive suburbs has encouraged a
related practice of selling topsoil for both
infilling and use in urban landscaping.
This has resulted in large areas of shallow
waterbodies around the periphery of
Bangkok and other larger cities, often next
to residential and industrial settlement.
This type of land is of little value for rice
production, but suitable for other aquatic
crops, especially plants. Typically the pro-
duction of such crops is unrecorded, as
aquatic plants fall outside most national
statistics, being considered neither horti-
culture nor aquaculture.

Change from rice monoculture to more
diversified systems around urban areas is
thus stimulated by rising demand for soil
and products that can be profitably grown
in deeper areas. Farmers that continue try-
ing to grow rice often face problems as
changing land wuse around them -
ditch—dyking and pond construction —
make it difficult or impossible to manage
both water and pests. Increasing levels of
unpredictable flood/run-off from urbaniz-
ing areas often exacerbate this problem.
This situation, together with the higher
returns to land of more intensive horticul-
ture and aquaculture, tends to pull
remaining rice farmers towards conversion
of rice fields to ditch—dyke and/or pond
systems. Alternatively, farmers abandon
rice and let the land go idle; in one area of
Hanoi in which aquaculture is well devel-
oped, 10% of the total area is fallow (Van
den Berg et al., 2003). Lack of necessity to
work the land because of alternative
income sources and a tendency for farmers
to await impacts of changing government
land policy before further investment
probably explain this phenomenon.

The evidence for overtaking of conven-
tional aquaculture by urbanization is cir-
cumstantial, but a typical course of events
can be constructed. Intensification and
shifts to higher value and/or air-breathing
species (e.g. carps/tilapias to catfish/snake-
heads) that improve returns to land, water
and capital are common. Species of fish

capable of air-breathing, rather than reliant
on oxygen dissolved in the water, are more
tolerant of poorer water quality, and can be
raised at higher densities. Typically, they
are also more valuable than other fish
species. Food fish production often also
evolves to a value-added, specialized activ-
ity, such as production of juveniles, orna-
mentals or fattening of fish. Many of the
recreational ‘fishing parks’ where individu-
als pay a fee to catch fish for sport, and
later to eat, in and around Asian cities,
have been modified from food fish farms.
Aquaculture enterprises that become sur-
rounded by urban sprawl tend to be faced
with water quality and other problems, but
trade these off through a variety of techni-
cal and management innovations.

The opportunistic location of aquacul-
ture close to urban centres is principally
related to the availability of cheap nutri-
ents, whether as fertilizers or feeds.
Producing juvenile tilapias on wastewater
around Ho Chi Minh City still appears to
be more cost effective than at locations
closer to customers within the Mekong
Delta, despite transportation costs (Little
and Hulata, 2000).

Urbanization and industrialization typi-
cally occur simultaneously as low cost
labour is essential. Cafeteria wastes from
factories, and by-products from slaughter-
houses located on the outskirts of Bangkok,
support local intensive catfish production.
The high moisture levels and rapid deterio-
ration in quality of such wastes encourage
their reuse locally. Local availability of
inputs to urban aquaculture undoubtedly
explains the importance of ‘clusters’ of pro-
ducers and traders. Industrial and trading
clusters have long been identified
(Marshall, 1919) as being critical for the
availability of buyers and suppliers, allow-
ing formation of specialized skilled labour,
and facilitating the informal transfer of
knowledge.

A major factor in the development of
urban aquaculture is the well-developed
entrepreneurial process that occurs in and
around urban areas. Many urban fish farm-
ers, especially in the early stages of devel-
opment, either have careers in government
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or other salaried employment. Starting a
farm business is therefore supported by
relatively easy access to technical, market
and financial knowledge. Knowledge of
planning decisions with regard to urban
land use and resource availability is also
advantageous.

In summary, a combination of factors
encourages urban aquaculture, including
the process of urban-industrial develop-
ment itself. Changing landforms lead to
changing land use and access. Improved
availability of nutrients, information and
markets combine to stimulate and support
development of urban aquaculture, mainly
by entrepreneurs.

What Are the Roles of Urban
Aquaculture and How Do People
Benefit?

The production of aquatic foods has
numerous roles in urban areas, and brings
benefits in many ways. Viewed from the
household, local community or munici-
pality, different perspectives emerge;
urban aquaculture can be an important
source of nutrition or employment to a
household, or an important component of
urban waste disposal and flood control to
local authorities.

The nature of benefits partly relates to
the scale of urban aquaculture.
Aquaculture production systems range
from small, household-level operations,

through informal exploitation of commu-
nity water bodies for plants and animals
for subsistence needs, to completely spe-
cialized commercial ventures that are capi-
tal intensive and employ large numbers of
people.

Urban aquaculture also benefits people
as consumers and intermediaries as well as
producers. The importance of local food
production in the community may relate
more to such benefits, particularly as
employment, than directly to producers on
the farm. Neither is urban aquaculture
always a dominant activity for urban
households. Urban households, particu-
larly comprising poorer people, are likely
to be involved in aquaculture as a part-time
activity within a complex portfolio of
livelihood options as they attempt to
reduce risks and their vulnerability (Moser,
1998).

Links between urban and rural areas
also mean that rural people can and do
benefit from urban aquaculture as move-
ment of both people and products ensure
that aquaculture in and around cities is
having numerous impacts in rural areas.

Roles of urban aquaculture

Urban planners in the SSEA often underes-
timate the role of urban aquaculture in
waste disposal and reuse (Table 3.1). This
may partly be explained by the fact that the
waste economy (Whitney and White, 1992)

Table 3.1. Roles of urban aquatic food production from different perspectives.

Level of production system

Urban households

Role Municipal Local community Rich Poor
Waste disposal and treatment ++ ++++ +++ ++
Food production + ++ + +++
Housing + + ++
Flood control +++ +4++ ++ +
Employment ++ ++ + +++
Environmental quality +++ +++ +++ +
Recreation ++ ++ ++ +

++++ Very important; ++ important; + unimportant.
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requires all aspects to be analysed together.
Urban administrations typically lack
capacity for this type of analysis, but the
role of urban aquaculture in reducing
organic wastes that would otherwise
impose greater costs and public health
risks is rarely acknowledged, and some-
times denied. High profile exceptions to
this, such as the East Kolkata wetlands,
have become prominent because of the
strength of civil society and non-govern-
ment activists. At a local level, however,
reuse of waste in urban aquaculture is
likely to be more obvious, especially if
municipal waste removal is lacking or
costly. Perspectives among better off house-
holds to waste disposal and reuse are likely
to be more related to the nature and
impacts on local environmental (air, water)
and amenity quality than their role in food
production with which poorer households
are more concerned. The value of periph-
ery dyke areas of urban water bodies as
sites for settlement of poor households,
particularly as informal squatter communi-
ties, is clear. Such areas are increasingly
favoured as sites for high-value housing in
downtown areas of Asian cities, a trend
that often leads to the exclusion of the
poor. Enlightened municipalities may view
urban wetlands for their flood control
and/or amenity value, but are more likely
to perceive them as areas ripe for develop-
ment. Retaining or increasing water bodies
within cities is also a strategy to ameliorate
downstream impacts of storm water run-off
from urban areas (Haughton and Hunter,
1996). A better understanding of the value
of water bodies used to produce food at the
local community and household levels
could inform more strategic and pro-poor
development.

Access and ownership

An important issue arises over the defini-
tions of aquaculture being limited to
strictly those owned by individuals, corpo-
rate bodies or the State (Rana, 1998).
Clearly much production from aquatic sys-
tems occurs in common property or from a

common pool resource. Beveridge and
Little (2002) argue that the key criterion
distinguishing farming from collection is
any intervention that increases yields
sustainably. This may be achieved either
through ownership of stock, or controls on
access to, and benefits from, such stocks.
Earlier we suggested that urban aquacul-
ture may in many cases be encouraged by
uncertain tenure, complex access rights,
and ineffective planning and enforcement.
It is likely that the opportunistic use of
water and wastes, together with a place to
stay in urban areas, are a magnet for the
poor, especially migrants seeking low-cost
accommodation. The tendency for informal
housing, that is not always temporary, to
develop around water bodies, is well estab-
lished, and the linkage with water for sani-
tation and multipurpose use are well
known. Thus, for migrants in many cities,
whether Calcutta, Dhaka or Ho Chi Minh
City, water bodies become a source of sec-
ondary income, nutrition and employment.

Urban-rural linkages

The flow of people, products and ideas
between rural and urban areas results in
the benefits of urban aquaculture being
felt far outside urban areas. Small carps
and tilapias produced on feed-lot live-
stock waste around Bangkok are iced and
then marketed in poorer areas of the coun-
try, particularly north and northeastern
regions where demand for cheap, freshwa-
ter fish is strong. Urban aquaculture can
also lead to changes in rural areas through
the flow of ideas and attitudes. Iaquinta
and Drescher (2000) describe this as a
social-psychological dimension of urban-
ization. Large-scale rural-urban migration
may change the food culture in both
directions. For example, the settlement of
poor, fish-eating Bengali and Bihari
migrants in Delhi has created a new and
large demand for small cheap freshwater
fish in Haryana State. Conversely, the long
established and widespread practice of
northeastern Thais migrating to Bangkok
for construction and service employment
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may have led to small farmed fish becom-
ing popular in their home communities
(Little and Edwards, 2003). This in turn
may have stimulated local production to
compete with iced fish imported into the
northeast region. The return of remit-
tances of migrant workers, new consump-
tion habits and even knowledge about
production and marketing, may be power-
ful forces for change in rural areas of
many countries of the SSEA region.

Trading networks

Recent definitions of urban agriculture
include processing and trade to produc-
tion (Mougeot, 1999). This commodity
approach makes sense as value addition is
an important concept for many aquatic
products. Trading and distribution of
urban wastes to rural aquaculture is a
common and tangible linkage between
urban centres and aquaculture in outlying
areas that brings benefits to people, espe-
cially the poor, in a variety of ways. Thus,
the trading of urban nightsoil for juvenile
fish production in northern Vietnam (Prax
et al.,, 2002) and the contractual removal

and sale of pig manure from feedlot units
around Bangkok (Little and Edwards,
2003), lead to direct employment benefits
for the poor and, indirectly, to the local
community and wider municipality
through environmental remediation (Fig.
3.1). Mongeot’s observations about small
and dispersed units making up an exten-
sive and decentralized supply system
within immediate reach of a massive con-
sumption market for urban agriculture
seems particularly true for aquatic prod-
ucts. Although returns to labour for pro-
ducing and trading aquatic products may
be low compared to other employment
opportunities in urban areas, urban aqua-
culture probably increases the number and
size of niches for marginal groups to gain
employment, much of it of a petty trading
nature. The women involved in processing
and selling small, cheap tilapias in a
ready-to-cook form in and around
Bangkok’s largest freshwater fish market
(Sapan Pla) are an example of such niche
filling (Fig. 3.2). This type of activity has
also contributed to the ever-increasing
acceptability of tilapias over the last three
decades in rural northeast Thailand as

mentioned above.

Fig. 3.1. Purchase of pig manure by an entrepreneur, who then transports it by pick-up truck to nearby
fish farmers, is common practice in urbanizing areas in provinces around Bangkok, Thailand.
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Fig. 3.2. The availability of small, cheap tilapias
provides a livelihood opportunity to poorer people;
these fish have been purchased cheaply at a
major city market, de-scaled, gutted and are being
sold to migrant construction workers in Bangkok.

Fish raised in urban water bodies may
also be cheaper and more accessible to the
poor than alternatives. In Coimbatore, Tamil
Nadu, small fish from eutrophic urban water
bodies are caught, sold, purchased and con-
sumed by the poor. Value addition in the
marketing chain may take other forms such
as self-employed, low-caste fish cleaners who
work in markets in West Bengal. The skilled
cleaning of fish, especially if small-sized, is
in high demand by more affluent customers,
and has become an opportunity for assured,
aseasonal employment for the very poor.

What Factors Constrain the
Development of Urban Aquaculture?

A variety of factors combine to undermine
current and potential urban aquaculture in

the SSEA region. The rapid growth of
Asian economies in recent decades has led
to concomitant physical and social changes
in urban settlements. Although some may
provide short-term opportunities, many
can result in longer-term atrophy of the
resource base, lead to decline in social con-
nections and reduce demand for urban
food products.

The proportion of the population living
in urban areas in SSEA has changed
rapidly, and with it expectations and
opportunities to meet food security and
broader livelihood needs. Urban aquacul-
ture must be competitive both as a source
of employment and to supply products in
demand if it is to be sustained. Changes to
markets occur with urbanization and these
are considered below.

The relative openness of many aquatic
production systems, in which inputs and
outputs can readily move in and out of the
system, has particular importance in urban
environments. Boundaries of aquaculture
systems are often ill-defined or porous,
leading to poor control of inputs and out-
puts. Key issues include the potential for
contamination by toxic compounds, and
losses of stock to predation and theft. The
viability of urban aquaculture is greatly
affected by these factors.

Physical changes to the urban landscape

The major factor that constrains the longer-
term development of urban aquaculture is
the physical process of urbanization which
tends to lead to infilling of water bodies in
and around cities as land values rise
(Parenteau et al., 1993). Furedy (1990)
reported a decline in the use of wastewater
aquaculture, usually in urban areas, in
countries such as Japan, Malaysia and
Taiwan. The construction of roads may
have major impacts on the speed and
nature of urbanization, particularly if they
impinge on areas of established aquacul-
ture. This has been the case in Kolkata,
where pressures on the remaining areas of
wetland have intensified greatly since the
development of better road links into the
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area. Infrastructure development can affect
urban aquaculture directly. This includes
programmes to install new sewerage to
transport wastes away from previous areas
of local reuse, and the covering of drainage
channels that previously supported cage
culture or aquatic vegetable production.

As urbanization occurs, change and
interruptions to the supply of nutrient
inputs can also cause the decline of urban
aquaculture. Difficulties in obtaining suffi-
cient wastewater was a major problem of
fish farmers in Kolkata, necessitating them
to change to alternative and costly inputs
such as feeds, and changing the ratio of
species stocked (Bunting, 2002). Reduced
access to nutrients may be linked to
improved sanitation infrastructure being
developed, or lack of maintenance of cur-
rent systems. Inevitably, institutional
issues are often critical, and these are dis-
cussed elsewhere at more length (Bunting
and Little, 2003).

Bangkok’s peri-urban catfish farmers are
also moving out. Originally close to trash
fish sources for feed, and the centre of
demand, availability of alternative feeds
and improved purchasing power in provin-
cial markets make location close to the cap-

ital less attractive (Fig. 3.3). Lately, hybrid
catfish have been increasingly fed with
chicken by-products (Little et al., 1994)
and chicken processors have moved to
provinces such as Lopburi, that produce
maize and, increasingly, the chickens that
consume it, with a concentration of catfish
producers now  located close by
(Ingthamjitr, 1997).

Despite these changes, reductions in the
size or extent of urban aquaculture, or diffi-
culties in accessing inputs, do not neces-
sarily signal the demise of the system.
Indeed, despite a widespread perception
that the Kolkata wetlands are in decline, it
appears that improved productivity in
smaller areas has permitted a growth in
overall production with its many benefits
over the last decades (Little et al., 2002).

Perceptions of urban aquaculture and its
products

The definition of an urban economy as one
in which the workforce is primarily
engaged in non-agricultural activity
(Taquinta and Drescher, 2000) can lead to
the assumption that both recent migrants

£

Fig. 3.3. Proximity to broiler chicken slaughterhouse wastes supports intensive hybrid catfish production
in the suburbs of Bangkok, but there is a tendency for aquaculture to follow relocation of the chicken

processing industry away from the capital.
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and long-established urban households are
disinterested in food production as a
major livelihood focus. This contrasts with
the total employment potential of produc-
tion, processing and trading of highly per-
ishable aquatic products occurring in
urban areas, often among the very poor. In
many areas of the Indian subcontinent,
employment within the fisheries sector is
the preserve of low status, often low-caste
people. However, the loss of skilled labour
to more highly paid employment is
believed to be a constraint to continued
operation of aquaculture in the Kolkata
wetlands (Kundu, 1994).

There is a close relationship with eth-
nicity, social status and acceptance of exc-
reta reuse in food production, which is
known to be highly variable in Asia
(Edwards, 1992). Changes in perceptions
are expected with improved education.
Middle-class urbanites, though more dis-
tant from the source and background of the
food they consume, are likely to become
more selective and discerning in food
choices, particularly those concerning
health risk. In some areas there is wide-
spread knowledge about, and ambivalence
to, the use of wastes in aquaculture, such
as in Kolkata, but even here there appears
to be a trend towards the consumption of
larger fish imported from rural areas of
India (Little et al., 2002). More typically,
urban people will enjoy greater choice, and
any urban food production has to deliver
clear benefits such as freshness. In Kolkata,
fish produced in urban systems are clearly
identifiable by being small and marketed
live, which many poorer and richer con-
sumers appreciate. In Ho Chi Minh City,
price clearly mediates choice; richer peo-
ple eat wild fish from the Mekong Delta,
the middle class choose marine fish and
the poor eat cultured freshwater fish, often
produced in urban areas, which are cheap,
available and small (AIT/CAF, 1997). There
are indications that the growing purchasing
power of city populations in Asia may in
fact undermine the continuance of urban
aquaculture as larger, ‘clean’ fish are pro-
duced in rural areas more consistently and
with a higher quality image than the fish

produced close by. The import of large fish
into Kolkata from Andra Pradesh, and the
increasing quantities of fish from the
Kolkata wetlands sold among the poor in
provincial urban markets of West Bengal,
indicates this trend, and a similar situation
is apparently emerging in Hanoi (Fig. 3.4).

The openness of aquatic systems predis-
poses them to problems of both consumer
perception and real risk of loss, which are
particularly important in wurban areas.
These principally relate to the risks of con-
tamination and theft.

A paradoxical effect of proximity to
urban markets can be extensification of
urban aquaculture that occurs for a range
of reasons when producers seek to reduce
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Fig. 3.4. Selling fish live requires sophisticated
transport if fish are raised in rural areas. In
Hanoi, better transportation infrastructure means
that live fish from rural areas now competes with
fish produced closer to the city. Conversely, more
fish raised around the city are being sold in other
provinces.
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costs, particularly of nutrients. Many of
these are linked to the opportunity for
alternative, more lucrative livelihood
activities and/or the risks associated with
theft. In several urbanizing provincial cen-
tres in otherwise rural northeast Thailand,
recent studies have confirmed earlier
observations (Demaine et al., 1999) that
ponds closer to the urban centre are more
likely to be used for trapping wild fish
than the stocking and culturing of fish per
se (AIT/SCAT, 2003). The conflicts in and
around the Kolkata wetlands are a good
example of how urban aquaculture can
exist despite levels of theft that range from
chronic loss to more acute law and order
problems (Kundu, 1994).

The dynamic nature of settlement in
urban areas in and around water bodies,
insecurity of tenure and the nature of the
community combine to make law and
order a major issue affecting sustainable
food production. Losses of stock to preda-
tors such as birds and mammals may be
relatively less of a problem in urban than
rural systems, but theft is likely to be exac-
erbated by settlement patterns of the poor
and institutions/power relations that domi-
nate poor communities.

Contamination

Contamination of water bodies, whether of
a chronic or acute nature, can affect both
the productivity of aquaculture systems
and public health. The urban poor are dis-
proportionately vulnerable to environmen-
tal and health hazards in urban areas
(Wratten, 1995) and the reduction of such
hazards is a major priority in most urban
development programmes.

Difficulties controlling flows of both
inputs and outputs can place increasing
pressures on aquaculture in urbanizing sit-
uations. Thus, although productive aqua-
culture can be undermined by polluted
water, aquaculture itself can be discour-
aged as a source of pollution. Discharges
from intensive aquaculture may be increas-
ingly subject to control in urbanizing con-
texts where water quality for multi-purpose

use is a priority. Often this reduces viabil-
ity of commercial systems or, in contrast,
can lead to the development of zero dis-
charge systems.

The relationship between aquaculture
and wastewater use in urban areas is com-
plex, partly as a high proportion of surface
water is effectively contaminated in and
around urban areas of developing countries
because = of  inadequate  sanitation.
Additionally, wastewater may not be
sewage alone, or at all, but rather constitute
a mixture of run-off and local discharges.
The best-developed and understood urban
aquaculture in the SSEA region is based on
semi-formal use of sewage that is intro-
duced into ponds on the outskirts of cities.
Areas outside of the city infrastructure that
are urbanizing, but lack sewerage, fre-
quently have de facto aquaculture from
eutrophication of surface water from over-
flowing cess pits and septic tanks.
Overhung latrines are also an important
feature of urban life in some countries. The
economics of zero nutrient costs are well
understood by entrepreneurs who will site
such ponds and their associated latrines on
major routes out of cities and around areas
of public congregation (e.g. bus stops).

Public health issues of such aquaculture
are covered elsewhere (Edwards and
Pullin, 1990; Edwards, 1992; Little and
Edwards, 2003), but any holistic health
assessment would rank these practices as
more hygienic than alternatives, as all are
better than direct contamination of sur-
rounding land. Development towards pre-
treatment of wastewater is considered a
necessary basic safeguard for public health
by most (WHO, 1999).

Using wastewater for controlled
eutrophication of fish culture ponds may
reduce overall public health risks from
pathogenic organisms, disease vectors,
even risks of heavy metals and agrochemi-
cal residues. In places where industrial
pollution has undermined wastewater
aquaculture, there 1is evidence that
untreated discharge into local rivers has
increased, for example in the To Lich
River near Hanoi, Vietnam (Edwards,
1997) with consequent impacts on peo-
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ple’s health. A number of reviews on the
potential health hazards associated with
urban aquaculture systems, especially
those involving wastewater, have been
produced (Mara and Cairncross, 1989;
Edwards, 1992, 2001; Furedy et al., 1999;
Little and Edwards, 2003). Additionally,
the health issues surrounding peri-urban
natural  resource  development are
reviewed by Birley and Lock (1999) and
Lock and de Zeeuw (2003).

A major unresolved issue, where there
are explicit risks from certain practices, is
how the risk can be quantified and its rela-
tive importance assessed. In general, many
of the risks associated with aquaculture are
not specific to urban aquaculture — the con-
tamination of culture water with human
wastes or agrochemicals may be as likely in
rural as urban contexts. Where urban envi-
ronments tend to stimulate greater intensi-
fication and/or integration between waste
reuse and aquaculture on one hand, or
aquaculture and horticulture on the other,
risks are probably relatively greater. Mara
and Cairncross (1989) identified four
groups of people directly at risk: field
workers, crop handlers, local residents and
consumers. Bunting and Little (2003) dis-
cuss the nature of the specific hazards to
each group, describe the factors that influ-
ence the degree of risk and outline poten-
tial mitigation strategies. The importance
of identified risk factors (Lock and de
Zeeuw, 2003) is discussed specifically for
aquatic farming systems.

The use of surface water in and around
cities for fish culture may be particularly
important for disease vector control, as
productive semi-intensive fish ponds are
essentially treatment systems of high bio-
logical activity. The clean, sun-lit shallow
water required for an important malarial
vector (Anopheles gambiae) is unlikely in
the fertile fishpond environment, which is
also contradictory to the needs of the fil-
iariasis vector (Culex quinquefasciatus)
that thrives in highly polluted water (Lock
and de Zeeuw, 2003). These vectors are
more likely to be a problem in aquatic veg-
etable production and unutilized polluted
water bodies, respectively.

The risk associated with use of agro-
chemicals, particularly in horticulture, in
and around aquaculture is serious and
believed to be increasing. Pests on both ter-
restrial and aquatic vegetables in peri-
urban areas around Bangkok are managed
through intensive agrochemical control
(AIT/KU, 2003). Recent and preliminary
risk assessments have produced disturbing
predictions on environmental and human
health (Van den Brink et al.,, 2003). The
threats from contamination of heavy met-
als, which are common contaminants of
wastewater in urban areas, are important,
but their tendency to attach to organic mat-
ter may make the risks specific in terms of
location, system and species of aquatic
product (Bunting and Little, 2003).
Knowledge of this type is more advanced
for conventional vegetables than aquatic
products (Lock and de Zeeuw, 2003).

Although insights into potential health
impacts are growing, actual health impact
data are scant (Lock and de Zeeuw, 2003)
and are a major requirement for future
research. Industrial contamination of water
may also affect the viability of aquaculture
by affecting product taste. In one region of
China, production has shifted away from
food fish, which became unmarketable
because of their phenol taste, to nurseries
(Edwards, 1992).

The risks from zoonosis are considered
in Little and Edwards (2003). Speculation
continues about the importance of aquacul-
ture based on livestock waste as a factor in
the emergence of new human viruses, but
in reality these are more connected to the
management of poultry and swine as sepa-
rate or closely linked enterprises.
Aquaculture linked with both on the same
farm is rare, and the link has been over-
played and misinterpreted (Edwards et al.,
1988; Edwards, 1991).

The constraints to continued aquatic
food production in wurban areas often
appear formidable, but clearly production
is often being sustained, or even expanded,
and new forms of aquaculture can develop.
Conventional pond-based aquaculture
appears resilient in urban areas and new
approaches promise new opportunities.
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Opportunities for Urban Aquaculture

Opportunities for urban aquaculture con-
tinue to develop as the nature of urban
areas and production technology change. It
could be argued that a high proportion of
traditional = aquaculture = was  urban.
Application of knowledge, nutrients and
markets is required for it to become estab-
lished as a viable activity within any
household. In contrast, rural aquaculture
remains constrained in many contexts by
these factors. Additionally, a preference
among rural people to catch or purchase
wild fish when seasonally abundant may
also limit investment in aquaculture.
Demand in urban markets tends to be more
consistent, and historically aquaculture has
developed to meet such demand. Recent
work suggests the same is true of embry-
onic fish culture in parts of Africa.

Continuing opportunities

The opportunistic use of urban water bod-
ies for food production will continue as an
outcome of poorly managed cities where
administration and/or enforcement of
change is weak and investment in new
infrastructure is poor. Enlightened gover-
nance of major conurbations in the devel-
oping tropics will necessitate careful
analysis of priorities in urban renewal that
take account of how city people, especially
the poor, have survived. The assessment of
the role of the city lakes in Hanoi, for
example, appears to acknowledge that con-
tinued fish production is good for the envi-
ronment and can be integrated with
broader roles including recreation and
flood control (see Chapter 7 of this vol-
ume). The concept of ‘greener’ cities situ-
ated in flood plains requires the retention,
and indeed expansion of, water bodies and
constructed wetlands within municipal
boundaries of many of the fast-growing
cities of SSEA.

The importance of the recreational
aspects of urban aquaculture and its link-
ages with ordinary people can be shown
by the growth in pay-fishing in many

areas of SSEA, where fishing remains as
much a pastime in rural areas as a neces-
sity. The growth of recreational fishing
can be related to either or all the opportu-
nities identified as stimulating urban
aquaculture. In many contexts it has
developed as much as a desire to con-
sume fresh fish by increasingly better off
urban people, as a hobby interest similar
to developed economies. In Brazil, fee
fishing enterprises remain the major out-
let for farmed tilapias, one which the
industry has developed around (Lovshin,
2000). Opportunistic uses of urban water
bodies, conversion of food fish enter-
prises and strategic siting close to high
population densities have all occurred as
stimuli in different parts of Asia.
Opportunities for urban aquaculture will
continue to occur as long as the current
trend for rural people to seek a living in
the city continues.

Urbanization and industrialization

Industrialization and urbanization occur-
ring at the same time and place often
stimulate the development of aquatic
food production. Urban areas tend to
have the most reliable infrastructure, or
indeed the only infrastructure, in the
SSEA that is conducive to industrial
growth. A wide range of nutrient-rich
wastes develop in association with rapid
increases in population and the higher
average purchasing power of urban com-
pared to rural people. High levels of
rural-urban migration by fish consumers
stimulate demand. Industry concentrates
nutrients of low opportunity value as the
by-products of feeding a workforce (i.e.
cafeteria wastes) and processing animal
and human foods. This concentration
makes waste reuse more economical and
attractive to the entrepreneurs who typi-
cally innovate systems that are profitable
locally. Increased consumption of live-
stock products tends to lead to intensifi-
cation of poultry and pig production
around urban areas, and these have often
become major supports to urban aquacul-
ture in SSEA.
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Intensification

Aquaculture may have begun in cities as a
process of holding wild fish at high densi-
ties in cages and tanks prior to sale, and
thus the skills necessary to intensify cul-
ture may be well-developed. In contrast to
the phenomenon of extensification that can
be observed around some urban centres,
intensification is a common adaptation to
encroaching urbanization. Intensification
makes better control and surveillance of
stocks both possible and viable, and in
doing so reduces the risk of theft, which
can be a major constraint (Bunting and
Little, 2003).

Intensification may be inevitable given
changing costs and  opportunities.
Increasing costs of land make higher
returns essential, and proximity to alterna-
tive resources and markets stimulates
innovation. Thus, the extensive monocul-
tures of the snakeskin  gourami
(Trichogaster pectoralis) in provinces close
to Bangkok have become more intensive
and robust in response to local industrial
development. Yoonpundh (1997) found
that farmers located closer to clusters of
industry tended to diversify towards
higher value systems and polycultures,
despite less reliable water quality, than
those in more rural areas. Intensification of
the sewage-fed systems in Kolkata is also
allowing production to increase despite
loss of area and poor delivery of sewage
(Little et al., 2002; Chapter 5 of this vol-
ume). The intensification appears related
to improved management and the intro-
duction of species that are more produc-
tive in eutrophic systems, particularly
tilapias and silver carp. A continuing
demand for small, live fish has also been a
major factor in expanding production.
Raising small fish that poor consumers can
afford, and that are easily and simply
transported live, reduces risk and
increases opportunities in the production
chain (Little et al., 2002). Continuous har-
vest and stocking improves cash flow and
observability of stocks and reduces the
impact of theft and occasional pollution
events. Although improved road infra-

structure has allowed imports from distant
Indian states to compete for the markets in
the city, it has also meant provincial urban
markets in West Bengal could be
exploited. The availability of ice and post-
harvest expertise in and around such a
large production centre has also increased
the relative advantage of the producers in
the Kolkata wetlands.

Evolution from food fish to fish seed and
then to ornamental fish production is a
common development track for aquacul-
ture enterprises within urbanizing areas. In
addition to an increasing cost of key
resources as urbanization occurs, it also
suggests how competition, knowledge and
opportunities can stimulate a move up the
value chain. Moving to production of juve-
nile foodfish with faster production cycles
and improved cash flow is often an inter-
mediate step, and supports a host of other
niches such as broodfish and live feed col-
lection or production, and hatchery suppli-
ers. The major seed fish production centre
of Jessore, Bangladesh is a good example of
how a concentration of knowledge and
resources has developed in a small urban
centre linked in this case with knowledge
and material inputs (e.g. dried pituitary
glands from the foodfish markets) from
Kolkata (Little, 2002). Mature examples of
this evolution up the value ladder include
Bangkok and Singapore, where high value
ornamental fish enterprises are concen-
trated. Ho Chi Minh City is an example of a
more domestic-orientated industry (see
Chapter 6 of this volume). In addition to
being well linked with juvenile producers
on the outskirts of the city, poor slum
dwellers living on the Saigon River are key
actors in the network that produces and
markets both juvenile food and ornamental
fish through their role in harvesting tubifex
worms from the highly polluted waterway
(AIT/CAF, 1997; Fig. 3.5).

Processing

A potential strategy to maintain competi-
tive aquaculture in urbanizing areas is to
improve the efficiency of resource utiliza-
tion. Thus, while feedlot pig production
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Fig. 3.5. Harvest and sale of live Tubifex worms
from the heavily polluted Saigon River supports
ornamental fish production in and around Ho Chi
Minh City, Vietnam.

can remain competitive at a certain dis-
tance from the centre, semi-intensive fish
culture that tends to have lower returns per
unit area may be uncompetitive. One
approach is the processing of pig manure
to a suitable live feed and its use for feed-
ing more valuable, air-breathing species of
fish such as catfish. A system developed by
one commercial operator used green
blowfly larvae to process pig slurry, and
reduced the pond area required by a factor
of more than ten (Nuov et al., 1995).
Moreover, the process has been found to
both reduce odour and fly problems, and
increase the value of the residual manure
for horticulture, in addition to greatly
increasing the value of fish produced per
unit area. Fish farmers in urban areas of
Asia also innovate production systems to
reduce risks from inconsistent water

quality. The recycling of water and nutri-
ents between higher input and semi-inten-
sive systems has become commonplace on
the periphery of Bangkok (Little and
Griffiths, 1992).

Alternatively, wastes from urban pro-
duction (livestock, human) can be traded
on to fish producers further out of the city,
where nutrients are more limiting and land
prices lower. These trends are well estab-
lished around Bangkok and Shanghai.
Displacement of waste recycling and inten-
sive food production from in and around
such cities have led to waste disposal
becoming externalized rather than, as for-
merly, invisible and internalized. Large
quantities of wastes are now transported
from Shanghai to neighbouring provinces
for reuse (Whitney, 1991).

Research and Development Needs

A major shortfall in knowledge concerns
detailed, joined-up analysis of how urban
aquaculture benefits various stakeholders.
The lack of clear responsibility within
urban administrations is a major constraint
in this regard, and urgently requires atten-
tion if holistic and sensible planning is to
occur for Asia’s emerging megacities and
fast-growing secondary urban centres. The
‘promotion of participatory, site specific
and interdisciplinary field research on
urban agriculture with a strong policy and
action orientation’ was raised as a major
need recently (de Zeeuw et al., 2000) and
has guided development of a current
research project in three countries of
Southeast Asia. The Production in Aquatic
Peri-Urban Systems in Southeast Asia
(PAPUSSA) project is investigating the cur-
rent status of urban aquatic food produc-
tion systems at four sites in Cambodia,
Thailand and Vietnam, and then piloting
interventions with stakeholders in each.
Preliminary assessment suggests that these
systems are highly varied, and meet
diverse needs in and around the major
cities of each country.

Clearly a range of issues identified for
ensuring the future of urban food produc-
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tion generally needs to be considered for
aquatic systems. The sensitivity of environ-
mental quality to the success or failure of
aquaculture, both technically and in the
perceptions of consumers, makes this a
critical issue if aquatic production systems
are to be sustained. Assessment of the cur-
rent and future role of urban aquaculture
within urban waste management is
urgently required if many Asian cities are
to develop, or improve, public health
affordably in the near future.

A sufficient level of assured quality will
rely heavily on improved education and
enforcement of legislation. Potentially, the
linking of improved quality of both water
resources and food produced in cities
could become the ultimate insurance for
future farming of urban water bodies and
waterways. Clearly, environmental and
food quality awareness of urban popula-
tions will need to be radically increased in
most contexts, but enforcing of rules that
set levels of permissible intensification and
acceptable eutrophication for multiple-use
water will be critical. Furthermore, a better
understanding of the nature of bioaccumu-
lation of contaminants in aquatic farming
systems, and their products, is urgently
required if increasingly sophisticated and
knowledgeable urban consumers are to
continue to purchase them.

Conclusions

Urban aquaculture has been identified as
both a means to increase quality food sup-
plies and reduce organic wastes in South
and Southeast Asia and these experiences
inform potential elsewhere. Poor people
appear to benefit from urban aquaculture,

and a major challenge is to strengthen their
position while supporting changes benefi-
cial to other stakeholders. The benefits to
the poor and challenges to sustainability
are similar for urban aquaculture and
urban food production as a whole, but the
nature of aquatic systems in urban areas,
particularly their inherent connectivity,
makes these issues even more complex and
challenging.
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Abstract

Informal reuse of wastewater in aquaculture is widespread in parts of Asia, although there has been
limited introduction of formally designed and engineered systems. As there is interest in assessing
the contribution of wastewater-fed aquaculture to the development of sustainable cities, a multidisci-
plinary typology is presented of factors to consider (i.e. associated sanitation technology, aquaculture
systems, disposal of produce and effluent, and institutional aspects). An overview is also presented
of the global occurrence of wastewater-fed aquaculture. Although most extant systems are threatened
or in decline, wastewater-fed aquaculture has potential, as indicated by the recent introduction of
schemes in Bangladesh and India. Design criteria are presented for the maximal production of fish
safe for human consumption with minimal treatment of wastewater, and for the production of tilapia

and duckweed as high-protein animal feed.

Introduction

Informal use of excreta and wastewater in
aquaculture is widespread in parts of Asia,
with relatively little practice in other parts
of the world. However, there has been only
limited introduction of planned reuse in
aquaculture by national or local authorities
using formally designed and engineered
wastewater treatment and reuse systems
(Edwards, 2000, 2002).

Little wastewater treatment takes place in
urban areas of most developing countries,
and two-thirds of urban wastewater receives
no treatment at all — it is mostly discharged
into the most convenient surface water
source — as the cost of installing conven-

© CAB International 2005. Urban Aquaculture

tional mechanical wastewater treatment is
prohibitive. Even when the latter is intro-
duced, it rarely functions adequately due to
high capital costs, high maintenance costs,
the need for sophisticated equipment and
qualified technicians. The development of
sustainable technologies for wastewater
treatment within the economic and techno-
logical capacity of developing countries that
safeguard public health is required (WHO,
in press). Interest is growing in inexpensive
waste stabilization ponds that also achieve
high rates of pathogen removal. There is
need for a holistic approach based on nat-
ural treatment and reuse of both nutrients
and water that is energy and cost effective,
and provides employment and low-cost
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food for the poor, while at the same time
providing a financial incentive to stimulate
effective operation and maintenance of
wastewater treatment facilities.

Wastewater  treatment and reuse
schemes through aquaculture could play a
major role in poverty alleviation pro-
grammes in urban areas. There is also
growing interest in use of treated effluents
in many parts of the world because of the
rapidly increasing shortage of renewable
water resources, especially in semi-arid

and arid regions. The Hyderabad
Declaration on Wastewater Use in
Agriculture, an outcome of a recent
(November, 2002) workshop entitled
‘Wastewater use in Irrigated Agriculture:
Confronting the Livelihood and

Environmental Realities’, sponsored by the
International Water Management Institute
based in Colombo, Sri Lanka and the
International Development Research Centre
based in Ottawa, Canada, recommended
such an holistic approach to management
of wastewater in aquaculture and agricul-
ture (Anonymous, 2002).

This chapter presents a multidiscipli-
nary typology of factors to consider in
assessing the contribution of current and
future potential of wastewater-fed aquacul-
ture to sustainable urban development. The
history and current status of wastewater-
fed aquaculture are outlined, with specific
examples from major world regions. Future
prospects are discussed, with a design for
the minimal treatment of wastewater with
the maximal production of microbiologi-
cally safe fish for both improvement of
existing schemes, and implementation of
new schemes. Produce restriction through
the production of high-protein animal
feeds such as duckweed and tilapia is also
described. These may provide alternatives
to fish meal in formulated diets of both
livestock and fish.

Typology

For wastewater treatment and reuse
schemes involving aquaculture to play a
greater role in sustainable urban develop-

ment, there is a need to explore their
potentials and constraints using a multidis-
ciplinary system approach. A typology is
presented to facilitate such a process (Table
4.1). The typology comprises: wastewater
type, its conveyance to the aquaculture sys-
tem and the degree of prior treatment; the
aquaculture system with its status and
trends, the resource system in which it is
placed, and its technical and social
aspects; disposal of aquaculture produce
and the aquaculture system effluent; and
institutional aspects covering its develop-
ment and regulatory and policy frame-
works.

Wastewater

Wastewater is used generically to cover the
wide range of forms in which human exc-
reta are used in aquaculture. Nightsoil is
fresh human excreta. Contaminated surface
water refers to natural water bodies, such as
rivers and lakes, containing human faecal
material because of absent or inadequate
sanitation technology. Domestic sewage is
water-borne excreta from flushed toilets, to
which the term wastewater is often
restricted, and it may be contaminated with
varying amounts of industrial wastewater
or sewage. Sewage may also contain urban
run-off if the sewerage system is connected
to storm drains. Septage is the sludge or
slurry removed periodically from a septage
tank which is associated with a flushed toi-
let. Sanitation technology options with ref-
erence to aquaculture are discussed in
detail by Edwards (1992).

Nightsoil may be used directly in
growout systems through an overhung fish-
pond latrine, in which case there is no con-
veyance as there is on-site use. Indirect use
is use of contaminated surface water, in
contrast to direct use, in which wastewater
is transported either by cartage or conveyed
by gravity flow or pumping through a retic-
ulated network of sewage pipes or chan-
nels. Cartage of faecal solids in the form of
nightsoil or septage may be done manually
in containers transported on foot, bicycle or
motor bike, or by boat or vacuum truck.
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Table 4.1. Towards a typology for wastewater-fed aquaculture.

Wastewater type Aquaculture system (continued)
® Nightsoil + Seed
o Contaminated surface water + Feed
® Domestic sewage + Other
® Industrial sewage ® Social aspects
® Urban run-off — Producer socio-economic characteristics
® Septage — Tenure

— Human exposure control

Conveyance to aquaculture system
+ Producers

® None/on-site use

® Indirect use Disposal of produce
— Natural drainage ® Intended use

® Direct use — Food
— Cartage + Home consumption
— Reticulated sewage network + Local market

Prior treatment + Export market
® None — Produce restriction
+ Fish seed

o Natural treatment
® Low-cost treatment
® Conventional sewage

+ Ornamental fish
+ Animal feed
® Social acceptance

Aquaculture system ® Human exposure control

® Status

) — Traders
- SubS|sten.ce — Processors
- Commerolal — Consumers
— Experimental + Raw
— Trends i + Cooked
~ Expanding + Processed
B Stab.le. ® Marketing and processing
— Declining — Chain
o ;{;cgr;srsgv:;;r;;tatus — Trader and processor socio-economic
; characteristics
— Agricultural land
— Waste land Disposal of effluent
— Wetland ® Surface water
— Water body ® Crop irrigation
® Technical aspects Institutional aspects
— Cultured organism ® Development
+ Fish — Informal
+ Aquatic plants — Formal
— Culture facility — Potential
+ Open water — Constraints
+ Pond ® Regulatory framework
+ Cage — Wastewater pricing
— Integration + Households
+ Polyculture of fish and aquatic plants + Farmers
+ Field crops — Water quality monitoring
+ Horticulture — Effluent standards
+ Rice — Public health guidelines
— Wastewater application ® Policy framework
+ Gravity flow — Low-cost wastewater treatment
+ Pumping — Benefits for poor producers
+ Sprinklers — Benefits for poor consumers

— Input supply — Incorporation into urban planning
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Indirect use is the planned application of
wastewater from a receiving water body,
such as a watercourse draining an urban
area. However, in many areas where the
river flow is mainly sewage, especially in the
dry season, disposal in surface waters is in
fact disposal in a ‘natural conveyance chan-
nel’ (van der Hoek, 2002). An example is the
Hanoi wastewater-fed aquaculture system
described in Chapter 7 of this volume.

Wastewater may be untreated or treated
prior to use in an aquaculture system.
Natural treatment refers to the treatment
that takes place in contaminated surface
water prior to use in aquaculture, in con-
trast to intentional treatment through low-
cost or conventional sewage treatment.
Low-cost treatment here refers to on-site
treatment (pit-latrines, pour—flush latrines,
biogas and composting latrines) and off-site
treatment of nightsoil and septage.
Conventional sewage treatment may be by
mechanical treatment such as activated
sludge, aerated lagoons or trickling filters or
biological treatment in stabilization ponds.

Aquaculture system

With the exception of the overhung pond
latrine, in which fish directly consume
human faeces, wastewater is not used
directly in aquaculture. The nutrients con-
tained in wastewater are used as fertilizer
to produce natural food such as plankton
or benthos for fish, although nutrients are
taken up directly by aquatic plants.

High organic matter loading rates of
200-300 kg BOD/ha/day are used to treat
wastewater in stabilization ponds, as the
aim is to minimize the amount of land
devoted to treatment processes. However,
organic loadings about one order of magni-
tude lower, 10-30 kg BOD./ha/day, must
be used in wastewater-fed fish culture to
avoid producing too dense a concentration
of phytoplankton, which would deplete
dissolved oxygen through respiration dur-
ing the night. Thus, there is a need to rec-
oncile the different approaches of sanitary
engineers and aquaculturists to wastewater
or stabilization pond design.

As wastewater-fed aquaculture often
occurs in areas without a supply of rela-
tively unpolluted freshwater, ponds for
fish culture are filled initially with the
only source of water available, generally
contaminated surface water or raw sewage
with a high percentage of organic matter.
In this first step of this process, known as
primary fertilization, the anaerobic water
filling the pond is left to stand for 10-20
days until natural biological purification
processes have reduced the biological oxy-
gen demand and increased dissolved oxy-
gen to a sufficiently high concentration for
fish to be stocked. Subsequent additions of
anaerobic water, intermittently in small
ponds to more or less continuously in
large ponds, maintain pond fertility to pro-
vide adequate natural food for fish in a
process known as secondary fertilization
(Fig. 4.1).

Regarding the status of aquaculture, the
system may be at the household level for
subsistence and/or sale of produce. Large-
scale systems invariably are primarily com-
mercial. A considerable number of
experimental or hypothetical systems have
been proposed (Edwards, 1992, 2000).
Resource system refers to the larger system
in which the aquaculture system physi-
cally operates, generally constructed either
on agricultural or waste land, or in a wet-
land or water body.

There are various technical aspects in
the typology. Wastewater may be used to
grow fish or aquatic plants (freshwater
macrophytes). Aquatic plants may be
farmed in open water, such as faecally
contaminated rivers, lakes or reservoirs,
or in ponds, with the latter the major type
of culture facility used to farm fish. Fish
may be enclosed in cages in open water
bodies.

Culture of fish in ponds may be inte-
grated with aquatic plants in a polyculture.
Pond water from the aquaculture facility
may be used to irrigate crops, usually veg-
etables, on the dyke (Fig. 4.2). Effluent also
may be used to irrigate crops, field crops,
fruit trees, rice or vegetables. Wastewater
may enter the system by gravity flow, by
pumping or by sprinklers (Fig. 4.3).
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Fig. 4.2. Collecting lotus stems for human consumption in a pond fed with untreated conventional
wastewater in Ho Chi Minh City, Vietnam.

Seed, in the form of larvae or finger-
lings, is usually the only input to the sys-
tem, although tilapias may not need to be
stocked if self recruitment is adequate.
Natural food in the forms of plankton and
benthos produced as a result of the fertil-
ization of wastewater usually provide ade-

quate feed for fish. However, supplemen-
tary feed may be added in the monsoon
season when natural food is limited by
dilution, increased water turbidity and
lower insolation.

Socially defining characteristics of
wastewater use are the social and eco-
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Fig. 4.3. A sprinkler introducing secondary treated wastewater diluted with river water into a wastewater-

fed fishpond in Munich, Germany.

nomic status of the farmers or producers,
including the involvement of women and
children as well as men. Security of tenure
of land (or water in the case of open water
culture) will influence the degree of invest-
ment in the system by private farmers, but
large schemes invariably need government
involvement.

Product market

Wastewater is most commonly used to pro-
duce food for direct human consumption,
in both the form of fish and aquatic plants.
The main source of disposal of household-
level produce is likely to be home con-
sumption, although produce from larger
and off-site aquaculture systems is often
destined for the local market. Food pro-
duced in wastewater-fed aquaculture sys-
tems is unlikely to be exported because of
its relatively low value.

Wastewater may also be used indirectly
to produce fish seed or fingerlings, orna-
mental fish or high-protein produce for
animal feed. Examples of the latter are
wastewater-fed tilapias to feed high-value
carnivorous fish or crustaceans farmed in
separate systems and duckweed to feed

herbivorous fish or livestock. Social
acceptance of wastewater use is an impor-
tant cultural criterion which may vary
over time.

There are also public health considera-
tions for people at potential risk from use
of wastewater in aquaculture, especially
producers, traders, processors and con-
sumers of produce. Wastewater-grown food
may be consumed raw, cooked or
processed. There are obvious public health
considerations, especially with consump-
tion of raw and inadequately cooked or
processed produce. There is a need to iden-
tify the marketing and processing chains,
and the social and economic status of the
traders and processors for wastewater-
grown produce.

Disposal of effluent

Aquaculture effluent is usually discharged
into adjacent surface water such as a river,
although the quality of the effluent will be
better than that of the input wastewater
because of natural purification during the
aquaculture phase. Occasionally, the efflu-
ent is used to irrigate a downstream crop,
or even the pond water itself (Fig. 4.4).
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Fig. 4.4. Cultivating vegetables on a wastewater-fed fish pond dyke at Mudialy Fishermen’s Co-
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operation Society, Calcutta, India. The vegetables are watered with green, fishpond water.

Institutional aspects

Aquaculture wastewater use systems may
be informal, with use of wastewater lacking
permission or control by state agencies, or
formal, with a certain level of permission
and control by state agencies (van der
Hoek, 2002). The terms ‘planned’ and
‘unplanned’ have been used to characterize
direct and indirect wastewater use, respec-
tively, but are of limited practical value
for a typology (van der Hoek, 2002). The
rationale behind use of the former terms is
related to the involvement of the state in
planning for wastewater use, but in waste-
water-fed aquaculture farmers most often
plan for use of wastewater without any
state involvement. In many cases the
wastewater may be the only source of
water, as well as nutrients, available to
farmers. As wastewater-fed aquaculture
faces an uncertain future, potential and
constraints warrant further elucidation.

In assessing the relevance of current and
potentially new schemes for wastewater-fed
aquaculture in peri-urban areas of cities,

there is a need to investigate whether a reg-
ulatory framework exists that considers
wastewater pricing for disposal cost of
households, and purchasing costs by farm-
ers, relative to water quality monitoring and
effluent standards for wastewater treatment
and use, and national public health guide-
lines for wastewater use. Furthermore,
whether the benefits of wastewater use for
poor producers and consumers and its role
in low-cost wastewater treatment are recog-
nized, possibly through incorporation into
urban planning, should be determined.

History and Current Status
Overview

Wastewater use in aquaculture is wide-
spread in parts of Asia, mainly informally,
with relatively limited practice in other
parts of the world. The practice has a long
history in several countries in East, South
and Southeast Asia, and especially in
China where it is several centuries old
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(Edwards and Pullin, 1990; Edwards, 1992,
2000). There has been only limited intro-
duction of formal use of wastewater in
aquaculture by central government based
on engineered systems, as it has been
mainly developed informally by farmers
and local communities.

The primary aim of informally devel-
oped wastewater use has been to utilize
both water and nutrients for aquatic farm-
ing rather than just the treatment or dis-
posal of wastewater. Wastewater is almost
invariably used in aquaculture without any
formal treatment, with inadequate atten-
tion given to public health. This may be
contrasted with the formal design of waste-
water treatment systems by engineers in
which the primary aim is treatment and
disposal, with concern for public health.

Formal design of systems for wastewater
treatment and use is relatively rare, even
though it has long been demonstrated that
fish can be cultured in maturation ponds
in a conventional series of stabilization
ponds, as they are typically aerobic at all
times, and have low levels of unionized
ammonia. About 90 engineered systems
incorporating sewage use for fish culture
were constructed in Germany from the late
19th century until the 1950s (Fig. 4.3), but

almost all have shut down, with the notable
exception of the ponds in Munich (Prein,
1990, 1996). Sewage-fed fish ponds were
developed later in Asia than in Europe, ini-
tially in India in the 1930s, in China from
the 1950s, and in Vietnam from the 1960s.

Numerous experiments have been car-
ried out on culture of fish in engineered
wastewater stabilization ponds around the
world, even though it has rarely led to
commercial practice: Africa (Egypt, Kenya,
South Africa), the Americas (Dominican
Republic, Peru, USA), Asia (China, India),
Australasia (Australia, New Zealand),
Europe (France, Hungary, Poland, Russia,
UK) and the Middle East (Egypt, Jordan)
(Edwards, 1992, 2000).

The great diversity of systems currently
in use, characterized by wastewater type
and conveyance system, culture facility
and cultured organism, as well as geo-
graphical location, is outlined in Table 4.2.

Most wastewater is used directly to pro-
duce herbivorous and omnivorous fish,
mainly carps, catfish and tilapia, or aquatic
plants such as lotus (Fig. 4.2), water mimosa
and water spinach for human food. There is
also production of fish seed or fingerlings
and aquatic plants, especially duckweed, to
feed livestock and herbivorous fish.

Table 4.2. Types of wastewater-fed aquaculture systems (adapted from Edwards, 2002).

Wastewater type and Aquaculture

delivery system system Cultured organism Location

Nightsoil (overhung latrine) Pond Fish China, Indonesia,
Vietnam

Nightsoil (overhung latrine) Pond Duckweed Bangladesh

Nightsoil, septage (cartage) Pond Fish China, Vietnam

Contaminated surface water Pond Fish Bangladesh, Indonesia,

(waterborne) Vietnam

Contaminated surface water Pond Duckweed China, Taiwan

(waterborne)

Contaminated surface water Cage in river Fish Indonesia

(waterborne)

Contaminated surface water Stakes in river, Aquatic vegetables Widespread in Asia

(waterborne) shallow pond

Sewage (waterborne) Pond Fish China, Germany, India,
Vietnam

Sewage (waterborne) Pond Duckweed Bangladesh
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Specific examples

A brief overview follows of global waste-
water use in aquaculture (Edwards, 2000).
Most occurs in certain countries of Asia,
with an almost insignificant occurrence
elsewhere.

Asia

Wastewater use in aquaculture is not a tra-
ditional practice in Bangladesh, although
widespread inadequate sanitation, as in
many developing countries, leads to
increased production of both capture fish-
eries and aquaculture through eutrophica-
tion of surface water. Fish were reported
to be harvested from over 50 ha of ponds
with contaminated surface water in peri-
urban Dhaka (Rahman, 1992), but more
recently this has been constrained by
rapid urbanization leading to pond filling
and to excessively high organic loadings
of many of the remaining ponds, which
preclude culture of carps and tilapias
(Edwards, 2000). However, fish, especially
tilapia, are currently cultured in several
water bodies in the centre of the capital
city of Dhaka, which contain water of an
intense green colour because of inflow of
contaminated water (Fig. 4.5). The largest
are Golshan Lake, which is surrounded by
high-class residential buildings and
Banami Lake (Fig. 4.6). Duckweed waste-
water treatment ponds also have been
developed in Bangladesh over the last
decade.

China has recently experienced a major
decline of wastewater-fed aquaculture in
the major production areas of the Pearl
and Yangtze river basins (Li, 1997) due to
economic growth, although it is still prac-
tised in less developed areas. Domestic
wastewater has become increasingly
mixed with industrial wastewater, causing
undesirable odour and taste of cultured
fish, which means that they are difficult to
market. Furthermore, there is increasing
consumption of higher value fish fed pel-
leted feed rather than low-value species
from fertilized ponds, such as bighead and
silver carp.

The world’s largest wastewater-fed fish-
pond complex is in Kolkata, India, occupy-
ing almost 4000 ha. It has declined over the
last few decades by about 50% because of
urbanization (Creative Research Group,
1998), but its continued existence should
now be assured as it has recently been
assigned Ramsar status, an international
convention for the conservation and sus-
tainable use of wetlands. West Bengal is
one of the few places in the world where
new wastewater-fed aquaculture systems
have been implemented. Inspired by
lessons learned from farmers who devel-
oped the Kolkata system over the past few
decades, three municipalities have installed
what has been called an integrated wetland
system for sewage treatment and resource
recovery through aquaculture and agricul-
ture, with pre-treatment of wastewater and
fish pond effluent used to irrigate rice fields
(Ghosh, 1997). Cultivation of vegetables on
dykes recently has been introduced into the
Mudialy Fishermen’s Cooperative Society, a
wastewater-fed fishpond system in the

Fig. 4.5. Wastewater flowing into a lake in Dhaka
which functions also as a fishpond.
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south of Kolkata. Irrigation of vegetables
with relatively clean, green pond water,
should lead to a considerable reduction in
risk to public health for both farmers and
consumers compared to crop irrigation with
raw sewage (Fig. 4.4).

Fertilization of fishponds with excreta
from overhung latrines is widespread in
peri-urban as well as rural areas of
Indonesia, particularly in West Java. In
many villages, towns and cities, natural
surface drainage from streams that are
heavily contaminated with wastewater is
directed into fishponds. Water spinach is
also grown as a vegetable in some ponds
(Strauss and Blumenthal, 1990).

Wastewater reuse in aquaculture is wide-
spread in Vietnam, with overhung latrines
on fishponds in peri-urban as well as rural
areas, nightsoil cartage to fertilize both
nursery and growout fishponds, and culture
of fish and aquatic vegetables in surface
water and sewage (see Chapters 6 and 7 in
this volume for specific examples).

Africa

Wastewater reuse in aquaculture is not a
traditional practice in Africa (Larsson,

1994), although fish are harvested from
lakes contaminated with wastewater
(Demanou and Brummett, 2003).

Europe

Although experimentation of fish culture
in engineered wastewater treatment sys-
tems was carried out in several European
countries, a viable operation remains only
in Munich, Germany, where ponds stocked
with fish are used now for tertiary and not
secondary wastewater treatment as previ-
ously, and the area is a bird reserve rather
than a commercial fish farm (Prein, 1996).
A large-scale pilot project introduced in
Hungary did not become commercial under
the changing economic conditions in the
country (Edwards, 2000).

Latin America

A United Nations Development
Programme/World Bank sponsored project
developed a pilot project that successfully
demonstrated tilapia culture in tertiary
treated wastewater stabilization pond efflu-
ents in Peru (Cavallini, 1996; United
Nations Environment Programme, 2002).
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Analyses showed that fish were acceptable
for human consumption in terms of stan-
dards for viruses, bacteria and parasites,
and for heavy metals, pesticides and PCBs.
Furthermore, the fish were accepted by
Lima city consumers, even when aware of
the origin of the fish. There do not appear
to be other cases of wastewater-fed aqua-
culture practice in this region.

South Pacific

There does not appear to be wastewater-fed
aquaculture practice in the region.

Prospects for the Future
Improved designs

Human food

Conventional designs for fish culture in
engineered stabilization pond systems such
as in Lima (Cavallini, 1996) treat the waste
more or less completely before the effluent
flows into fish ponds. There is minimal
reuse of nutrients in the wastewater
because of the high degree of treatment
before the effluent enters the fishponds.

A novel design takes into consideration
the extremely rapid die-off of enteric
viruses and bacteria in ‘green water’ fish
ponds (Mara et al., 1993; Mara, 1997; Mara
and Pearson, 1998). Wastewater-fed ponds
have large communities of protozoa and
zooplankton (e.g. graze on microorganisms)
and phytoplankton (e.g. photosynthesis
raises the pH to lethal levels for enteric
microorganisms). There is one day reten-
tion in an anaerobic pond, followed by
only four days retention in a facultative
pond, compared to conventional detention
times of up to 30 days before the partially
treated effluent flows into the fish pond. It
was developed following a recommenda-
tion that environmental engineers and
aquaculturists ~ should  unify  their
approaches to provide minimal (but ade-
quate) treatment of wastewater, and maxi-
mal production of microbiologically safe
fish for direct human consumption.

The design resolves the dilemma of
simultaneously optimizing wastewater
treatment and fish production in a practical
way. The design steps using equations
given in the manuals (Mara, 1997; Mara
and Pearson, 1998) are as follows:

® Design an anaerobic and a facultative
pond.

® Determine the total nitrogen concentra-
tion in the facultative pond effluent.

® Design the wastewater-fed fish pond
which receives the facultative pond
effluent, on the basis of a surface load-
ing of total nitrogen of 4 kg total
N/ha/day. This N loading rate provides
adequate algal biomass in the fish pond
for a fish yield of 5-10 tonnes
fish/ha/year without the risk of severe
dissolved oxygen depletion at night,
which would cause fish kills.

® (Calculate the number of faecal coliform
bacteria in fish pond water to ensure that
it is £ 1 X 105 per 100 ml (the previous
WHO guideline for fish pond water was
<1 X 10* per 100 ml, but a revision has
been proposed based on research in
Lima). If it is not, then increase the
retention time in the fish pond (or con-
sider the installation of a maturation
pond before the fish pond).

® Determine the concentrations of
NH,-N to ensure that the concentration
of toxic free ammonia (NH,) is less
than 0.5 mg N/1.

Animal feed

A further prospect is to use wastewater-fed
fish as an ingredient for the formulation of
livestock and fish feed. A significant
percentage of the protein in formulated
pelleted diets, especially for carnivorous
fish and crustaceans, is fish meal, but there
are severe limitations on marine capture
fisheries which are the main source.
Research has demonstrated the feasibility
of using tilapia from wastewater-fed ponds
as a high protein animal feed (Edwards,
1988; Edwards et al., 1990).

The World Health Organization intro-
duced the concept of crop restriction, for
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which a lower quality of wastewater is
acceptable if there is no exposure of waste-
water to the public, and protection is
required only for agricultural workers, e.g.
cereal crops, industrial crops, fodder crops
and pasture and trees (WHO, 1989;
Edwards et al., 1990). Examples for aqua-
culture, for which the term produce restric-
tion has recently been proposed by WHO,
in an ongoing revision of public health
guidelines, are production of high protein
animal feed (tilapia or duckweed) and use
of wastewater to produce fingerlings in
aquaculture nursery operations.
Wastewater reuse in produce restriction is
indirect as animals destined for human
consumption are raised in separate systems
without the use of wastewater. As waste-
water reuse in these systems incorporates
an extra step in the food chain, they should
be more readily acceptable socially than
direct wastewater reuse (Edwards, 1990).

TILAPIA Research was carried out in
Thailand on culture of tilapia in septage-
fed ponds as a potential source of high pro-
tein animal feed (Edwards, 1988, 1990;
Edwards et al., 1987). Ponds were fertilized
with septage at an organic loading rate of
150 kg chemical oxygen demand/ha/day,
equivalent to a total nitrogen loading rate
(the specific design criterion to consider
when using other forms of wastewater) of
5-8 kg/ha/day. Fish harvested at 2—4 week
intervals from the freely breeding popula-
tion of Nile tilapia (Oreochromis niloticus)
were small, but size of fish harvested for
animal feed is unimportant. Mean net
yields of tilapia averaged almost 7
t/ha/year.

Carnivorous walking catfish (Clarias
macrocephalus) were fed experimental
diets comprising whole minced fish with
high concentrations of faecal coliforms
because digestive tract contents were
included. Catfish grew as well on minced
septage-raised tilapia as on control diets of
marine trash fish and fish meal in a formu-
lated diet. Concentrations of microorgan-
isms in Clarias were very low, with the
exception of their digestive tract contents.
Faecal coliform and bacteriophage indica-

tor organisms for pathogenic bacteria and
viruses, respectively, were completely
absent from muscle tissue, blood and bile,
and aerobic bacteria (standard plate count)
were present in catfish muscle tissue in
very low concentrations. These findings
indicate that carnivorous fish fed with
minced septage-raised tilapia were safe for
human consumption.

DUCKWEED Cultivation of duckweed is a
traditional Chinese practice to produce
green fodder for grass carp fingerlings until
they have grown large enough to consume
coarse grass. However, there has been a
tremendous amount of research over the
last three decades on wastewater-fed duck-
weed cultivation (Edwards, 1990; Igbal,
1999; Gijzen and Veenstra, 2001).
Duckweeds have several positive attrib-
utes: protein production up to 10 times
greater than that of soybean; a high crude
protein content of 25-45% on a dry matter
basis; a growth rate of 10-40 t dry
matter/ha/year; ability to grow in shallow
water and shade; and ease of harvest by
pole and net. Unfortunately, they have sev-
eral disadvantages, such as growth
adversely affected by both low and high
temperature and high light intensity; occa-
sional insect infestation; rapid decomposi-
tion; and are economically difficult to dry.
There is an impressive duckweed waste-
water treatment and reuse system at
Mirzapur, Bangladesh (Alaerts et al., 1996;
Gijzen and Ikramullah, 1999). A 0.7 ha
duckweed covered pond, constructed in a
serpentine lay-out to increase the waste-
water retention time, was fed with effluent
from an anaerobic settling pond receiving
conventional wastewater. The pond com-
plex received wastewater from 3500 per-
sons and had a hydraulic retention time of
21 days. Duckweed was harvested and fed
to fish in a nearby fishpond. In a financial
evaluation of the combined wastewater
treatment, the wastewater treatment/aqua-
culture system showed a net profit in the
fourth and fifth year of operation of about
US$2000/ha of total land area for waste-
water treatment including duckweed and
fishponds (Gijzen and Ikramullah, 1999).
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Conclusions

Most wastewater reuse through aquacul-
ture is threatened or in decline, with rela-
tively few new  schemes being
implemented. The objective of interna-
tionally funded research and development
initiatives in Peru was to develop a waste-
water-fed aquaculture system for applica-
tion in other countries in Latin America.
Attempts to introduce it into other cities
in the region, however, have failed
(Moscoso, personal communication).

Major constraining factors are rapid
urbanization, with consequent high oppor-
tunity cost and therefore limited availabil-
ity of peri-urban land for relatively
land-intensive reuse schemes; increasing
industrialization, with mixing of domestic
and industrial wastewater with toxic
chemicals; and rising living standards,
with more affluent urban consumers pre-
ferring higher value carnivorous and pel-
let-fed freshwater and marine fish, rather
than relatively low-value herbivorous and
omnivorous fish from wastewater reuse
(Edwards, 2000).

The lack of knowledge of most planners
and engineers of aquaculture, as a relatively
low cost technical option in wastewater
treatment and reuse, is an additional major
constraint. The engineering profession pro-
motes mechanical wastewater treatment
such as activated sludge and trickling filters
over stabilization ponds, regardless of aqua-
culture potential. Although mechanical
treatment systems require much less land
than stabilization ponds, such plants often
do not function properly in tropical develop-
ing countries due to high operation and
maintenance costs. Mechanical systems may
not have a comparative advantage over
ponds if broader economic analysis includes
social and environmental factors, providing
that land is available at reasonable cost.

Clearly, wastewater-fed aquaculture has
potential in peri-urban areas of developing
countries to provide employment and low-
cost fish for the poor, as indicated by the
recent introduction of schemes in
Bangladesh and India. It may have particular
potential in arid and semi-arid countries,
where the need to reuse wastewater for water
as well as nutrients is becoming urgent.
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Abstract

The origins of aquaculture in peri-urban Kolkata are described, and technical aspects of prevailing
management regimes reviewed, including: the composition of species cultured; sources of water,
including wastewater, used for culture; and feed, fertilizer and chemical application rates. Indian
major carps and tilapia dominate production. However, several factors influence stocking regimes on
individual farms. The nature of fish seed supply chains in the region is discussed. Employment prac-
tices, the role of labour unions and the livelihoods of those who depend either directly or indirectly
on peri-urban aquaculture are presented. Employment in various capacities constitutes an important
benefit of peri-urban aquaculture for poor people. However, labour unions are influential in setting
terms and conditions, which largely dictate the widespread strategy of frequent stocking and harvest-
ing. This in turn results in regular employment for those engaged in servicing the sector — for exam-
ple, hatchery workers, seed traders, fish carriers and retail traders — and a year round supply of
small, affordable fish to markets serving poor consumers. According to farmers, constraints threaten-
ing the viability of peri-urban aquaculture include uncertain wastewater supplies, high input costs,
limited access to credit, poaching, disease and pest problems, inflexible labour arrangements and sil-
tation of fishponds and feeder canals. Action to address such problems may help improve yields, and
in doing so contribute to sustaining a number of poor livelihoods. However, action is also required to
enable poor people to further diversify their livelihood strategies, and where necessary, or prudent,
remove their reliance on insecure returns from natural resource-based activities.

The Origin of Aquaculture in Peri-
urban Kolkata

The history of Kolkata since its founding in
1690 by the British East India Company as
a trading post on the eastern banks of the
Hooghly River is well documented. The
current status of production systems in
peri-urban east Kolkata may be attributed
largely to critical historical developments

© CAB International 2005. Urban Aquaculture

(Furedy, 1987; Ghosh and Sen, 1987;
Kundu, 1994). After a period of rapid and
sustained expansion, recent change has
seen a marked decline in the extent and
apparent viability of traditional production
systems.

Agriculture in peri-urban Kolkata has a
long history dating back to the late eigh-
teenth century. Shortly after founding the
city, sewage and most solid waste were dis-
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posed in the river from a specially con-
structed jetty (ghat); some solid waste was
also used as infill. Overall, this system
proved unhygienic and it was widely
acknowledged that a new strategy was
needed. A system of burning solid waste,
which was tried later, was not successful.
Mr William Clark, Chief Sanitary Engineer,
then proposed to remove municipal solid
waste to the Salt Lake area, and during
1864 a low-lying area to the east of the city
was acquired for the purpose of waste dis-
posal. Dumping started in 1868.

In 1876 this land was leased for 3 years
to Nandalal Das, and rights to capture
fisheries in the area were given to Durga
Charan Kundu for 4 years. However,
unsatisfactory management by Nandalal
Das forced the corporation to transfer the
lease to Bhabanath Sen, who acquired the
right of land, including the watercourses,
for 20 years from 30 April 1879; the fol-
lowing year he acquired the fisheries.
Under the supervision of Bhabanath Sen,
horticulture in the area became estab-
lished and better organized. In 1904, the
sub-deputy Collector reported that of 220
ha taken on lease by Bhabanath Sen, 60 ha
were being cultivated. Gradually, how-
ever, the entire area leased out to
Bhabanath Sen was converted to horticul-
ture, and this productive vegetable-grow-
ing area became known as ‘Dhapa’.

In 1872 a fish jetty was constructed on
Raja’s drainage channel (khal), and this
was closely followed in 1887 by the estab-
lishment of a flourishing fish market (hat)
at Pagladanga. A navigation channel was
constructed to connect the market to the
town reservoir. Later, land taken to con-
struct a storm water flow (SWF) canal
caused disruption to both the fish-produc-
ing drainage channel and market. However,
discharge of sewage carried in the SWF
canal resulted in brackish lagoons becom-
ing less saline, and freshwater fish colo-
nized these lagoons. It is also likely that
some informal stocking of fish was under-
taken. An account given by Mr P. Ghosh,
former Secretary of the Fish Producers’
Association, suggests that the earliest
attempt at formal aquaculture deliberately

exploiting wastewater was undertaken by
Mr Bidhu Bhusan Sarkar in 1918.
Subsequent construction of the Dr B.N. Dey
Outfall Scheme increased access of farmers
in the area to wastewater, which in turn
encouraged others to adopt wastewater
aquaculture.

From a peak in 1945, when approxi-
mately 350 fish-growing sites managed for
wastewater aquaculture covered 7300 ha,
recent estimates have put the remaining
pond area at around 3500 ha. In 1956 the
Salt Lake Reclamation Scheme was formu-
lated, and acquisition notices served on
nearly half the farms managed for waste-
water aquaculture. Between 1962 and
1967, under the direction of the govern-
ment, about 1200 ha of ponds were filled
with silt dredged from the Hooghly River.
This reclaimed land was used to develop
Salt Lake City, a major residential area to
the northeast of Kolkata. From 1967 to
1972, a further 320 ha were reclaimed to
extend Salt Lake City. In 1972, there were
4646 ha of fisheries. During the period
1978-1979 the East Calcutta and Patuli
Townships were developed, converting 670
and 240 ha, respectively.

Following these major projects, recent
pond conversions in the area have pro-
ceeded in a less overt fashion, with initial
conversion to paddy rice farming, which is
more easily developed for light industry or
residential purposes. Since the early 1980s,
roughly 2200 ha of ponds have been con-
verted to rice farming. Paddy rice farming
is widespread in West Bengal, and the
influence of Kolkata on production extends
throughout the region. Demand from the
huge urban markets helps sustain higher
than average prices. Nutrient rich waste-
water is used to irrigate brackish-water rice
cultivation and fish and shrimp ponds over
50 km from the city (Naskar, 1985).

Construction of the Eastern
Metropolitan Bypass in the 1980s involved
the conversion of selected wetland areas
and portions of the solid waste disposal
ground. Improved communications associ-
ated with the bypass have increased the
attractiveness of the area to developers,
and consequently the potential financial
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returns for fishery owners that sell their
land has become substantial, making the
temptation to sell stronger. Furthermore,
the role of government in regulating con-
version remains somewhat ambiguous.
Although conscious of the need to retain
peri-urban wetlands, some recent plans
suggest that limited conversion to support
infrastructure and economic growth may
be desirable. The acquisition notice still
threatens about 1100 ha of wetland at the
Kolkata peri-urban interface.

Attempts have been made in recent
years by fishery owners and others to stop
further encroachment on the wetlands and,
following a lawsuit filed by NGOs, the
Calcutta High Court (1993) ruled in
September 1992 that:

No government or non-government body can
reclaim any more wetlands, on the eastern

fringes, where wetlands are defined in terms
of being wet for six months or more in a year.

This was widely considered a landmark
judgement, but doubts have been expressed
regarding its implementation. Moreover, as
yet no measures have been taken to prop-
erly conserve the remaining wetlands, even
though the area has recently been declared
a wetland of international importance
under the terms of the Ramsar Convention.

Contemporary Aquaculture in Peri-
urban Kolkata

Fish cultivation in ponds managed for
wastewater aquaculture in peri-urban
Kolkata is a practice that has been devel-
oped by local farmers and entrepreneurs
during the past century. A recent report
noted that there were 264 individual farms
(bheries) operating on a commercial basis
with a cumulative surface area of 2480 ha,
and that these were distributed within four
administrative wards, namely Bhangor,
Bidhannagar, Sonarpur and Tiljala (CRG,
1997). This report noted that there were a
further 22 farms with an area of 970 ha in
this region that were either lying idle or
only informally used for aquaculture. Fish
culture is practised also in the numerous

small ponds (jheels) in the Dhapa area, and
in several homestead ponds concentrated
in Sonarpur and Bhangor, some of which
are managed for wastewater aquaculture.
Preliminary stakeholder consultations sug-
gested that around 400 households may be
producing fish in homestead ponds receiv-
ing wastewater. The following sections
draw on findings from a survey with 56
farm managers, and describe the current
status of aquaculture in peri-urban Kolkata,
including prevailing management practices
and the key constraints to production.
Further details of the survey and other
activities undertaken during 2 years of
research relating to ‘Renewable natural
resource-use in livelihoods at the Kolkata
peri-urban interface’ are given on the pro-
ject website (Bunting, 2002).

Scale and distribution

Assessing the distribution of commercial
farms based on location suggests that
smaller farms (<2 ha) occur mainly in
Sonarpur and Tiljala, while large farms
(>40 ha) predominate in Bidhannagar.
Bhangor is characterized by a mixture of
small to medium sized operations (CRG,
1997). Subdivision of lakes in Bhangor, as a
result of infilling with garbage and land
reforms, has resulted in a large number of
small ponds in this region. Although
roughly 90% of the 264 commercial farms
are below 20 ha in size, occupying 1080 ha,
the scale of the remaining farms results in
them accounting for a disproportionately
large area. Pond depths in the region range
from 0.15 to 1.2 m. Integration of addi-
tional production activities with aquacul-
ture occurs on some of the larger
commercial farms in Bidhannagar and
Bhangor.

Management pattern

A diverse range of management strategies
has developed in association with aqua-
culture in peri-urban Kolkata, the evolu-
tion of which has largely been governed by
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socio-political forces and legislative
restructuring. Perhaps the key issue in this
respect, however, has been land reform in
West Bengal, which was implemented to
increase access by poor families to scarce
land resources. Traditionally, feudal land-
lords (zamindars) governed access to much
of the land in the State. Key enactments
were the West Bengal Estates Acquisition
Act (1953) and West Bengal Land Reforms
Act (1955). However, due to exemptions
covering tea gardens, orchards and fish-
eries, the individual farms in peri-urban
Kolkata remained largely intact until only
recently. Amendments to the Land Reforms
Act in 1995 brought fisheries within its
jurisdiction, and consequently led to sig-
nificant reorganization, with many private
holdings being vested from their owners by
the State and transferred to fishermen’s
groups  (non-registered  cooperatives).
Having demonstrated their competency,
such groups subsequently may apply to
become registered cooperatives. The prac-
tice of vesting land has resulted in a
decline in larger fisheries under private
ownership. However, there are a number of
smaller, independently managed house-
hold and individual ponds in the region.
The majority of small ponds are found on
land that was vested from feudal landlords
as part of the land reform programme in
West Bengal. Two of the largest farms in the
region (Nalban and Goltala) remain under
the direct control of the State Fisheries
Development Corporation, Government of
West Bengal.

Fisheries that remain in private hands
are usually run on a partnership, share-
holding or leasehold basis as owners rarely
operate fisheries directly. In the case of
partnerships, the landowner is paid a rent
but may still participate in decision-mak-
ing and take a share of the profits. In the
shareholding system, profits are divided
among the shareholders, although the
owner generally takes 40% of the profits.
When land is taken on lease, usually by
five to ten people, the owner is paid an
annual rent and profits are shared in pro-
portion to the financial contribution of
each leaseholder.

Water source

Access to wastewater draining from
Kolkata was one of the primary driving
forces behind the emergence of peri-urban
aquaculture. Initially, opportunistic farm-
ers exploited the wastewater resource to
cultivate fish and vegetables. However, as
siltation in the Hooghly River became more
problematic, the authorities diverted a
greater proportion of the silt-laden waste-
water to agriculture and fishponds. This
strategy required the construction of an
extensive canal network that extended
throughout the eastern peri-urban inter-
face. Key arteries in this network include
the fisheries feeder canal and Ghosh’s
canal. The drainage network was engi-
neered to distribute wastewater under grav-
ity to the majority of fisheries, but as silt
has accumulated in the fishponds, an
increased proportion of farmers find it nec-
essary to pump wastewater from the
canals. This problem has been further
aggravated by the need to maintain a low
hydraulic head at the pumping stations
transferring wastewater from the city sew-
ers to the drainage canals (Edwards, 2001).
Recent research has shown that nearly one-
third of pond managers must pump water
from the drainage canals to their ponds
during the year (Bunting et al., 2002).

As part of the comprehensive survey of
fish farms undertaken by the Creative
Research Group (CRG, 1997), operators’
access to sewage water was assessed.
Respondents were requested to score the
supply of sewage water on a five-point
scale, where 1 indicated a more than ade-
quate supply and 5 a highly inadequate
supply. In the Bidhannagar region, percep-
tions of the sewage supply appear variable
— 43% of respondents scored the supply as
adequate or more than adequate, and an
equal proportion scored it as inadequate or
highly inadequate. Scores in Tiljala were
also distributed across the possible range
of responses, although the largest propor-
tion (73%) classified the supply as inade-
quate or highly inadequate. Ten
respondents in this region did not consider
the question applicable, and 18 farms were
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rain-fed. The number of respondents in
Sonarpur who classified the supply as
inadequate or highly inadequate was also
significant at 63%. No respondents in this
area considered the supply ‘more than ade-
quate’. The modal score in both Sonarpur
and Tiljala was 4, indicating an inadequate
sewage supply. Overall, the majority (60%)
of farm managers questioned regarded the
sewage supply as inadequate to highly
inadequate, a further 22% considered the
supply adequate for part of the year, sug-
gesting perhaps that the sewage supply is
governed by seasonal changes. Only a rela-
tively small proportion of respondents
(18%) scored the supply as adequate to
more than adequate.

The historical perspective presented by
Furedy (1987) provides an insight to one
of the key constraints in reusing waste-
water for aquaculture. Siltation problems
in the Kulti River were a driving force
behind the diversion of wastewater to fish-
ponds. However, since remedial action, no
sustained effort has been undertaken to
reduce or manage the high loading of sus-
pended solids present in the wastewater.
Therefore, the problem of siltation was
merely transferred from the river to the
secondary canal network and peri-urban
fishponds. As the ponds and feeder canals
have become silted, decreasing access to,
and consequently reuse of wastewater in
fishponds, siltation in the primary canals
and river is again a problem for the munic-
ipal authorities. The fact that many fish-
pond operators experience significant
problems in accessing wastewater results
in an increased discharge volume to the
Kulti River, which belies the myth that
reuse in peri-urban fishponds treats a sig-
nificant proportion of wastewater dis-
charged from the «city. Even when
functioning ideally, wastewater flowing
through the fishponds is not discharged
directly to the Kulti River, but passes into
downstream paddy rice fields and drains
away from the primary canal network. The
volume of wastewater that, having passed
through the reuse system, is ultimately
discharged to the river network has not
been evaluated.

During the 1940s an ambitious scheme
was implemented to intercept wastewater
draining to the fishponds, and to treat it in
primary settlement tanks situated at
Bantala. The scheme also extended to trans-
porting sludge, thickened in earthen basins,
by train to tea-growing plantations in
Darjeeling. Although successfully commis-
sioned, the settlement tanks only remained
functional for 1-2 years. Several reasons,
including technical problems, high opera-
tion and maintenance costs and vandalism,
have been given for the failure of the treat-
ment plant. However, it is likely that a com-
bination of factors led to such a rapid
systems failure. The now defunct settlement
tanks remain as a reminder to future plan-
ners and policy makers concerning the need
to develop appropriate interventions that
consider the range of stakeholder demands.

Problems with accessing sufficient
wastewater from the secondary canal net-
work have resulted in a significant number
of operators using pumps. In Sonarpur, the
majority of farmers have to pump waste-
water to their fishpond, while only a cou-
ple are able to depend on gravity to supply
their needs. Most managers in Bhangor rely
largely on gravity, although some also need
to pump water, though only a few depend
solely on pumped water. Producers in
Tiljala can still rely on gravity to supply
wastewater, as can most in Bidhannagar,
although a few are also required to supple-
ment this by using a pump.

Although in common parlance, refer-
ences to gravity being employed to supply
wastewater to fishponds may, in some
cases, be considered an oversimplification.
Due to the nature of the sewerage system
serving Kolkata, all drainage water must be
raised by pump several metres so that there
is a sufficient hydraulic head to enable
drainage under gravity through the primary
canal network to the discharge lock on the
Kulti River and the secondary canals sup-
plying the fishponds. Edwards (2002) dis-
cussed further problems that have emerged
recently due to the technical and opera-
tional constraints associated with pumping
large volumes of water from the city, and
the differing demands of stakeholders in
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peri-urban areas. Furthermore, due to the
topography of the region, and barriers such
as roads, various siphons have been con-
structed. Controlling distribution through
the drainage network means that several
lock gates on the primary and secondary
canals must be regulated and maintained.
Unfortunately, farmers complain frequently
that due to the prevailing systems for con-
trolling the sluice gates, significantly less
wastewater enters the secondary canal net-
work than is actually required to sustain
the fisheries. Several of the sluices in ques-
tion are under the control of the
Department of Irrigation and Waterways.
Some individual fisheries are dependent
on the maintenance of siphons to enable
them to extract wastewater from the canals.

Maintenance of lock gates, siphons and
the secondary drainage network by fishery
managers, and the considerable cost of
pumping wastewater from the feeder
canals to the fishponds, constitutes a sig-
nificant indirect subsidy supporting the
managed disposal of wastewater from the
city. However, the formal system draining
Kolkata serves only a proportion of the
population, usually middle class and more
affluent households, together with busi-
nesses, that can afford a connection to the
sewage mains. Greater understanding con-
cerning the volume of wastewater used in
fishponds, where pond water is discharged
to downstream users, and the degree of
treatment achieved, could be wuseful in
evaluating the economic benefit of fish-
ponds in terms of offsetting wastewater
treatment costs. Furthermore, wider appre-
ciation of the value of environmental pro-
tection, wildlife habitat, employment and
food production associated with peri-urban
aquaculture, together with other benefits
and costs, may contribute greatly to
informing a rational debate concerning the
future of the system.

Pumping of wastewater from the
drainage canals is undertaken routinely to
sustain both water and nutrient levels in
the fishponds. However, pumps are also
employed on many of the larger fisheries to
drain ponds and move water between
ponds, often in an attempt to facilitate oxy-

genation. The need to pump wastewater to
maintain water levels in the majority of
ponds highlights the fact that many of the
peri-urban wetlands are man-made, and
that their existence depends on the contin-
ued functioning of the fisheries. Despite
this dependence, many environmentalists
do not perhaps appreciate this synergy. A
greater awareness of this issue, might con-
tribute to building consensus amongst
environmental campaigners, producers and
policy makers.

The necessity of having to pump waste-
water to many of the fisheries also has
other consequences: employing diesel
pumps represents a capital and operating
cost to producers, and also brings into
question the environmental credentials of
the system. However, owing to an agree-
ment between the managers and labour
unions, those fisheries required to pump
wastewater are only required to engage
labourers at a rate of one per 5 bigha or 0.7
ha, as compared with one per 3 bigha or
0.4 ha where water is delivered under grav-
ity. Presumably the rationale is that the
added cost of pumping means that the
imposition of higher labour demands could
threaten the viability of the farms.

Species cultured

Traditionally, aquaculture in Kolkata was
dominated by the production of Indian
major carps (IMCs), specifically a polycul-
ture of rohu (Labeo rohita), catla (Catla
catla) and mrigal (Cirrhinus mrigala).
However, there has been a trend towards
culturing tilapia (Oreochromis niloticus),
usually as part of a polyculture with IMCs,
but sometimes in monoculture. Several
other fish species, including common carp
(Cyprinus carpio), silver carp
(Hypophthalmichthys molitrix) and grass
carp (Ctenopharyngodon idella) are also
produced. Tilapia culture is associated
with several advantages: self-recruitment
in ponds, which is absent for the IMCs;
demanding less investment in stocking;
rapid growth; and reportedly good disease
resistance. Their omnivorous feeding
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behaviour also means they exploit various
feeding niches, and the ability to feed effi-
ciently on phytoplankton makes them
highly productive in systems receiving sig-
nificant fertilizer inputs, but where supple-
mentary feeding is limited.

It is notable that IMCs are stocked pre-
dominantly in peri-urban ponds situated in
Bidhannagar, a region characterized by
larger individual farms, while in Bhangor,
where the majority of water bodies are
small, tilapia monocultures are more wide-
spread (Bunting et al., 2002). Several factors
may be governing the decision as to which
species or combination of species to stock.
Investment costs associated with establish-
ing tilapia monocultures may be less, mak-
ing them more attractive to small producers;
returns associated with culturing IMCs may
be higher, but risks are also higher, thus
deterring more vulnerable small-scale pro-
ducers. In addition, water quality in ponds
in Bidhannagar may better suit the require-
ments of the IMCs. This may also be the
case in Sonarpur, where according to
Bunting et al. (2002) six of the seven pro-
ducers interviewed stocked mostly IMCs. In
Tiljala, however, the number of farms stock-
ing tilapia and IMCs were roughly equal.
The decision-making process is likely to be
influenced further by labour union demands
concerning harvesting days per year, fish
seed costs and market demand.

Fish seed and supply chains

Research has shown that the majority of
producers purchase both fry and finger-
lings, yet despite being less costly, only a
small proportion stocked just fry due to the
higher risk of mortality (Milwain, 2001;
Bunting et al., 2002). Fry are much more
susceptible to poor water quality, disease,
predation and environmental perturbations
such as fluctuating temperatures. Farms
buying fry tended to be larger, with more
space available for separate nursery ponds
in which the fish may be on-grown. The
remaining operators that only purchase fin-
gerlings tended to be smaller in size, hence
with no scope for on-growing.

Regarding fish seed trading, it is impor-
tant to understand the characteristics of the
supply chains, including: (i) the nature and
extent of the network, and hence vulnera-
bility to external factors; (ii) the role of
seed trading in supporting poor livelihoods
throughout West Bengal; and (iii) technical,
financial, institutional and social issues
governing the shape and effectiveness of
the network.

From those farmers surveyed, it was
apparent that the majority (64%) depend
solely on agents (goldars) to supply fish
seed (hatchlings and fry) (Bunting et al.,
2002). Producers prefer to buy seed from
agents to avoid the risks associated with
transporting fish seed, plus they are not
required to travel long distances from their
farm to collect the seed. The agents are also
better networked, enabling them to easily
find the species, size and quality of seed
required by the producers. Agents pur-
chase seed from either Naihati fish market
or from those in the Bankura district. It is
then either delivered by truck, or agents
commission carriers to transport it on their
bikes, or manually on their heads, to the
desired fishery. Managers requiring larger
fingerlings tend to purchase them directly
from producers. In Bhangor, where the
majority of managers operate small fish-
eries and small ponds, fish seed are more
likely to be purchased directly from hatch-
ery operators; the hatchery manager will
usually arrange for the delivery of seed to
Sealdah fish market. Some fishpond man-
agers are also involved with on-growing
hatchlings to produce fingerlings that they
then sell to other farms in the local area.

Milwain (2001) discussed in detail the
organization and structure of fish seed net-
works supplying fisheries in peri-urban
Kolkata. This author also makes a series of
recommendations  concerning possible
improvements to fish seed production and
distribution in West Bengal. Important
areas identified for further consideration
included improved water quality monitor-
ing and management in hatcheries, particu-
larly arsenic and iron concentrations,
which may affect seed quality; better sur-
veillance of tube-well water characteristics;
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better information on risks from flooding;
and assistance with marketing to reduce
competition among producers. Milwain
(2001) also proposes a workshop with gov-
ernment staff, specialists and business
managers to develop improved manage-
ment strategies. This could constitute an
important aspect of future research and
development in supporting poor liveli-
hoods and enhancing the viability and effi-
ciency of fish production around Kolkata.

From participant responses recorded in
the study by Bunting et al. (2002), it is
apparent that Nihati is the most common
source for fish seed, mentioned by over a
third of respondents, although sources in
the local area were cited almost as often.
Local sources probably include the pur-
chase of fingerlings from other farmers in
the area who may have on-grown a surplus
of fish, either intentionally to sell to other
producers, or inadvertently, owing to better
than expected survival. Producers citing
sources in the local area may, however, be
buying from local traders but unaware of
the origins of the seed they purchase.

Other significant sources for seed
include Bankura, Sealdah, Bandel, Tribeni
and Pandua, with 10-20% of producers
interviewed purchasing seed from these
regions. Less than one in ten respondents
used suppliers in other regions, 18 of
which were mentioned. From this study it
is apparent that producers in peri-urban
Kolkata use fish seed suppliers from a
broad geographical distribution to meet
their requirements. Although Milwain
(2001) provides a preliminary review, fur-
ther information would be required from
participants to identify which factors, for
example proximity, reputation, quality,
cost or past experience, govern the deci-
sion concerning the selection of seed sup-
pliers. The fact that 45 respondents
identified 115 suppliers also suggests that
producers purchase seed from several
sources. However, more information would
be required to assess whether this was due
to producers trying to spread risks associ-
ated with buying seed of unknown quality
from one source, or if producers were
forced to use multiple suppliers to achieve

their preferred stocking regime in terms of
species, size and timing. It is also uncertain
whether producers consider possible nega-
tive factors, such as potential increases in
disease risk associated with sourcing seed
from multiple suppliers.

Feed and fertilizer application

Survey findings showed a combination of
mustard oil cake (a by-product of oil
extraction from mustard seed) and mohua
cake (a by-product of oil extraction from
mohua tree, Madhuca indica, seed) was
applied by almost two-thirds of producers,
16% and 7% of producers applied leather
milk (a waste product of the leather indus-
try) and hotel dust (organic waste from
hotel kitchens) respectively, while 12.5%
employed no additional feed or fertilizer.
Mustard oil cake and mohua cake are tradi-
tional fish feeds. However, due to the cost
involved, alternative nutrient sources such
as leather milk and hotel dust are now
being exploited. Middlemen collect leather
milk from slaughterhouses and tanneries in
containers, and transport it to the fisheries
on trucks. Hotel dust is a recent innovation
facilitated by local entrepreneurs who col-
lect and transport it to farmers. Although
obviously meeting a demand, potential
negative environmental health impacts
associated with these management prac-
tices remain to be assessed. According to
some respondents, on individual farms
where the integrated production of ducks
and hens is practised, litter from pens and
enclosures is used as a supplementary feed
input. No detailed information, however,
on the extent and management demands of
this practice is available.

Integrated production

Farms commonly have facilities to on-
grow seed to fingerlings in smaller nursery
ponds prior to stocking in the main ponds.
Further wvertical integration, however,
through the development of hatcheries and
maintenance of broodstock, may be con-
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strained due to poor access to good quality
water in the area, limited financial
resources and knowledge and competition
from established commercial seed produc-
ers. More general farm-level integration
was reported on some larger holdings,
with activities such as growing vegetables,
producing coconuts and rearing ducks and
hens for eggs and meat. Such integration is
usually undertaken on a relatively small
scale, largely for self-consumption,
although some produce may be sold at
local markets. However, more widespread
and intensive integration is reportedly
constrained by a number of factors. One
example reported was that of law and
order problems — farmers are unwilling to
risk the theft of livestock or unguarded
crops from embankments, while the threat
of poaching deters managers from planting
trees along their embankments through
fear of reducing visibility and conse-
quently security. Restrictions imposed by
labour unions limiting the types of work
undertaken by some employees, and the
added risk and demands of managing inte-
grated systems, may also further constrain
integration.

Disease and pest problems

Of those farmers interviewed, the majority
(47) reported that production had been
moderately affected by disease outbreaks.
Only one reported severe effects on pro-
duction, while eight did not consider dis-
ease to have an impact. Disease problems
mentioned included fin rot, gill rot, dropsy,
Argulus sp. (fish louse) and Lernia sp.
(anchor worm). However, it should be
noted that some of these terms refer to dis-
ease symptoms as opposed to causative
agents. Summarizing the occurrence of dis-
eases affecting fish in peri-urban ponds,
CRG (1997) noted seven potential prob-
lems. The incidence of Gyrodactylus sp.
and Dactylogyrus sp. parasites was report-
edly insignificant, and that of epizootic
ulcerative disease, tail rot, dropsy and fish
leeches was low. The incidence of fin rot
was reportedly moderate, occurring mainly

from mid-July to mid-August and from
October to February. This problem was
reported to affect all fish species cultured.
The usual treatment was the application of
formalin. The most serious problems
encountered were infestations with
Argulus sp. and Lernia sp., which report-
edly had a high incidence. The occurrence
of these parasites was most common
amongst IMC species.

Producers depend largely on their own
experience in detecting and diagnosing dis-
ease outbreaks. A lack of scientific support
from government and agricultural service
providers was noted, as was the absence of
a formal monitoring programme. Despite
these constraints, producers reported that
if detected in the primary stages, and
appropriate treatments applied, mortalities
could generally be avoided. Furthermore,
producers reported that where fish receive
proper nutrition, resulting largely from
adequate access to wastewater, disease
effects are minimized.

Chemical applications

Lime is generally applied to the sediments
during fishpond preparation to kill
pathogens, predators and small fish that
may harbour disease. Lime is also applied
to the water prior to stocking to reduce tur-
bidity. Where there is a history of disease
outbreaks, lime is used in conjunction with
potassium permanganate for the regular
treatment of pond water. Survey work
showed that roughly 80% of respondents
reported employing this management strat-
egy. However, of these farmers, just under
half reported wusing other treatments.
Chemicals employed when fish show visi-
ble disease signs include terramycine
(oxytetracycline) and metacid (methyl
parathion). Treatments are usually pur-
chased from retailers in local markets, who
also provide advice concerning the appro-
priate compound and application rate.
Rarely do retailers have scientific training,
the materials or specimens to make valid
diagnoses, or a complete understanding of
the factors contributing to the disease out-
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break. Consequently, disease diagnosis and
identification is largely based on guess-
work and consultation with other produc-
ers having experience of similar problems.
Of those farmers interviewed, 18%
reported that no chemical treatments were
employed on their farms.

Finance

Regarding finance, most managers seem-
ingly depended wholly or partly on
advances from traders (dadan) to finance
their production activities (Bunting et al.,
2002). Such arrangements usually involved
managers entering into agreements with
auctioneers (aratdars). Loans are usually
taken in the form of subsidized fish seed,
with an understanding that when the fish
are harvested, they will be marketed
through the same auctioneer, who will then
take some fish as repayment and a commis-
sion of 3% on the remaining fish for pro-
viding the initial loan. Finance in the form
of private loans or credit was reportedly
used by 45% of respondents, and 43% uti-
lized their own savings for investment.
Only a small proportion of producers
reported that they made use of formal loans
from banks, cooperatives or local govern-
ment departments. A couple had received
loans from the Department of Fisheries,
although this usually depended upon prior
involvement of the department in develop-
ing a management plan for the fishery.
While almost half the participants inter-
viewed reported using more than one
source of finance for investment, the rela-
tive advantages or problems encountered
with each require further investigation.

Labour arrangements and unions

Employment opportunities associated with
peri-urban aquaculture have been cited as
one of the major reasons why the system is
worthy of protection — reports have sug-
gested that 8700 people are directly
employed as labourers on fish farms (CRG,
1997). Furthermore, it has been proposed

that operation of these largely commercial
aquaculture ventures sustains several thou-
sand jobs in allied support activities, such
as the supply of inputs, including seed,
and the marketing of produce. As with
other examples of peri-urban farming, it
was envisaged that work in these systems
would enable recent migrants from rural
areas to find employment. Furthermore, it
has been reported previously that several
groups of migrant labour have specialized
skills, such as bamboo screen making, that
ensure they are able to secure employment,
although timing and duration may be vari-
able. Despite the apparent benefit of peri-
urban aquaculture in providing
employment opportunities, arrangements,
in the case of Kolkata, are largely governed
by the labour unions. This suggests that
lessons and recommendations drawn from
an assessment of the current system con-
cerning employment should be viewed
cautiously, and that where labour markets
are more flexible, practical and financial
considerations may dictate that modified
employment arrangements should be
adopted. Labour costs in the case of peri-
urban Kolkata represent the greatest operat-
ing cost (CRG, 1997), and the majority of
farms are reportedly not financially viable
(Mukherjee, 1996). Therefore, in the
absence of enhanced production or higher
fish prices, major restructuring of the
labour force may be required to sustain the
system.

Labour unions are well established in
peri-urban fish farming and, on behalf of
the labourers, negotiate terms and condi-
tions for both temporary and permanent
employees. Daily wage rates, benefits, job
specification, minimum employment days
per year, leave and the number of employ-
ees to be engaged are all governed by agree-
ment between the labour union and farm
managers. However, terms and conditions
vary with respect to fishery size and key
management aspects. The Dakshin 24
Parganas Zilla Bheri Mazdoor Union repre-
sents temporary labourers that constitute
the majority of the workforce on the farms,
and largely dictates the terms and condi-
tions for employment. Periodically the
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unions and farm managers meet and nego-
tiate terms and conditions. However, a
number of disputes over employment
rights resulted in a conflict resolution
meeting between the union and managers.
In 1992, a draft Code of Conduct was
agreed upon at a meeting of the 24
Parganas Fish Producers’ Association and
district level union officials. According to
the Code of Conduct, the size of an individ-
ual farm has a bearing on wages paid to
labourers and the rate at which labourers
should be employed. Small farms are clas-
sified as those between 1.3 and 13.4 ha,
medium range from 13.4 to 33.4 ha and
large farms cover an area above 33.4 ha.
Aquaculture-based production systems
below 1.3 ha in size are excluded from the
Code of Conduct, as labourers working on
operations of this scale are not unionized.
Employment rates are based on the premise
that individual farms that are not required
to pump wastewater require a greater num-
ber of labourers (one per 3 bigha or 0.4 ha),
while those that pump wastewater to the
ponds require less labour (one per 5 bigha
or 0.7 ha). The number of harvest days and
quantity of fish to be marketed is fixed
based on the area occupied by the individ-
ual farm. For further information on the
process that resulted in the draft Code of
Conduct see Bunting et al. (2002).

The majority of labourers are closely
allied to party leaders and union represen-
tatives who, following consultation with
the workforce, negotiate terms and condi-
tions with members of the fish producer
associations. Based on this arrangement,
conditions such as the number of harvest
days per year, minimum harvest quantity
per day and daily wage levels are fixed. In
many cases, managers have also been
forced to create full-time employment for
labourers, thus ensuring they get a regular
income. However, due to the strength of
unions, several managers reported that the
prevailing terms and conditions were
biased towards the demands of the work-
ers. Farms with an area below 1.3 ha do not
have to adhere to the Code of Conduct, and
therefore all labourers employed by these
farms are casual employees and lack the

security of a permanent position. Larger
farms sometimes hire casual labourers to
undertake specific tasks, but it is difficult
to judge the frequency of such opportuni-
ties, as such employment is usually in
response to emergency situations, such as
burst embankments.

Although many farm managers consider
the Code of Conduct restrictive, it can be
argued that the terms and conditions it sets
out have been responsible for some key
benefits attributed to aquaculture in peri-
urban Kolkata. Stipulating a minimum
number of harvest days per year and mini-
mum harvest quantity contributes to the
predominant stocking and harvesting strat-
egy in the region, which in turn results in a
constant supply of small fish to urban mar-
kets. The small size of fish cultured means
they are affordable and generally sold in
markets serving poor communities, while
the year-round supply of fresh fish has ben-
efits for food security in poor households.
The consistent nature of stocking and har-
vesting also benefits small-scale suppliers
and traders who are routinely involved in
servicing the needs of producers and there-
fore receive regular commissions or wages.

Despite these benefits, producers face
the same fixed employment costs, regard-
less of production rates or price levels.
Therefore a decline in either may threaten
the financial viability of the farm. The
fixed-term nature of employment arrange-
ments also means there are few incentives
for labourers to achieve higher production
or enhance the quality of fish produced.
Introduction of practices such as profit-
sharing or bonuses could contribute to
enhanced production, better returns for
managers and employees, more fish for sale
in urban markets and greater employment
opportunities in associated activities.
Although some managers did consider the
specified employment rates per unit area
high, it was noted during other project
work that some cooperatives reportedly
provided employment for larger numbers
(Edwards, 2001). A caveat concerning
pumping in the Code of Conduct and its
influence on employment rates is also sig-
nificant in light of proposed development
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initiatives. Renovation of the canal net-
work feeding the fishponds, and establish-
ment of secondary pumping stations to
enhance wastewater delivery, may mean
more fisheries are required to engage one
employee per 3 bigha (0.4 ha). This could
almost double the number of people
employed by these fisheries. Furthermore,
added labour costs may negate any saving
achieved through not pumping.

Employee livelihoods

Based on survey outcomes, it is possible to
identify several categories of labour associ-
ated with fish production in peri-urban
ponds. Labourers employed directly to
manage and maintain the individual farms
and small ponds include fishermen, who
undertake the main work of netting, and
fish carriers, land cutters and several
others, who work clearing grass or apply-
ing lime, fertilizer and medications. The
permanent workforce, which mainly lives
on site, consists of the manager and those
engaged in net making, construction work,
weed clearance, harvesting and cooking.
Members of the permanent workforce earn
a regular wage and receive other benefits
such as board and lodging, medical
expenses and a small subsistence grant;
they are also entitled to 4 days of leave per
month. Casual labourers employed for net-
ting, desilting, guarding, transporting, net
repairing and various other activities usu-
ally live in villages adjacent to the ponds.
General information concerning the loca-
tion of these villages in relation to the fish-
eries was noted and, in some instances,
arrangements made with employees for fur-
ther visits to the local communities to initi-
ate the process of focus group and
household interviews.

Focus group interviews with women,
men, girls and boys engaged in agriculture
and fish farming have provided a valuable
insight to benefits and limitations of occu-
pation (Punch et al., 2002). For all groups,
the main benefit was the cash income gen-
erated. However, for many, seasonal
changes in productivity and labour

demands resulted in vulnerability due to
widespread temporary employment
arrangements. This reflects that poverty not
only relates to economic resources, but also
to expectations of income in relation to
security and consistency. Women in focus
groups expressed concerns over issues of
family welfare and work-related health
problems, but men did not. For many
women, formal employment in fisheries
meant there was less time for domestic
chores and childcare, in some cases lead-
ing to informal childcare arrangements
between local community members. For
agricultural workers, the main difficulty
related to the high cost of inputs, in partic-
ular seed for high yielding varieties, which
they are forced to purchase owing to prob-
lems experienced with farm-saved seed.
Wastewater use for irrigation during the
dry months was perceived as advanta-
geous, as less fertilizer is required.
However, the cost of pumping this waste-
water, which has increased due to siltation
of the canals, combined with increased
susceptibility to disease and a loss of taste,
constitute problems requiring further
assessment. Due to seasonal lulls in agri-
cultural employment, women and girls
interviewed recounted how they engage in
supplementary activities such as collecting
edible plants and snails and rag-picking.
These associated activities, however, are
dependent on access to common property
resources and continued use of solid
municipal waste on agricultural land in
peri-urban Kolkata. Young people engaged
in unpaid agricultural labour for their fami-
lies recognized the contribution they make
to sustaining the household. However,
some suggested that being obligated to do
unpaid work put them at a disadvantage as
they are not free to earn money for their
personal use.

For those engaged in fish farming-
related activities, decreasing yields due to
siltation in the ponds, disease and fluctua-
tions in the wastewater supply constitute a
serious threat to their livelihoods. Both
men and women regarded permanent
employment on large fish farms as the
greatest benefit, providing security and the
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added benefit of sick pay, soft loans and
half pay during periods when there is no
work on the farm. These arrangements
have been negotiated between the labour
unions and fish farm managers and,
although providing a form of social secu-
rity, the farm managers perceive them as an
added burden, particularly as farm produc-
tivity is apparently in decline. Young peo-
ple working on fish farms recognized their
contribution to enhancing the family
income, but it is widely acknowledged that
poverty and illiteracy combine to make
child workers vulnerable (Ramanathan,
2000). Amongst the groups engaged in fish
farming-related activities there was also
fear that, owing to pressures to develop
peri-urban land for residential and indus-
trial purposes, access to employment
opportunities and land for rent may be lost.
Enhanced planning, regulation and better
enforcement might contribute to reduced
vulnerability, as would ensuring security of
land tenure for poor farmers.

People in the focus groups identified a
number of major constraints, including
low incomes, problems with electricity
and drinking water supplies, a lack of
health care provision and alcohol abuse.
Enhanced farming practices might be able
to contribute to improved incomes, but
risks and vulnerability associated with
such enhancements may also be increased.
Improved service provision is a responsi-
bility of the municipal authorities in much
of peri-urban Kolkata, and this suggests
better development planning and coordi-
nation is required. Food security was not
considered a problem, and perhaps reflects
the productive nature of farms in the
region and their contribution to providing
affordable produce to poor communities in
both peri-urban and wurban Kolkata.
However, potential health risks associated
with farming, in particular contamination
owing to the exploitation of waste
resources, demands further consideration.
Punch et al. (2002) presents a fuller
description of key findings from the focus
group interviews.

Household interviews with families
engaged primarily in fish farming-related

activities demonstrated that a lack of work
during the winter resulted in seasonal vul-
nerability. Most households also farmed
some agricultural land to produce rice and
vegetables for subsistence, with any sur-
plus being sold and, in some cases,
younger male household members have
entered into off-farm employment in the
construction, manufacturing and service
sectors. Despite widespread diversification
of household livelihood strategies, families
are still forced to take loans from money-
lenders sometimes. For households engaged
primarily in agriculture input, transport
costs apparently constitute a significant
burden, though problems with the avail-
ability of solid municipal waste, commod-
ity price fluctuations and the seasonal lack
of irrigation water are also of concern.
During periods when work on their own
farms is not possible, due to insufficient
water supplies, household members look
for employment opportunities on other
farms in the region. Women and girls work-
ing for other farmers generally receive
lower wages than men, and some women
engage in scavenging over fields in the
area, selling things of value they glean to
supplement their income. However, declin-
ing use of solid municipal waste on agri-
cultural land in the area, due largely to
logistical problems, appears to threaten
this coping strategy. Some farming families
stated that due to the risks associated with
the weather, disease and uncertain waste-
water supplies, they were no longer intend-
ing to lease land to farm, but instead would
work for other farmers or try to engage in a
new occupation. Training for family mem-
bers in appropriate skills and crafts may
assist in the transition from agriculture to
non-farm employment, while improved
credit facilities might assist some in estab-
lishing new businesses.

Households whose primary income is
derived from night guard duties regarded
their salary, annual bonuses and weekly
fish allowance as the most important bene-
fits of this type of employment. Due to the
nature of the work it is also possible for
guards to engage in other work during the
day, and in most cases this involves tend-
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ing their own land, ponds or livestock, or
working in the local fish markets.
Although households recognized that
work as a night guard provided secure and
consistent employment for a reasonable
salary, there is always the threat of physi-
cal violence, and the risk of injury or
death from tackling poachers. In one case
a night guard household had purchased a
mechanical tiller to hire out to others in
the area, and while this might prove to be
a good investment, there are attendant
risks requiring consideration. Households
dependent on seed trading face a high
degree of seasonal unemployment, and
consequently often engage in other
income-generating activities, such as
working in local auction markets for fish.
Seed traders are also affected by periods of
political instability that makes travel in
the area difficult, and delays due to
unforeseen accidents or breakdowns also
constitute a serious problem.

Conclusions

The review presented above focuses largely
on technical aspects of existing manage-
ment practices for aquaculture in peri-
urban Kolkata, and constraints to sustained
or enhanced production. In particular,
problems in accessing reliable wastewater
inputs, dependence on externally sourced
high-cost inputs, recurring disease prob-
lems and limited access to formal credit
arrangements are highlighted. Households
and individuals in peri-urban Kolkata
engaged in aquaculture-related activities
experience seasonal vulnerability, which
appears most closely related to insufficient
access to water during the dry winter
months, despite the continuous discharge
of wastewater from municipal Kolkata.
Siltation in the primary and secondary
feeder canals compounds this problem,
and coordinated action on behalf of the
local and municipal authorities is urgently
required to address this constraint.
Problems regarding delivery to farmers and
diversion of solid municipal waste to a
new composting plant are forcing produc-

ers in the area to switch to inorganic fertil-
izers, which not only has consequences for
yields, soil condition, disease and financial
risks, but also denies some of the poorest
local people a valuable coping strategy,
namely gleaning items of value from rub-
bish spread on the fields.

Considering the vulnerability of poor
people in peri-urban Kolkata, particularly
during periods of water scarcity or where
traditional coping strategies such as scav-
enging are denied, either action should be
taken to address the underlying problem,
or to support those at risk in accessing
alternative employment or income-generat-
ing activities. Findings from the research
demonstrated that poor people were often
keen to enhance their cash income, and
that with adequate support this might be
obtained from urban-oriented activities.
Indeed, while enhanced production from
aquaculture might contribute to sustaining
poor livelihoods, to move out of poverty
people in peri-urban Kolkata require access
to alternative livelihood options and for
young people the chance of a formal educa-
tion appears to constitute the best route to
accessing such opportunities. Providing
infrastructure and services plays an impor-
tant role in enhancing the livelihoods of
poor people living in peri-urban Kolkata.
However, this provision is not complete or
seemingly equitable. Better communication
and coordination by local bodies and
municipal authorities appears to have a
role to play in ensuring the demands and
expectations of all community members
are addressed.

From both focus group and household
interviews it was apparent that improved
infrastructure and service provision by the
municipal authorities contributed to
improved livelihoods for many people in
peri-urban Kolkata. However, problems in
benefiting from even basic service provi-
sion persist for many due to poverty deny-
ing access, and from incomplete
geographical coverage. Such problems
might be addressed through improved
planning and resource allocation, includ-
ing pro-poor policy, but the formulation
and targeting of such initiatives would



Peri-urban Aquaculture in Kolkata, India 75

again require better communication and
coordination of activities by local govern-
ment bodies. Studies of market networks
show them to be highly organized and effi-
cient (Little et al., 2002), but appropriate
initiatives to help address concerns
expressed by many regarding high input
costs, and possible human health and ani-
mal welfare issues associated with market-
ing, appear warranted. Having attempted to
outline above the pertinent issues related
to the possible enhancement of poor liveli-
hoods, it is necessary to note here that the
complex physical, social and institutional
nature of peri-urban Kolkata dictates that
any attempt to address the constraints
identified should be planned and imple-
mented in consultation with a broad range
of stakeholders.

The main technical issues constraining
production have been identified, and tar-
geted development projects to address
these problems may help sustain and
enhance yields and, in doing so, contribute
to the continued support of many poor
livelihoods, both directly and indirectly.
Further action is required to enable poor
people to diversify their livelihood strate-

gies and, where necessary or prudent,
remove their reliance on insecure returns
from natural resource-based activities.
Critical issues such as ensuring the safety
of food from terrestrial and aquatic systems
around Kolkata also deserve attention, as
possible health hazards may not only affect
consumer confidence, but may also result
in detrimental health effects for producers,
consumers and local residents, the very
people reportedly benefiting most from
aquaculture and agriculture in peri-urban
Kolkata.

Acknowledgement

This publication is an output from a pro-
ject funded by the UK Department for
International Development (DFID) for the
benefit of developing countries. The views
expressed are not necessarily those of
DFID. The project team expresses its grati-
tude to those farmers and labourers who
gave their time to participate in this survey
and thanks them for sharing their concerns
and opinions, giving the outcomes of this
work greater depth and meaning.

References

Bunting, S.W. (2002) Land-water interface production systems in peri-urban Kolkata. Website for DFID
project R7872. http://www.dfid.stir.ac.uk/dfid/nrsp/kolkata.htm

Bunting, S.W., Kundu, N. and Mukherjee, M. (2002) Situation Analysis: Production Systems and Natural
Resource Management in Peri-urban Kolkata. Institute of Aquaculture, Stirling.

Calcutta High Court. (1993) Ruling for matter #2851 of 1992 D/-24-9-1992, People United for Better
Living in Calcutta (PUBLIC) vs. State of West Bengal, Umesh Chandra Bannerjee, Presiding Judge.

All Indian Review 215-232.

CRG (1997) East Calcutta Wetlands and Waste Recycling Region. Creative Research Group, Calcutta.
Edwards, P. (2001) Senior Stakeholder Meetings, Calcutta — 30 July to 6 August 2001. Asian Institute of

Technology, Bangkok.

Edwards, P. (2002) Institutional Assessment: Reviewing Policies, Processes and Stakeholder Positions
at the Kolkata Peri-urban Interface. Asian Institute of Technology, Bangkok.

Furedy, C. (1987) From waste land to waste — not land: the role of the Salt Lakes, East Calcutta, in waste
treatment and recycling, 1845-1930 In: Sinha, P. (ed.) The Urban Experience: Calcutta. Riddhi,

Calcutta, pp. 145-153.

Ghosh, D. and Sen, S. (1987) Ecological history of Calcutta’s wetland conversion. Environmental

Conservation 14, 219-226.

Kundu, N. (1994) Planning the Metropolis, a Public Policy Perspective. Minerva Associates, Calcutta.
Little, D.C., Kundu, N., Mukherjee, M. and Barman, B.K. (2002) Marketing of fish from peri-urban

Kolkata. University of Stirling, Stirling.

Milwain, G. (2001) Investigation into sustainable development and livelihood issues of the fish seed dis-
tribution network in West Bengal, India. Masters Thesis. University of Stirling, Stirling.


http://www.dfid.stir.ac.uk/dfid/nrsp/kolkata.htm

76 S.W. Bunting et al.

Mukherjee, M.D. (1996) Pisciculture and the environment: an economic evaluation of sewage-fed fish-
eries in East Calcutta. Science, Technology and Development 14(2), 73-99.

Naskar, K.R. (1985) A short history and the present trends of brackishwater fish culture in paddy fields at
the Kulti-Minakhan areas of Sunderbans in West Bengal. Journal of the Indian Society of Coastal
Agriculture Research 3(2), 115-124.

Punch, S., Bunting S.W. and Kundu, N. (2002) Poor Livelihoods in Peri-urban Kolkata: Focus Group and
Household Interviews. University of Stirling, Stirling.

Ramanathan, U. (2000) The public policy problem: child labour and the law in India. In: Schlemmer, B.
(ed.) The Exploited Child. Zed Books, London.



© Wastewater-based Urban Aquaculture
Systems in Ho Chi Minh City, Vietham

Minh Phan Van'2 and Niels De Pauw?
'Department of Science, Technology and Environment, Ho Chi Minh City, Vietnam;
2Ghent University, Ghent, Belgium

Abstract

Steady increases in population and economic activity, as well as a lack of environmental infrastruc-
ture, have resulted in severe surface water pollution within Ho Chi Minh City. The clear boundary
between urban and rural areas has faded. In this context, farmers and their counterparts have tried to
set up appropriate wastewater-based urban aquaculture systems, which is a challenge that faces con-
straints. Eight major types of wastewater-based urban aquaculture systems occur within the urban
area, mostly conducted on a trial-and-error basis. These are: (i) water morning-glory (Ipomoea aquat-
ica), (ii) lotus (Nupher lotus), (iii) lotus and duckweed (Lemnaceae), (iv) water mimosa (Neptunia
oleracea) and duckweed, (v) water mimosa, (vi) duckweed and growout of fish (tilapia, Oreochromis
spp-), (vii) fish nursing and rearing and (viii) ornamental fish culture. Farming practices of these sys-
tems and their establishment and evolution under urbanization pressure are described. Generally,
farming practice depends on cultured species, topographical characteristics of the landscape and
pollution level of the water being used. Over the years, urbanization has not caused these waste-
water-based urban aquaculture systems to disappear, but has pushed them away to more distant
sites. Aquaculture products from wastewater-based urban aquaculture systems have been accepted in
local markets as both animal and human food. Neither claims nor public health incidents associated
with these products have been reported so far. The necessity of research for improvement of produc-
tion efficiency and food safety of wastewater grown products, and the possible role of these systems
within the context of sustainable water management in Ho Chi Minh City, are discussed.

Introduction complex system of 27 smaller rivers and
canals. Topographically, the general ground

Ho Chi Minh City (HCMC), formerly slope of the city is from the north-north-

Saigon, is located in the south of Vietnam
and is the largest city in the nation. Its total
area is 2053 km? with 18 districts, of which
the urban areas, comprising 12 districts,
cover more than 600 km2?. HCMC is situ-
ated 80 km from the coast, but within the
city there are two major rivers — the Saigon
River and the Dong Nai River — as well as a

© CAB International 2005. Urban Aquaculture

east to the west-south-west. The city is
affected by semi-diurnal tides, which have
the strongest influence in the south-south-
western part.

The original urban sewerage and
drainage system were constructed as a
combined system during the French period
in the 1870s, and later improved during the

(eds B. Costa-Pierce, A. Desbonnet, P. Edwards and D. Baker) 77
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wartime period of 1950-1975. The capacity
of the system was, however, only sufficient
for a population of 1.5 million as planned.
No wastewater treatment plants were built
during these periods.

From 1990 onwards, thanks to market-
oriented policies, the economic activities
of the city developed rapidly. The average
annual economic growth rate of the city
has been about 12.5% since 1994, although
the rate decreased slightly in the period
1998-2000 (Ho Chi Minh City Statistics
Office, 2002). Economic development, in
turn, has resulted in a population increase,
mainly by domestic immigration, from 5
million in 1996 to about 7 million in 2002
(Ho Chi Minh City Statistics Office, 2002).

While economic activity and population
both increased, the city’s environmental
infrastructure  has not kept pace.
Consequently, many waters within the city
are severely polluted by municipal waste-
water discharges (Tables 6.1 and 6.2).
Within this context, farmers are threatened
by water pollution, which caused the col-
lapse of many farming systems because nei-
ther information nor studies on farming
with wastewaters were available at that

time. Farmers therefore set up wastewater-
based farming systems on a trial-and-error
basis. A conversion of conventional farming
systems into wastewater-based systems
occurred as a consequence of the shift of
the rural agricultural areas to the peri-urban
areas having no water pollution control.
Since wastewater treatment technologies
are still unaffordable, farmers in the peri-
urban areas of HCMC have been forced to
create new wastewater farming systems in
order to maintain their livelihoods. Over
the past 10 years farmers have established a
diversity of wastewater-based aquaculture
systems, including production of aquatic
macrophytes, as well as different fish
species. This chapter gives an overview of
this diversity of urban wastewater aquacul-
ture ecosystems in Ho Chi Minh City.

Major Areas of Wastewater-based
Aquaculture in HCMC

Today, wastewater-based aquaculture sys-
tems can be observed in many different
places within the peri-urban districts of
HCMC. However, there are only two areas

Table 6.1. The water quality of some major rivers and canals in the northern

part of the city.

aTham Luong — VamThuat

bOne tributary

Parameter Unit High tide Low tide High tide
Temperature °C 28.2 30.1 30.0
pH 6.5 6.6 6.9
DO mgO,/I 0.7 1.0 0.6
BOD, mgO,/l 152.0 181.0 137.0
COD mgO,/l 310.0 240.0 234.0
Total solids mg/l 32.0 98.0 26.0
Total nitrogen mg/| 4.8 2.0 4.0
Total phosphorus  mg/I 0.6 0.2 48.0
Cadmium ng/l <1 <1 <10
Lead wg/l 4.2 <2 <10
Total chromium g/l NR NR 20.0
Cré+ wg/l <0.04 <0.04 NR
Mercury wg/l <25 <2.5 NR

aJapan International Cooperation Agency—People’s Committee of HCMC (1999).
bOne tributary supplying water to a lotus farming system, the average figures

of 6 months (PMU 415, 2002).
NR: Not recorded.
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Table 6.2. The water quality of some major rivers and canals in the southwestern part of the city.

aTan Hoa — Lo Gom

aTau Hu — Doi — Te bOne tributary

Parameter Unit High tide Low tide High tide Low tide High tide
Temperature °C 28.4 30.0 28.4 29.9 29.2
pH 5.9 5.8 6.7 6.6 6.6
DO mgO,/I 0.0 0.0 2.8 0.0 0.0
BOD, mgO,/I 326.0 536.0 151.0 251.0 118.25
COD mgO,/I 1456.0 988.0 249.0 400.0 168.29
Total solids mg/l 1420.0 272.0 70.0 216.0 82.75
Total nitrogen mg/l 38.2 46.2 2.0 1.2 19.01
Total phosphorus mg/l 2.0 2.9 0.1 0.6 4.33
Cadmium pg/l <1 <1 <1 <1 0.155
Lead pg/l 2.6 5 <2 <2 7.78
Total chromium pg/l NR NR NR NR 17.96
Cré+ pg/l <0.04 <0.04 <0.04 <0.04 NR
Mercury pg/l <25 <2.5 <2.5 <2.5 0.085

aJapan International Cooperation Agency—People’s Committee of HCMC (1999).
bThe tributary supplying water to a fish culture system, average figures of 2001-2002.

NR: not recorded.

in which the wastewater-based aquaculture
systems are concentrated. These are situ-
ated in the northern and the southwestern
parts of the city, and comprise several hun-
dred hectares (Fig. 6.1).

The northern part of the city

The northern part of the city is the catch-
ment of the Tham Luong-Ben Cat-Vam
Thuat River system. This river system has
many tributaries through which it is con-
nected to urban areas. The system receives
municipal wastewaters from the central
towns and residential areas of the districts,
such as Tan Binh, Go Vap, Hoc Mon and
part of Binh Chanh. The population of the
catchment area is estimated to be more
than 1 million. Topographically, this region
is uplands in comparison to the southwest-
ern area. Therefore, the influence of tides
in this area is not as strong as in other parts
of the city. The soils are rich in clay and
sand, which facilitates pond-building.
Before being polluted by wastewater, the
farming systems in the area were mainly
vegetable and rice farms. The current
wastewater-based aquaculture systems are
mainly aquatic macrophyte systems, espe-

cially lotus (Nelumbo nucifera) and water
morning-glory (Ipomoea aquatica). The
water quality of a major river and its tribu-
tary which supply water to a lotus farming
system in the northern part of the city is
summarized in Table 6.1.

The southwestern part of the city

In comparison to the northern part of the
city, the southwestern area is low-lying,
comprising a large catchment area of sev-
eral rivers such as the Tan Hoa-Lo Gom
Canal, the Tau Hu-Ben Nghe River, the
Kinh Doi-Kinh Te River and the Ruot Ngua
River. Within this network of waterways,
many intersections with complex hydrody-
namic and pollution-dispersal regimes
exist. Consequently, pollution levels
within the areas have increased, and
although the influence of the tide in this
part of the city is stronger, it is not able to
adequately flush pollutants out to sea.

The catchment has an estimated popula-
tion of 3 million, and receives wastewaters
not only from its population (Districts 5, 6,
8 and part of Binh Chanh District), but also
from central districts of HCMC (Districts 1
and 10).
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Fig. 6.1. Locations of wastewater-based farming systems in Ho Chi Minh City.

The soil in this part of the city is mainly
muddy and its structure is very loose.
Therefore pond construction in this area is
costly. The wastewater-based fish-culture
systems are common in this southwestern
part of the city because farmers living in
this area cultured fish for many years and
have a strong background knowledge of fish
culture so that they obtain higher profits,
compensating the high capital investment.

The pollution levels of the major rivers
and tributary supplying water to a fish-cul-
ture system in the southwestern part of the
city are shown in Table 6.2. The data from
Tables 6.1 and 6.2 illustrate that the water
quality of the major rivers and canals in
both parts of the city can be considered as
domestic wastewater, if compared with the
water pollution levels reported by
Tchobanoglous (1991). The colour of these
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waters is black, and they have an intense
odour that can be detected at a distance of
several tens of metres.

Wastewater-based Farming Systems
in HCMC

Table 6.3 gives an overview of the waste-
water-based farming systems in HCMC.
The historical context and present farming
developments; the practices of farming and
water management; as well as product
preparation and prepared dishes are
described.

Wastewater-based water morning-glory
farming

History

Water morning-glory (Ipomoea aquatica) is
an aquatic plant that can live both as an
emergent plant as well as floating due to the
cylindrical plant body, which is long, hollow
and segmented with thin inner membranes
between the segments. These membranes
support the transformation of the segments
into floaters. On the outer part, and at the
dividing point of the segments, leaves and
roots develop. The root system of the plant
can grow in muddy soil to take up nutrients
when the plant grows in shallow waters, but
in deep waters the plant floats and its roots
take up nutrients directly from the water.

The municipal wastewater-based farm-
ing system of water morning-glory in
HCMC could have emerged initially in the
Nhieu Loc-Thi Nghe Canal catchment.
The whole canal passes through the
densely populated, central districts of the
city. Due to its central location, during
wartime (1960-1970), refugees who were
originally farmers from other provinces
migrated into the city and took over land
strips along the canal. The old government
of South Vietnam did not issue any policy
to prevent this situation, but instead sup-
ported it in an unofficial way. Those who
came first took over the banks along the
canal for settlement, and those who came
later built over-hanging houses above the
water. Consequently, slum villages were
established along the banks, polluting and
silting up the canal. ‘Black waters’ were
formed under these slums, and floating
clusters of water morning-glory around the
stakes supporting the slums soon fol-
lowed. These plants have been readily
accepted as edible products by local mar-
kets. It was only in 1995 that these farming
systems were removed from the canal as a
result of a million-dollar project aiming at
the sanitation and urban upgrading of the
canal catchment.

During the period after the war, the
rapidly  increasing population and
degraded and overloaded environmental
infrastructure resulted in pollution of
many other waters in the city. Based on the

Table 6.3. Different types and main characteristics of wastewater-based farming systems in HCMC.

Aquatic farming system Culture type

Wastewater usage Typical sites

Monoculture
Monoculture

Water morning-glory
Lotus

Lotus—duckweed Polyculture
Lotus—fish growout Polyculture
Water-mimosa—duckweed Polyculture
Water-mimosa—duckweed—fish Polyculture

growout
Fish growout
Fish nursing and growout tilapia
fingerling production
Ornamental fish production

Mono/polyculture
Mono/polyculture

Mono/polyculture

Direct and continuous Tidal flats/paddy fields

Direct and continuous Paddy fields/ponds
Direct and continuous Paddy fields/ponds
Stabilizing and feeding ~ Paddy fields/ponds
Stabilizing and feeding ~ Paddy field/ponds
Stabilizing and feeding ~ Paddy fields/ponds
Stabilizing and feeding  Ponds

Stabilizing and feeding  Ponds

Stabilizing and feeding  Ponds
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experience that could be learned from the
Nhieu Loc-Thi Nghe canal, farmers intro-
duced the municipal wastewater-based
water morning-glory farming system
throughout the city, initially in urban areas
and later on in peri-urban ones. The devel-
opment of the water morning-glory farming
system in the urban waters was particu-
larly notable in the 1980s and 1990s.
Presently, however, these systems are
found only in peri-urban areas which are
receiving more and more municipal waste-
water discharges. This is due to projects
carried out in different phases for improv-
ing the water quality of canals in urban
areas, and due to recent policies preventing
the construction of slums and other facili-
ties in the waterways of the city.

Water morning-glory is being sold to
markets and consumed as human and ani-
mal food. Although Vietnam has issued
standards for food safety, including salad
crops, health-risk checks of water morning-
glory have rarely been carried out.

Major areas of production

In the northern part of the city, waste-
water-based farming systems of water
morning-glory have been observed in the
catchment of the Rach Cai River (Thu Duc
District) and Tham Luong-Ben Cat—Vam
Thuat River (Tan Binh, Go Vap and Hoc
Mon Districts). These are upland dis-
tricts, and for this reason water morning-
glory has been cultivated mainly in
paddy rice fields. These are irrigated by
water from small adjacent tributaries and
canals, which are connected with river
sections receiving wastewater discharges
from the main residential areas and mar-
kets. Originally, these water morning-
glory paddy fields were not wastewater-
based systems, but conventional ones.
They were converted into wastewater-
based systems because the main rivers
were being polluted. The total area of
these systems shows a decreasing trend
under the strong urbanization pressure in
the above districts.

In the southwestern part of the city, due
to topographical characteristics, in contrast

to the above-mentioned northern areas,
water morning-glory is planted as floating
clusters on the surface of small tributaries
and canals without navigation routes,
which flow slowly and receive wastewaters
from the main residential areas and tidal
flats of these waterways. Farmers in the
region mentioned that they need a high
investment to set up paddy fields of stabi-
lized embankments in the area because of
the muddy soil.

Farming practices

SEEDLINGS Depending on the type of
farming system, there are two ways of
propagating seedling water morning-glory
plants. In the paddy field cultivation type,
water depth of the field is maintained ini-
tially at 30 cm. Plants are cut into sections
of 50 cm, and every three of these are
inserted into one point of the muddy bot-
tom of the field as a seedling, maintaining
a density of three seedlings/m?. After 2
weeks, many young buds shoot out from
the old part of the plant to generate new
plants. Wastewater is then routed into the
paddy field to increase water depth to
50 cm, which is then maintained through-
out cultivation. When new plants become
older and roots on segments of the plants
appear, plant tips are cut off. From these
cuttings new plants of the next generation
are produced. By doing so, farmers
increase the density of the plants in the
fields until they decide to harvest the first
batch.

In the floating-cluster cultivation type,
from the parental clusters many smaller
ones of old plants are cut off as seedlings,
and then carried to new planned sites.
Owing to the netting of the plants,
seedling clusters are kept on site with
bamboo stakes in the middle of the clus-
ters. The regeneration of the plant until
the first harvest is manipulated as
described previously. Floating bamboo
frames are often used to distinguish the
ownership of these ‘floating fields’ and to
prevent the development of plants beyond
limits of common boating routes for daily
management activities.
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MANAGEMENT The management of water
morning-glory farming in paddy fields is
easily carried out with proper embank-
ments. Twice a week, after partially drain-
ing water from the field, wastewater is
taken in to maintain a water depth of
40-50 cm. However, the frequency and
amount of water taken into the fields can
be changed, depending on the colour and
size of the young plants. Farmers have
used gradations of green colour and size of
young plants as indicators. The bright
green colour and big plant body are indica-
tors. In the case that these indicators are
not satisfied, farmers apply urea fertilizer
once or twice, 10 kg/1000 m?, as a supple-
mentary nutrient source before harvesting.

The water management of the floating-
cluster farming system does not require
any special action.

HARVEST The generation of a new batch
of plants by cutting off parts of plant bodies
is a way that farmers promote increased
density of plants in their fields, increasing
plant yield. Only young parts of plants are
harvested by cutting. Within a proper man-
agement practice, after harvesting three or
four batches, the plant yield becomes stable.
Normally, the harvest frequency is every
three weeks, and an average yield of 1000 kg
wet weight/1000 m? can be obtained with
the paddy field type. The yield of the float-
ing-cluster farming type is normally lower,
around only 700 kg. When plants get too old
to reproduce healthy young plants, nor-
mally after 2—3 years, the whole field is re-
planted with new seedlings in order to
maintain high yield crops.

PRODUCTION RISKS Risks to both farming
types are dramatic changes in the quality of
the water on which the systems are based,
and the development of unexpected insect
infestations. It is difficult to assess pollu-
tion levels of the water when farmers only
use gradations of the black colour of the
water as an indicator of water quality.
Nevertheless, when both types of farming
are compared, paddy field farming is more
advantageous. The paddy field farming
type allows farmers more readily to control

the quality of the water taken in, and to
apply necessary pesticides, as needed, than
in the case of the floating-cluster type.
Occasionally, rapid mass mortality of
plants in the floating-cluster farming type
has been observed, which is thought to be
due to the severely polluted water.

PRODUCT PREPARATION After harvesting,
the plants are transported to farmers’
houses to be sorted into two categories. The
first is young plants which are bright green,
soft and big, and have unbroken leaves
without insect larvae, and which are sold
for human consumption. The rest are plants
which do not meet these criteria, and are
used instead as animal feed. Because the
first category is human food, the prepara-
tion of the product prior to selling is a time-
and labour-consuming task. Normally, har-
vesting activities are undertaken in such a
way that product preparation occurs in the
late afternoon or evening, avoiding high
temperatures which can wilt plants. In the
preparation, attached debris is removed,
and the product is washed and tied up into
small bundles. Finally, they are rewashed
before being submerged overnight in clean
water to ensure a fresh appearance at mar-
kets the next morning.

VIETNAMESE ~ DISHES Most  Vietnamese
dishes with water morning-glory are well
cooked. There is only one dish in which
water morning-glory is consumed as salad,
but this dish is rarely prepared. After being
washed carefully and re-selected to remove
unwanted parts, the water morning-glory
plants are cut into strips of 3 X 50 mm and
submerged in clean water for several hours.
With such a preparation, the water morn-
ing-glory strips become rolls, which are
then mixed with vinegar before being
mixed with other salad greens.

Wastewater-based lotus monoculture
farming
History

Lotus (Nelumbo nucifera) is an emergent
aquatic plant which roots in the bottom of



84 M. Phan Van and N. De Pauw

shallow waters (Fig. 6.2). Its young leaves
float on the water surface with long, weak
stems, whereas old leaves do not float but
project into the air with strong and spiny
stems. The vegetative reproduction of lotus
is by its roots, in tuber form, from which
the next generation develops through rhi-
zome growth. Young plants develop from
the tips of these rhizomes.

In HCMC the lotus is, in conventional
cultivation systems, normally planted in
shallow ponds or swamps in lowlands.
Vietnamese often use all parts of the lotus
plant for domestic purposes. Its leaves are
used for packing wet commodities at mar-
ket, flowers for ornamentation and reli-
gious ceremonies, and seeds, tubers and
rhizomes for human consumption. The
lotus rhizome is processed for dishes quite
popular in Vietnam. The market demand is
different for different parts of the lotus
plant and, accordingly, different farming
practices are established to produce the
different end products.

In the late 1980s, municipal wastewater
discharges started polluting rice paddy
fields in peri-urban areas. Because of a lack
of clean water for irrigation, crops of rice
often failed and many farmers abandoned
their fields. However, some of them tried to

convert them into other aquatic farming
systems, and enabled the emergence of sev-
eral wastewater-based aquatic plant farm-
ing systems, with wastewater-based lotus
farming being one of them.

The wastewater-based lotus farming
system possibly had originated in the
upstream area of the Tan-Hoa Lo-Gom
canal in the northern part of the city, as
this area was recorded as the first
severely polluted place in the city. In the
area, before becoming polluted by munic-
ipal wastewater, several shallow swamps
were used for lotus cultivation. It is told
that farmers, by chance, observed that
lotus could still grow well in some small,
shallow swamps flooded by polluted
water, and therefore in their efforts to
transform rice fields into other crops,
they tried farming lotus with the waste-
water.

Today, lotus products, especially the
lotus rhizomes, can be seen in many mar-
kets of the city. Although no public health
incident has been reported so far for the
rhizomes, a product from the bottom mud,
some institutions of the city have become
interested in investigating the likelihood of
bioaccumulation of heavy metals in the
rhizomes.

Fig. 6.2. Wastewater-based lotus monoculture farming system.
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Major areas of production

Wastewater-based lotus farming systems
occur in both the northern and southwest-
ern part of the city, and appear to be occu-
pying the largest area in comparison with
other types of wastewater-based farming
Ccrops.

Presently, in the northern part of the
city, there are more than 200 ha of waste-
water-based lotus farming, mainly in Go
Vap, Binh Chanh and Hoc Mon districts. In
the Subdistrict Binh Hung Hoa alone, an
area of 60 ha was recorded in 2000.
However, the recent expansion of neigh-
bouring residential areas has decreased the
area of wastewater-based lotus farming in
this part of the city. In the southwestern
part, the Phong Phu Subdistrict, a lotus
farming area of 245 ha was noted.

Farming practices

Wastewater-based lotus monoculture sys-
tems produce lotus rhizomes. These rhi-
zomes develop very fast after growing from
tuber roots, and can reach a length of
100 mm and a diameter of 10 mm after
only a few days. When they attain their
maximum length, buds of young plants
will develop at the tips. This causes the
weight of the tip to increase, and therefore
to sink to the pond bottom, and young
plants are then rooted in the mud.

The lotus rhizome has a larger market
demand than other kinds of lotus products.
Therefore, in areas concentrating on farm-
ing lotus with wastewater, the lotus mono-
culture systems normally occupy over 70%
of the area.

SEEDLINGS Before starting to plant the
seedlings, the water level of the ponds is
decreased to a depth of 30—40 cm. If the
water is ‘new’ wastewater, it will be stabi-
lized for 1 week. Young plants with small
tuber roots which are used as seedlings are
then inserted into the muddy bottom of the
pond at a density of one seedling/m?. In
case some of these young plants are too
weak, bamboo sticks are used to support
them. During the seedling period, water
loss by evaporation is compensated by

addition of wastewater. Two weeks after
planting the seedlings, plants start to grow
new leaves, which is an indicator of accli-
mation to their new environment.

MANAGEMENT When  floating  young
leaves develop, they extend the length of
their stems and move away from the origi-
nal position of the plant. Observing this,
farmers increase the water depth of the
pond to a level of 70-80 cm with waste-
water. Owing to the extended stems, leaves
are still floating, and therefore photosyn-
thesis is maintained.

Depending on the topography of the
site, two types of water management prac-
tices are applied in wastewater-based lotus
monoculture systems. In upland areas
where tidal influence is small, feeding
ponds with wastewater by gravity is impos-
sible, and ponds are built in series and fed
by a flow-through pattern. In lowland
areas, where tidal height makes feeding the
ponds with wastewater by gravity feasible,
the system is fed automatically by an inter-
mittent pattern owing to different levels
between low and high tide. The flow-
through pattern is normally applied in the
northern part of the city, and the intermit-
tent pattern in the southwestern one.

For the flow-through feeding system, at
the upstream section of the wastewater-
supplying source (canals/small tributaries),
farmers construct small dams made of bam-
boo or wooden piles in order to increase
the water level of the supplying source to
create hydraulic head. The dam is built in
such a way that most of the wastewater of
the supplying source overflows the dam
surface, and only a small part of it flows by
gravity into a small ditch directed to the
fields. Small amounts of wastewater flow
continuously into the fields, and then run
from field to field in series. The water then
flows out of the fields, back into the down-
stream section of the supplying source. At
a field which was fed by this practice, it
was recorded that the quality of the supply
water was above 100 mg/l BOD, and 20
mg/l total nitrogen. At the observed flow
rate, the whole water volume of a 1500 m?
field would be exchanged after 5 days.



86 M. Phan Van and N. De Pauw

In the intermittent feeding system,
ponds are often not connected in series and
are individually fed with wastewater by an
adjacent ditch. They are fed intermittently,
and automatically, by semi-diurnal tides.
During high tide, the wastewater flows into
the pond through a pipe of 20-30 cm diam-
eter, then through the same pipe the water
flows out of the pond and back to the
source during low tide. Taking into
account the tidal characteristics of the
locality, farmers normally place the pipe
70-80 cm above the bottom to maintain
this water level during low tide, and
increase it to 90—100 cm during high tide.
This means the water mass of the pond is
fed with about 20-30% ‘new’ wastewater
at each tidal cycle.

Thus, in both systems of pond feeding,
the wastewater is taken directly into the
ponds on a continuous or twice-a-day basis.
This shows that lotus systems appear to have
a high nutrient requirement, and are capable
of adapting to highly polluted waters.

According to farmers’ experience, to
get a high productivity from lotus rhi-
zomes, the wastewater should be rich not
only in nutrients, but also in suspended
solids. Sedimentation of these solids will
build up an expected layer of mud at the
bottom of the pond, which creates an
environment favourable to the develop-
ment of lotus rhizomes.

For obtaining higher yields of lotus rhi-
zomes, besides good management of water
supply as mentioned above, the removal of
leaves shading the pond surface is also
necessary. Normally, adult leaves floating
far from the parental plant, or projecting up
into the air, are removed in order to
increase the penetration of sunlight into
the water column. Therefore, a certain per-
centage of pond surface without leaves is
always maintained. This is also believed to
increase the water temperature. During the
removal of old leaves, all unexpected
aquatic plants, including duckweed, which
grow naturally in ponds, are also removed.
Because the lotus rhizomes are harvested
on a continuous basis, the number of
young plants is limited, resulting in a low
density of plants in the pond.

HARVEST One month after planting the
seedlings, farmers start harvesting the lotus
rhizomes (Fig. 6.3). Lotus rhizomes shoot
out so fast from tuber roots of plants that
they become new plants in a few days if
they are not harvested in time. At that
moment, their colour changes from bright
white to brown, which is not an acceptable
market trait. As a result, every 3—4 days
farmers walk into the ponds and harvest,
by hand, the rhizomes submerged in the
water. An average rhizome productivity of
2000 kg/ha/month has been recorded.

In the northern part of the city, lotus rhi-
zomes can be produced throughout the
year, but yield will fluctuate seasonally.
The yields during the dry season are usu-
ally higher than during the rainy season,
and it is believed that the higher tempera-
tures of the dry season are favourable for
the development of the plants. Conversely,
in the southwestern region of the city, lotus
rhizome production can be carried out only
during the rainy season from May until
December because lotus plants do not grow
well when water salinity is 2—4 ppt.

In addition to lotus rhizome products,
duckweeds can be considered a by-product
of this type of system. Duckweed is har-
vested during the preparation of the pond
surface to increase sunlight penetration.
Although the duckweed yield is low in this
type of system — only 100-150 kg wet
weight/1000 m?/month — this aquatic plant
can offer farmers a secondary income
because it is a commercial product to local
markets.

PRODUCTION  RISKS In comparison to
other aquatic plant crops, it seems that
there are very few risks for wastewater-
based lotus farming. The only risk that
farmers mention is the sudden breaking of
pond dykes. This causes ponds to be
flooded completely by the polluted water,
resulting in the die-off of lotus plants if the
water is heavily polluted. To prevent this
problem, pond dykes are often re-stabilized
once a year before the rainy season. Insects
also damage the leaves of plants, but farm-
ers do not consider the damage significant.
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Fig. 6.3. Wastewater-based lotus monoculture system: harvesting products and preparing pond surface

for sunlight penetration.

PRODUCT PREPARATION After harvesting,
lotus rhizomes are transported to farmer or
distributor houses for preparation. The
objective of the preparation is to satisfy the
product quality requirements for the mar-
ket. The product has to be fresh — with its
natural flavour — clean, brightly white, soft
and brittle. The rhizomes are washed and
attached debris removed. Then every rhi-
zome is rewashed individually. Farmers
brush the thin membrane that covers the
outer part of the body of rhizomes by hand
to eliminate even tiny attached particles to
get a clearer, bright white colour. If a
section of this membrane is brown, it is
stripped off the body of the rhizome.
Finally, they are tied up in bundles and
submerged in clean water until being mar-
keted the next day.

VIETNAMESE =~ DISHES Before being pre-
pared as food in the kitchen, the cook rese-
lects the lotus rhizomes to get rid of
unsatisfactory parts — for example, old and
fibrous bases of the rhizomes — and washes
them carefully. All dishes made from lotus

rhizomes are cooked except one, which
requires a careful hand-preparation process.
Accordingly, the rhizomes are washed and
cut into small strips of 3 X 50 mm, then
submerged in water for hours. Finally, they
are mixed with lemon juice or vinegar
before being mixed with other food.

Wastewater-based integrated lotus and
duckweed farming

History

The integrated wastewater-based lotus and
duckweed farming system is a polyculture
system. In situations of financial difficul-
ties, or because of seasonal constraints,
farmers use this type of system, or transfer
the lotus monoculture system mentioned
before, into the integrated one. This poly-
culture system produces mainly duckweed
biomass, seed-pods and lotus flowers. As it
is a temporary system, the area in use
varies over time. In main areas of waste-
water-based lotus farming, it often
accounts for only 20-30% of the total area.
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In recent years, this type of system is
seen only when weather conditions are not
favourable for lotus rhizome production.
When farmers stop producing rhizomes,
they do not clear off duckweed from the
pond surface to get more sunlight; there-
fore, the lotus monoculture system is
immediately converted to the lotus and
duckweed system. Because of increasing
land value and labour costs, this type of
system shows a decreasing trend.

Major areas of production

The wastewater-based integrated lotus and
duckweed farming system has been
observed in both the northern and the
southwestern parts of the city.

Farming practices

SEEDLINGS Seedling  production for
lotus in this system is carried out similarly
to the monoculture system described previ-
ously. However, in contrast to the lotus
monoculture system, farmers limit the ini-
tial density of seedlings to only 50
seedlings/1000 m? because the rhizomes
are not harvested, allowing young plants to
develop continuously, increasing plant
density to a maximum in the system after a
few months.

To develop duckweed mats in the pond,
farmers collect duckweed in neighbouring
ponds and stock them in the pond. They
only try to cover the pond surface as much
as they can, and do not take into considera-
tion the initial density of duckweed
because they think duckweed can sponta-
neously grow well in ponds.

MANAGEMENT The pond design and
water management of the integrated waste-
water-based lotus and duckweed system
are the same as those applied to the mono-
culture system described previously. After
planting seedlings, also by observing the
development of young leaves, farmers
increase the water level of the ponds to
70—-80 cm to start the farming process.
From then on, the ponds are fed with
wastewater, and no further plant manage-

ment is undertaken. Farmers harvest only
flowers, seed-pods and duckweed biomass.

HARVEST Farmers harvest duckweed
biomass weekly to sell to their clients
according to their contract, or to local mar-
kets, or for their own use. Duckweed is
mainly used for feeding fish, and any
remainder for ducks and chickens. The
duckweed productivity of this system is
about 80-120 kg wet weight/1000
m?/week.

Lotus flowers are sold mainly to serve
monthly Buddhist religious days or other
special occasions. Therefore, farmers nor-
mally collect them on a bi-weekly basis. The
flowers which are not harvested on these
days will be left for seed-pod production. A
production of four flowers/m?/month is
needed to satisfy demand.

Seed-pods are the second major product
of the system because not all flowers
develop in time for religious occasions.
Seed-pods are harvested when they
become old and attain a yellowish colour,
and are the most valuable commercial
product of this type of system. An average
seed-pod yield of 10 kg/1000 m?/week was
recorded. This equals 3 kg wet weight of
seeds. In some places, farmers do not col-
lect the lotus flowers for sale, but reserve
them for seed-pod production. An average
seed yield of 20 kg wet weight/1000
m?/month was reported.

PRODUCTION RISKS Except for the initial
planting of seedlings, farmers do not add
any special inputs into these systems. As a
result, possible production risks of the sys-
tem are not considered.

Wastewater-based integrated lotus and
fish growout farming

History

Wastewater-based lotus and fish growout
is a polyculture system which produces
lotus rhizomes and table fish. It is said that
after becoming familiar with wastewater-
based lotus farming, farmers thought that
with a water depth of 70-80 cm, the sys-
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tem would also be appropriate for the inte-
gration of fish culture. This type of system
is observed only in the southwestern part
of the city, supposedly because the fish
culture tradition of farmers in these areas
had been established many years before
local waters were polluted by municipal
wastewaters.

Major areas of production

The system is concentrated mainly in
Subdistrict 6 of District 8, and the Binh
Chanh District, with hundreds of hectares
in use in 2000. However, the current urban-
ization process within District 8 is pushing
this type of system further into the
Subdistricts Phong Phu and Binh Hung of
the Binh Chanh District.

Farming practices

The farming practice of lotus rhizome pro-
duction in the integrated system is similar
to that of the wastewater-based lotus mono-
culture system described previously.
However, there are some modifications in
pond preparation and initial planting den-
sity of lotus. To facilitate the integration of
fish, a surface of 100 m? without lotus in a
1000 m? pond is required. It appeared that
this farming practice matches the feeding
habit of the fishes — the planktonic feeds
for the fish fingerlings develop because of
more sunlight during the early stage of the
cultivation and periphyton-based feed for
adult fish develop because more (stem) sub-
strates are available during the later stage.
In addition, old leaf pruning is also more
frequently required in this type of system.

After the first harvest of rhizomes, fish
fingerlings of tilapia (Oreochromis spp.),
kissing gouramy (Helastoma temminckii),
silver carp (Hypophthalmichthys molitrix)
and common carp (Cyprinus carpio) are
stocked into the system. For a pond of 1 ha,
an initial density of 80 kg of tilapia finger-
lings and 20 kg of other species mentioned
are normally applied. In comparison to the
conventional fish culture systems, the size
of fingerlings stocked in this type of system
is larger (300—350 fingerlings/kg).

MANAGEMENT Unlike other wastewater-
based lotus farming systems, water manage-
ment in the wastewater-based lotus and fish
culture system is a task that receives a lot of
attention by farmers. Ponds used in this
polyculture system are designed similarly to
the ones fed intermittently by tides, as
described previously. However, the pipe at
the water inlet is placed at a higher eleva-
tion in order to reduce the volume of waste-
water flowing in during high tide. The new’
wastewater volume is only about 5-10% of
the total volume of the pond for each tidal
cycle. Reduction of the size of the pipe to
only 15 mm in diameter is another alterna-
tive observed. The volume of wastewater
intake is also gauged by observing the grada-
tions of the black colour, and the odour of
the water. In cases where the colour of the
polluted water is very black and its smell
quite strong, the pipe will be closed.

HARVEST Despite the fact that the initial
density of plants is lower, and the amount
of wastewater taken into the ponds smaller
than in the wastewater-based lotus mono-
culture system, farmers reported that lotus
rhizome yield is still as high as 1500 kg
rhizomes/ha/month because the lotus plant
quickly reaches its maximal density.

The system is run throughout the rainy
season, from May until December. Fish are
not fed with any feed except natural ones
present in the system, though some farmers
add duckweed collected from other ponds
as a supplementary feed for fish at later
stages of culture. When rhizome produc-
tion ends, and the lotus plants die off in
the early dry season because of too high
salinities of the pond water, farmers still
keep fish in the ponds for one or two more
months, and continue to feed them with
decomposed lotus plants. Such integration
with lotus can yield 1200-1500 kg fish/ha.
The majority of this yield, 80%, is tilapia.

PRODUCTION RISKS Careless water manage-
ment, leakages of pond dykes and sudden
changes of the wastewater taken in are the
major risks to the system. Mass mortality of
fish, because of the heavily polluted water,
has often occurred in this type of system.
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Wastewater-based integrated water-
mimosa and duckweed farming

History

Water-mimosa (Neptunia oleracea) is a
favourite vegetable of many Vietnamese
due to its specific taste. It is a floating
plant, and except for points from which
leaves emerge, the whole body of the plant
is covered by aerophora (aerenchyma), a
cylinder-shaped floater. This floater, with a
diameter of about 2 cm, is composed of
thin, spongy, fragile, white fibres. If the
floater is broken, the plant will sink and
die. Under field conditions, impacts of
wind, waves or other forces which can
shake the plants strongly will break the
floaters, causing mass mortality of the
plants. To be able to cultivate such a kind
of plant, farmers have to keep the plants
stable on the water surface. Farmers have
tried many different alternatives, from inef-
ficient and labour-consuming ways such as
stabilizing the plants with bamboo sticks
and breaking strong winds by planting
trees along the pond dykes, to the current
simple way of applying duckweed mats
around plants. The application of duck-
weed for stabilizing the water-mimosa is
being used throughout wastewater-based
water-mimosa farming systems. Besides the
role of protecting the floaters of the water-
mimosa, it is still not known whether the
duckweed has any other role in this type of
system or not. Farmers only mentioned
that the integrated system with duckweed
usually gives a higher yield of water-
mimosa than without it, but the cause of
the increased yield is not known.

Before the local waters were polluted by
municipal wastewaters, in the southwest-
ern part of the city some farmers were
growing water-mimosa for their own con-
sumption. According to these farmers,
because of the labour-intensive manage-
ment of the lotus rhizome production, and
the increasing market price of water-
mimosa, they attempted to cultivate the
water-mimosa with polluted water. After
successful trials in the late 1990s, many of
them transformed their wastewater-based

lotus farming system into an integrated
water-mimosa and  duckweed  one.
Originally, the wastewater-based water-
mimosa farming system occurred in
District 8. However, urbanization during
the last three years in this district has
pushed the water-mimosa farming system
into the Binh Chanh District, which is
located about 3 km away from its previous
locations.

Major areas of production

It is interesting to note that wastewater-
based integrated water-mimosa and duck-
weed farming is only occurring, and
strongly expanding, in the southwestern
part of the city. Presently, hundreds of
hectares of other wastewater-based farming
systems are being transformed into this
type of system, especially in the
Subdistricts Binh Hung and Phong Phu of
the Binh Chanh District.

Farming practices
SEEDLINGS Wastewater is taken into the
ponds and stabilized for 4-7 days,

depending on the levels of water pollu-
tion. Then, bundles of three water-mimosa
plants (1 m long each) are anchored with
sticks, or with dried coconut leaf branches
(a preferred material), and inserted into
the pond bottom. The initial density of
the water-mimosa plants is 1 bundle for
every 1-1.5 m?% Duckweed is stocked as
much as possible to cover the pond sur-
face. Thanks to large foliages of dried
coconut leaf branches projecting into the
air in many parts of the pond surface, the
duckweed plants are protected from the
wind while still being thin mats. Within a
few days, the duckweed mats become
thick enough to start stabilizing the water-
mimosa plants.

MANAGEMENT Ponds used for farming
water-mimosa are rather small, their area
often less than 1000 m? in order to avoid
strong impact of the wind. The water depth
of the water-mimosa ponds is maintained
at 80 cm (Fig. 6.4). On a weekly basis,
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before

harvesting the plants, farmers
decrease this depth to about 60 cm. After
harvesting, a layer of 20-30 cm of the ‘new’
wastewater is taken into the ponds during
high tide. Between harvests, the water sup-
ply pipe to the pond is closed tightly.

HARVEST Water-mimosa is a rapidly
developing aquatic macrophyte. Young
plants are reproduced from buds at con-
necting points between leaves and the
parental plant body (leaf bases). Three
weeks after seeding, plants can yield a first
harvest by cutting off the young sections of
the plants. The length of these sections is
about 50-70 cm from their tips. This cut-
ting stimulates buds on the remaining part
of the plant body to develop into the next
plant generation. While duckweed protects
the water-mimosa plants from the wind,
the development of young water-mimosa
plants, which gradually establish a net-
work throughout the pond surface, in turn
give back a similar support to the duck-
weed. The development of this symbiotic
relationship helps the whole planted water
surface of the pond to stabilize when facing
strong winds. However, it is necessary to
control the over-development of duckweed

in order to obtain high yields of the water-
mimosa. To do this, the duckweed is har-
vested during the harvest of water-mimosa.
In addition, whenever farmers observe that
fronds of the duckweed become yellowish
and smaller, an indicator of nutrient
decline in the system, farmers immediately
harvest duckweed to reserve nutrients for
the water-mimosa. After harvesting the
water-mimosa, the duckweed is again
evenly distributed over the pond surface.

Farmers harvest water-mimosa plants
weekly. From the third harvest onwards, an
average water-mimosa yield of 100 kg wet
weight/1000 m? is recorded. A similar
yield of duckweed is also obtained.
Traditional water-mimosa farming can be
carried out throughout the year in some
areas of the city where there is no increase
in water salinity during the dry season.
However, in the southwestern part of the
city, wastewater-based water-mimosa farm-
ing is often ended in December, which is
the beginning of the dry season, although
the average salinity is then not yet higher
than 4 ppt.

PRODUCTION RISKS Differing from waste-
water-based lotus farming is the frequency
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with which wastewater is fed to the water-
mimosa — once a week. It appears that
water-mimosa is quite sensitive to frequent
exposure to polluted water. In addition, the
frequent water-flow of the wastewater dur-
ing feeding can disturb the stabilized sur-
face of the duckweed and water-mimosa
mat, reducing water-mimosa yield. Insect
damage is recorded as a secondary produc-
tion risk against which farmers are apply-
ing insecticides when needed.

PRODUCT PREPARATION Harvested water-
mimosa plants are washed with clean
water. All old or broken leaves and
attached debris is removed. Then, all
floaters and hard and fibrous bases of the
harvested plants are taken out of the plant
body. Finally, the plants are rewashed and
submerged in clean water before being
marketed the next morning.

VIETNAMESE ~ DISHES All  Vietnamese
dishes with the water-mimosa plant are
well cooked. The most popular dish is the
‘hot pot’ in which the plant is submerged
in a pot of boiling seafood soup.

Wastewater-based integrated water-
mimosa, duckweed and fish farming

History

Based on their experience with waste-
water-based integrated lotus rhizome pro-
duction and fish culture, farmers have also
established a wastewater-based integrated
water-mimosa, duckweed and fish farming
system. In this type of system, fish can help
farmers by controlling duckweed develop-
ment, and create an additional economi-
cally valuable crop.

Major areas of production

As the wastewater-based integrated water-
mimosa, duckweed and fish farming sys-
tem is a modification of the integrated
water-mimosa and duckweed system, it is
practised only in the southwestern part of
the city.

Farming practices

WATER-MIMOSA AND DUCKWEED The farm-
ing practices of water-mimosa and duck-
weed plants in this integrated system are
similar to the above-mentioned system.
However, due to the presence of fish, the
intake of wastewaters has to be carried out
more carefully.

FISH CULTURE An area of one-tenth of the
pond surface without any plant growth is
prepared for fish culture. To create this
area, a nylon mosquito net is used to
divide the pond surface into two parts with
the support of bamboo stakes (Fig. 6.5).
The height of the net is only 30 cm, by
means of which the duckweed and water-
mimosa mat are separated from the area of
fish culture, but fish can move under the
net to the duckweed to look for prey.

Ten kilograms of tilapia and 1-2 kg of
grass carp (Ctenopharyngodon idella),
common carp and kissing gouramy of large
size (300-350 fish/kg) are stocked into the
pond. However, many farmers presently
have selected the kissing gouramies as a
target species to replace the tilapia because
it grows better in this type of system, and
its sale-price is increasing.

HARVEST Duckweed and water-mimosa
are harvested weekly as described in the
wastewater-based water-mimosa and duck-
weed system. The productivity of the
water-mimosa is similar to the integrated
system of water-mimosa and duckweed.
For the duckweed yield, it was observed
that it may be equal to that of the inte-
grated system without fish at an early stage
of the farming, but lower in the later stages
because of fish feeding. Actually, farmers
do not pay much attention to duckweed
yield in this type of system.

After cultivation of water-mimosa and
duckweed is finished, normally in
December or January, fish are kept in cul-
ture for 1 or 2 more months to consume
decomposed plants and other natural feeds
which are left in the pond. With good man-
agement practices, the system can give a
yield of 200-300 kg fish/1000 m?.
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Fig. 6.5. Wastewater-based integrated water-mimosa, duckweed and fish farming system.

PRODUCTION RISKS Because for this type
of system there is no need to take in waste-
water to the ponds continuously or on a
daily basis, risks of fish mortality are mini-
mized.

Wastewater-based fish growout farming

History

With the available tradition of fish-culture
in manured ponds, the farmers in the south-
western part of the city were acquainted
with the use of wastewaters for fish culture.
However, failures experienced during many
years limited the establishment of this type
of system to only 20% of the total area of
farms. The reason for this is that the dura-
tion of the fish growout is long, at least 6
months. During this period of time, fish
mass mortality may occur at any time
because of the intrusion of the wastewater
into the ponds from uncontrolled entries.
As a result, it is observed that this type of
system is located mainly in farms in which
other wastewater-based farming systems are
also established, especially the system of
fish fingerling production. Such horizontal
integration facilitates farmers exploiting the

resources of other systems. Preferred fish
species in this system are tilapia, silver
carp, grass carp and common carp.

Major areas of production

The southwestern part of the city was one
of the major areas of fish culture before the
waters became polluted. Therefore, farmers
have readily shifted their fish growing-out
system to a wastewater-based one. Farmers
living in other parts of the city, for example
the northern part, although polluted water
is available, have not set up wastewater-
based farming systems because of a lack of
experience. Moreover, fish farming always
requires a higher investment than aquatic
macrophyte farming.

Farming practices

Tilapia is the primary target species and
silver carp secondary. Grass carp and com-
mon carp are additional species often used
to exploit natural feeds in the pond. For a
pond of 2000 m?, the stocking densities are
100 kg for tilapia (size of 120-150 fish/kg)
and also 100 kg (size of 800 fish/kg) for all
silver carp, grass carp and common carp,
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but the silver carp accounts for about 90%
of stocking biomass.

MANAGEMENT Ponds used in this type of
system have to be of large size, 1500—2000
m?, with a water depth of 1-1.5 m if high
yields of fish are to be expected. The pond
is filled with polluted water and is stabi-
lized until the water quality is assessed to
be satisfactory for fish stocking. During the
stabilization of water, the water supply
pipe is closed. After fish stocking, the pipe
is opened at an interval of 2-3 days to feed
the pond with ‘black’ wastewater during
high tide. The amount of black water fed
into the pond is based on a farmer’s experi-
ence. It is described that the duration of the
water intake should be only 10 min, and
the black colour of the pond surface, which
is caused by the wastewater, should be
equal to one-fifth of the pond area. The
black water feeding should be done only at
noontime or on sunny days to prevent oxy-
gen depletion in the pond. Farmers men-
tioned that if the black water is not taken
in, fish yield will be low.

FISH FEEDING A supplementary feed is
applied to the system to ensure high fish
yield, often only duckweed and rice bran.
The feeding rate varies according to the
duration of fish culture. During the first
two months of culture, supplementary feed
is applied at a rate of 50-60 kg duckweed
and 7-10 kg rice bran per day. During the
last months, the feeding rate of duckweed
is kept stable, but that of rice bran
increases to 15 kg per day.

HARVEST Normally, the culture cycle is 6
months, and fish yield varies from 1500 to
2000 kg/2000 m? of pond area. Tilapia and
silver carp account for 90% of the yield,
with a survival rate of 80-90% and an aver-
age size of 300 and 800 g/fish, respectively.

Wastewater-based fish fingerling
production
History

Fish farmers in the southwestern part of
the city had set up a wastewater-based fish

fingerling production system when the
waters in the area became polluted. This
type of system was developed during the
late 1980s for providing grass carp and sil-
ver carp fingerlings to neighbouring
provinces. During that period these herbiv-
orous species were especially preferred for
culture because intensive fingerling pro-
duction was still poor and industrial feeds
for growout of the fish were lacking.

The wastewater-based fish fingerling
production system is applied to rear fish
fry until they reach the size of fingerlings.
Fingerlings of many fish species, such as
tilapia, silver carp, grass carp and common
carp, can be produced within the waste-
water-based system by the same technique.
At present, due to the increased market for
common carp, most farmers are only pro-
ducing this species. The common carp fin-
gerlings produced can be used for growout,
or as bait for carnivorous ornamental fish.

Major areas of production

This type of farming system is observed
only in the southwestern part of the city.

Farming practices

POND PREPARATION Ponds are drained
and lime applied, and the pond bottom
dried under sunshine for one day. These
actions kill all unexpected fish remaining
in the ponds from previous culture batches
which could scavenge the stocked fry.
Ponds are then filled with wastewater and
stabilized until the water becomes clear and
light green (Fig. 6.6). A density of 50,000
fry/1000 m? is often applied at restocking.

MANAGEMENT Water management prac-
tices, from filling the pond to the interval of
supplementation with wastewater into the
system is the same as that of the fish
growout system. Normally, a rearing cycle of
4 weeks is enough to produce fingerlings of
commercial size. During the first 2 weeks fry
live on natural food only. Thereafter, rice
bran and sludge worms, Tubifex tubifex, are
used as supplementary feeds. They are sup-
plemented respectively at a daily rate of 1
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Fig. 6.6. Wastewater-based fish fingerling production. The limnocorrals are used for stocking fingerlings

newly harvested in the same pond.

and 1.5 kg/day by placing the feeds on trays
which are hung under the water surface in
different corners of the pond.

HARVEST With this rearing technique, a
common carp fingerling yield of about 100
kg/1000 m? is achievable, consisting of
three different class sizes, 700 fish/kg,
which accounts for 80% of the fish, and
450-500 fish/kg and 280-300 fish/kg for
the rest. The survival rate of fish in the sys-
tem is as high as 80—85%.

PRODUCTION RISKS In comparison to the
wastewater-based growout of fish, this type
of system appears to be safer from threats
of uncontrolled intrusion of polluted water
owing to its shorter duration of culture,
only 4-5 weeks.

It appeared that this production system
would be of great potential for reusing part
of the wastewater in HCMC, and farmers
prefer this type of system to others for the
following reasons:

® The duration of production is short and
therefore risks are small.

® Fish fry lives on natural food and in
case of lack of natural food, sludge

worms (Tubifex tubifex) are locally
available.

® Turnover of capital is quick.

® Fish fingerlings, especially of the pre-
ferred species, have a big market in
Vietnam.

Wastewater-based tilapia fingerling
production

History

Like other wastewater-fed fish culture sys-
tems, wastewater-based tilapia (Oreochromis
spp.) fingerling production systems are con-
centrated mainly in the southwestern region
of the city, occupying an estimated area of
more than 100 ha.

In the mid-1960s, a private tilapia farm
was established in Binh Phu, presently
Subdistrict 10 of District 6, in the south-
western part of the city. This was the first
tilapia farm in Vietnam. Tilapia were
imported from South East Asian countries,
possibly from Malaysia and Thailand,
mainly Oreochromis mossambiscus in ini-
tial years, and called ‘African gouramy’.
After that, due to its better growth rate, the
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Nile tilapia, Oreochromis niloticus, was
imported and locally named ‘Taiwanese
African gouramy’. Widespread develop-
ment of tilapia culture in the southern
provinces of Vietnam has occurred since
then, especially after 1965. After 1975, the
mentioned farm was transformed into a
state-run one, namely the Binh Phu Fish
Farm. Under state ownership it focused
mainly on silver carp and grass carp finger-
lings, which were originally transferred
from the north of Vietnam, because of the
market preference at that moment, though
it still produced tilapia fingerlings.

Due to being adjacent to the central dis-
tricts of the city, the waterways of the catch-
ment in which the Binh Phu Fish Farm is
based became polluted at an early stage of
the economic recovery of the city. Also, the
Tan Hoa-Lo Gom canal, which was the
water supply source of the fish farm, could
not avoid this problem. It was so heavily
polluted that fish culture in the area nearly
collapsed. In 1990 the fish farm was sold to
an urbanization project. Under pressure of
the urbanization process and the severe
pollution of water, the tilapia production
activities were pushed completely off this
original site to Districts 8 and Binh Chanh.

To solve the problem and to recover the
farmers’ income, the city government in
1990 launched a research project on waste-
water reuse in fish culture (Tuyen ef al.,
1992). By observing changes over time of
the polluted water in the ponds, some farm-
ers started learning how to stabilize the pol-
luted water for reclamation. This helped
scientists direct their experiments on waste
stabilization pond technology. However,
due to financial difficulties, the experi-
ments achieved limited preliminary results.
Recently, the tilapia market started to
develop strongly again, and the city there-
fore continues to fund a study on the
reclamation of polluted canal water with
integration of tilapia fingerling production.
The major focus is on the integration of
environmental technology, aquaculture and
fish quality, in terms of public health con-
cerns. The concrete objective of the study is
to assist farmers in improving their current
wastewater-based tilapia culture systems.

Major areas of production

The major areas of the wastewater-based
tilapia fingerling production presently are
located in the southwestern part of the city,
comprising District 6 (Subdistrict 10),
District 8 (Subdistricts 6, 7 and 16) and the
Binh Chanh District (Subdistricts Binh
Hung and Phong Phu). Today, the most
important farms are found in the Binh
Chanh District because of the heavy urban-
ization of Districts 6 and 8.

Farming practices

MANAGEMENT Wastewater is taken into
one pond, called a sedimentation pond, for
stabilization. During this period, the water
supply pipe is tightly closed in order to
avoid unexpected inflow of wastewater
during high tide. When the water becomes
clear and light green and its strong smell is
no longer recognized, it is transferred to
other ponds, called receiving ponds, in
which tilapia brood fish will then be
stocked. However, recently this water
transferring technique has been abandoned
because it takes too much time and/or
energy. To fill the receiving ponds by grav-
ity, the water depth of the sedimentation
pond has to be always higher than that of
the receiving pond and, therefore, the fill-
ing process of the receiving ponds has to be
undertaken gradually unless energy is
expended for pumping. On the contrary,
according to the recent technique, the
reclamation of wastewater and fingerling
production can be carried out in the same
pond (single pond system). The polluted
water is stabilized for days in one pond,
and then the brood fish are stocked directly
into it.

FISH STOCKING Tilapia brood fish are
stocked with a density of 80-100 kg/1000
m? of pond area. Two or three weeks after
stocking, the brood fish are seined out of
the pond, but fish fingerlings are kept in for
1 or 2 more weeks. The spawning of brood
fish takes place during their stay in the
pond. Fish fry and fingerlings live on
natural food only, and no supplementary
feed is given during production.
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HARVEST The production cycle, from
the polluted water intake until the harvest
of fish fingerlings, is normally 5-6 weeks.
When harvesting, fingerlings are classified
by means of big boxes which are made of
steel screens with different mesh sizes,
between 6 and 12 mm. An average fish fin-
gerling yield of 80-100 kg/1000 m? was
recorded.

PRODUCTION RISKS All wastewater-based
aquaculture systems as described are very
vulnerable because of the polluted water.
Mass mortality of fish has often been caused
by these risks, especially that of broodfish at
the moment of stocking. The mortality of
broodfish at the moment of stocking is a
threat to investment capital. Therefore,
although the system is very profitable, many
farmers are still reluctant to invest in it.

Wastewater-based ornamental fish
culture

History

Before 1975, besides the production of
table fish, the southwestern part of the city,
especially District 8, was an area of orna-
mental fish production. It provided orna-
mental fish to the whole of South Vietnam
and for export. In recent years, as the eco-
nomic situation improved and the lifestyle
of residents became more urban, the mar-
ket for ornamental fish expanded and is
now being extended to the whole country.

Wastewater-based ornamental fish farm-
ing is a system that can be applied to cul-
ture many different ornamental species.
However, at present it is only used for the
production of Japanese ornamental carp
(koi; Cyprinus carpio), golden carp
(Carassius carassius) and species of the
genera Poecilia and Xiphophorus, the pre-
ferred species in the market, especially in
the south of Vietnam.

Major areas of production

Wastewater-based ornamental fish culture
is being developed in the southwestern
part of the city, especially in District 8,

although it is not as popular as it used to
be. Many farmers who produced ornamen-
tal fish in the past are now returning to this
business.

Farming practices

The culture of Japanese ornamental carp
and golden carp includes two stages, the
rearing stage (from fry to fingerling size)
and growout (from fingerling to adult/com-
mercial size). All practices of the rearing
stage, such as pond preparation, pond
water management, stocking density of fish
fry and feeding, are carried out similarly to
the wastewater-based rearing of common
carp. However, the growout of ornamental
fish is different from that of common carp
described above.

STOCKING After 4 weeks of the spawn-
ing stage, most of the fish fingerlings
harvested are in the size class of 280-300
fish/kg. A survival rate of 80% of the initial
stocking density has been recorded. It
appears that the growth rate of these fish
species is higher than that of the common
carp under the same rearing conditions.
Fish fingerlings are selected on the basis
of the market criteria of original tail and
body patterns, and preferred colours. Only
40% of the harvested fingerlings can satisfy
these criteria. The unsatisfactory fingerlings
are sold as live feed for other carnivorous
ornamental fish species. The satisfactory
ones are restocked into the same pond for
the growing-out stage. The fish density
applied in this stage should be 1.5-2 fish/m?.

FEEDING The growout stage lasts 3
months, during which fish are fed mainly
with chicken feed, and with duckweed for
the Japanese carp on an ad libitum basis, or
without for the golden carp.

HARVEST The survival rate of fish is
80-90%. An average body weight of
300—400 g/fish, exceptionally 500 g, has
been recorded for Japanese ornamental fish,
and 100-150 g/fish for the golden carp.
Fish in this stage grow rapidly due to the
low densities and the ad libitum feeding.
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After harvest, fish are not sold but trans-
ferred to cages for a natural coloration
process. Both Japanese ornamental and
golden carps are kept in cages for 2 weeks
and fed chicken feeds of higher protein
content. When cultured in cages, these
ornamental fish show better colours. It is
supposed to be due to the prevention of the
fish from frequent exposures to the muddy
bottom or dark waters during their scav-
enging on natural food, and due to feed
with a higher protein content.

Culturing practice of Poecilia spp. and
Xiphophorus spp.

Poecilia spp. and Xiphophorus spp. are
viviparous species. They spawn naturally
in ponds, and fry live on natural food.
Therefore, the culture of these species is
relatively simple. All practices for cultur-
ing them are the same as those of the fish-
rearing system described previously.
However, the supplementary feed is rice
bran only. Species of the genera Poecilia
and Xiphophorus are reared in small ponds
of a few hundred square metres.

Fish can be harvested daily by hand net,
and a 200 m? pond can yield 4000 fish of
8-12 cm length monthly. The Poecilia spp.
and Xiphophorus spp. rearing system
exploits as much as possible the water sur-
face area. Although this type of rearing sys-
tem only aims at serving the school
children’s fish culture hobbies during vaca-
tion time, it can provide a small extra
income to farmers.

Economic Comparison of
Wastewater-based Farming and
Paddy Rice Farming

It is not easy to estimate exactly the eco-
nomic efficiency of the currently applied
wastewater-based farming systems in
HCMC because the inputs to these systems
are mainly family-based labour and on-
farm materials. For this reason, the estima-
tions given are based only on inputs from
outside of the farms, and on a basic area of

1000 m? — the practical size appropriate for
comparing economic efficiency among the
wastewater-based farming systems in
HCMC. The possible profit is estimated on
a monthly basis per 1000 m? in order to
compare their economic efficiency (the
2000 exchange rate of Vietnamese Dong
(D$) used here is D$15,000 for US$1).

In addition, the economic efficiency of
paddy rice farming, a traditional agricul-
tural farming system, is also estimated to
introduce a comparative figure. Table 6.4
provides a summary. Traditional paddy
rice farming is different from wastewater-
based farming systems, so the economic
efficiency estimation of rice paddy farming
is based on 1 ha and 3 months because
these are the practical field size and culti-
vation duration, respectively, of this type
of farming (Table 6.4). Wastewater-based
integrated water-mimosa and duckweed
farming differ from other aquatic macro-
phyte farming systems in that all inputs are
based on family labour and use of on-farm
materials. This is reflected in Table 6.4.

Economic Efficiencies among
Wastewater-based Farming Systems

From Table 6.5 one can see that the eco-
nomic efficiencies of currently applied
wastewater-based farming systems in
HCMC vary. The highest possible profit per
month per 1000 m? is obtained with fish
culture, especially tilapia fingerling pro-
duction. Also, the integration of fish cul-
ture and aquatic macrophytes results in a
higher monthly profit than the monocul-
ture of the aquatic macrophyte itself. This
is indicated clearly by the integrated water-
mimosa and fish culture system in which
fish are fed on an ad libitum basis with in-
pond produced duckweed.

Among the farmed aquatic macrophytes,
water-mimosa offers the highest possible
profit per month per unit area. The lotus
rhizome culture, on the other hand, results
only in a medium profit. It is perhaps for
this reason that several farmers in the
southwestern part of HCMC try to convert
their macrophyte systems into water-
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Table 6.4. Economic efficiency of various wastewater farming systems. Based on year 2000 exchange

rate of D$15,000=US$1.

Traditional paddy rice

Cost of inputs per 3-month crop per ha: Rice seeds
Fertilizers & pesticides
Labour For harvest
For weed control
For seeding
Total
Income per crop per ha: 4 t x D$2000/kg
Possible profit per crop D$6,460,000
Possible profit per month per 1000 m2 D$215,300
Wastewater-based water morning-glory
Paddy field farming type
Costs of input per 1000 m2: Fertilizers and pesticides
Labour for harvest
Total
Income per monthly harvest: 1000 kg x D$600/kg
Possible profit per month per 1000 m?2 D$320,000
Floating cluster farming type
Cost of inputs per 1000 m2: Labour for harvest
Income per monthly harvest: 700 kg x D$600/kg
Possible profit per month per 1000 m2 D$300,000
Wastewater-based lotus monoculture
Cost of inputs per 1000 m?: Labour
Income per monthly harvest: 200 kg x D$2500/kg

Possible profit per month

Wastewater-based integrated lotus and fish culture

Cost of inputs per 1000 m?: Labour per month
Fish fingerlings per six months

Income per monthly harvest of lotus and per 6-month fish culture:

From lotus rhizome: 150 kg x D$2500/kg

From fish for 6 months: 135 kg x D$7000/kg

Possible profit per month per 1000 m?: For lotus rhizomes
For fish

Total

Wastewater-based integrated water-mimosa and duckweed
Income/possible profit per monthly harvest per 1000 m?

For water-mimosa 400 kg x D$1500/kg

For duckweed 400 kg x D$200/kg

Total

Wastewater-based integrated water-mimosa and fish-culture

Cost of inputs per 1000 m2: Fish fingerlings

Income per monthly harvest of water-mimosa and 6-month fish culture:

From monthly harvest of water-mimosa: 400 kg x D$3000/kg

From fish for 6-month culture: 200 kg x D$7000/kg

Possible profit per month per 1000 m2: For water-mimosa
For fish

Total

Wastewater-based fish fingerling production

Cost of inputs per 1000 m2: Fish fingerlings

Income per 6-week batch production: 100 kg x D$12,000/kg

Possible profit per month per 1000 m2

Wastewater-based tilapia fingerling production

Income/production batch (6 wk)/1000 m? 100 kg x D$14,000/kg
Income/possible profit per month per 1000 m?2

D$300,000
D$600,000
D$700,000
D$90,000
D$120,000
D$1,540,000

D$8,000,000

D$40,000
D$120,000
D$160,000

D$600,000

D$120,000
D$420,000

D$60,000
D$500,000
D$440,000

D$60,000
D$120,000

D$375,000
D$945,000
D$315,000
D$137,500
D$452,000

D$600,000
D$80,000
D$680,000

D$140,000

D$600,000
D$1,400,000
D$600,00
D$230,000
D$830,000

D$50,000
D$1,200,000
D$766,400

D$1,400,000
D$920,000
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Table 6.5. Economic efficiency described as monthly profit per 1000 m? of current wastewater-based
farming systems in HCMC compared to traditional paddy rice farming. Based on year 2000 exchange

rate of D$15,000=US$1.

Type of (wastewater) farming system

Monthly profit per 1000 m?

. Traditional paddy rice farming
. Wastewater-based water morning-glory farming
. Wastewater-based lotus monoculture farming

. Wastewater-based fish fingerling production
. Wastewater-based tilapia fingerling production

ONOUAWN =

Wastewater-based integrated lotus and fish culture farming
. Wastewater-based integrated water-mimosa and duckweed farming
. Wastewater-based integrated water-mimosa and fish culture farming

D$215,300
D$300,000—-320,000
D$440,000
D$452,000
D$680,000
D$830,000
D$766,400
D$920,000

mimosa ones. However, the market
demand for water-mimosa is not necessar-
ily larger than that of the lotus rhizome.
Many dishes that are prepared with the
lotus rhizomes are much more preferred
culturally.

It can also be deduced from Table 6.5
that all of the currently applied waste-
water-based farming systems have higher
monthly profits than traditional paddy rice
cultivation. Table 6.5 also shows that farm-
ers would get a higher income if they knew
how to rotate their farming between water-
mimosa during the rainy season and fish
fingerling production during the dry sea-
son, introducing a new wastewater-based
farming system on a year-round basis.

Conclusions

The present urbanization process without
any water pollution control because of lack
of financial means in HCMC forces farmers
and their counterparts to explore and
attempt different wastewater-based farming
systems. Farmers have created a diversity of
wastewater-based farming systems with
monocultures as well as integrated farming
systems of several aquatic macrophytes and
fish species. The set up of each type of
wastewater-based farming system originated
from earlier experiences with traditional
farming of the same type of crops without
the use of wastewaters. Hence, this explains
why wastewater-based aquatic macrophyte
farming systems are concentrated mainly in

the northern part of the city, whereas waste-
water-based fish culture systems are located
in the southwestern parts. Thanks to these
farming practices, the livelihoods of farmers
in the peri-urban areas which are receiving
municipal wastewater discharges are not
only safeguarded, but also improved. A pre-
liminary assessment of economic efficiency
shows that the income from the wastewater-
based farming systems described before is
higher than that of traditional paddy rice
farming. The products of these systems
presently are accepted as human food as
well as animal feed. No public health inci-
dent has been reported so far.

Technically, the farming systems with
aquatic macrophytes, except for the water-
mimosa farming system, are based on
direct and continuous wastewater feeding
with limited care for water management. In
contrast, fish culture systems are based on
the use of stabilized wastewater which is
very carefully fed into the ponds.

Although wastewater-based farming sys-
tems in HCMC are producing acceptable
and profitable commodities, it is clear that
more research is needed to improve their
production efficiency and to apply them
more scientifically into the wastewater
reuse/treatment context. For instance, stud-
ies on the biology and ecology of cultivated
aquatic plants in the described wastewater-
based systems may be necessary for improv-
ing current farming practices. Studies on
changes in the quality of the wastewater
throughout the production process are
needed to better understand the efficiency
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of pollutant and nutrient removal.
Economic aspects of the systems should be
assessed to get insight into the potential and
prospects for these wastewater-based farm-
ing applications. Food safety of products is
another important aspect of the described
systems which must be looked at carefully,
though these products today are readily
accepted. It is not yet known whether or not
toxicant bioaccumulation occurs in waste-
water-grown vegetables or fish. These prod-
ucts are indeed directly exposed to
wastewater, although for quite a short time,
and added in small amounts (fish finger-
lings, lotus rhizomes, young sections of
water morning-glory) or produced in stabi-
lized wastewater (water-mimosa, table fish).

Undoubtedly, current wastewater-based
farming systems in HCMC are pioneering
experiments that lay the foundation of sus-
tainable water management in the city in
the future. Since no space is left for waste-
water treatment plants in urban areas, it is
proposed to construct them in the peri-
urban areas (Japan International
Cooperation Agency—People’s Committee of
HCMC, 1999). In such a context, the inte-
gration of wastewater-based farming sys-
tems and wastewater treatment plants will
be a socially useful and technically justified
solution. Socially, it has been observed that
in HCMG, urbanization projects, including
projects for urban environmental infrastruc-
ture, have been pushing the farmers out of
their land. Despite the fact that they receive
valuable compensation for their land loss, it
is not easy for them to cope with the urban
lifestyle. Consequently, these farmers
become unemployed shortly after their
compensation is swallowed up by an
unusual urban life. Bearing this in mind,
many farmers in HCMC have therefore used
their compensation money to buy or rent

new land in the vicinity where they think
the ‘black water’ will come along for con-
tinuing and protecting their livelihoods.
Technically, the integration of wastewater-
based farming systems and wastewater
treatment plants will also be sound envi-
ronmental solutions to further explore in
the future. The development of such alter-
native agricultural/aquacultural practices
are examples of potentially novel produc-
tive uses of treated, nutrient-rich waste-
water in peri-urban areas (Costa-Pierce,
1998). However, the levels of integration
and the efficiency of these levels are still
unanswered questions (Edwards, 1990).
The reuse of treated wastewater within dif-
ferent levels of integration of aquaculture
systems has to be further studied in order to
set up systems of high productivity and
acceptable products in terms of food safety.
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Abstract

Wastewater was collected in Hanoi by a combined wastewater and stormwater sewerage system and
discharged without treatment to four rivers. Farmers, through experience accumulated over the past
40 years, have developed wastewater-fed aquaculture which has passed through three stages of
development according to socio-economic changes in the country: (i) early development, (ii)
formation of cooperatives and (iii) dissolution of cooperatives. Four farming systems were practised
in the wastewater-fed production area: fish only, rice—fish, fish seed and vegetables. In the fish
growout systems (fish only, rice—fish culture), a polyculture of Mozambique tilapia (Oreochromis
mossambicus) and Nile tilapia (O. niloticus), two Indian major carps (rohu, Labio rohita and mrigal,
Cirrhinus mrigala) and Chinese silver carp (Hypophthalmichthys molitrix), was practised in
wastewater-fed earthen ponds. While tilapia had precocious and uncontrolled breeding, slow
growth rates and subsequent small size at harvest, rohu and mrigal were the most popular species
in farmed areas both with and without a wastewater supply. Total fish production in 2002 from
wastewater and non wastewater-fed systems was 4350 t. Fish yields in wastewater-fed fishponds
have risen to nearly 7 t/ha during a 10-month growing season. The total area of wastewater-fed
aquaculture declined to 417 ha in 2002 from 751 ha in 1985. Privatization of land use rights has
made it difficult to supply wastewater economically to rice—fish culture areas located far from the
main wastewater-carrying river. However, the area of more profitable, wastewater-fed fish culture
has doubled from 154 ha in 1985 to 332 ha in 2002. The Hanoi authorities appreciated wastewater-
fed fish culture as they included it in the Master Plan of Hanoi City Development and in the Master
Plan for Fisheries.

Introduction

The growing discharge of wastewater from
cities has become a major concern for
developing countries, and the concept of
wastewater reuse rather than simple waste
disposal has received widespread atten-
tion. Wastewater-fed aquaculture is an

© CAB International 2005. Urban Aquaculture

(eds B. Costa-Pierce, A. Desbonnet, P. Edwards and D. Baker)

important method to promote technical
and economic efficiency in the allocation
and use of resources. It has been tested and
implemented commercially both in devel-
oping countries, such as China, India,
Indonesia and Vietnam, and in developed
countries, such as Germany (Edwards and
Pullin, 1990; Edwards, 1992).
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Hanoi is the capital city of Vietnam, with
a total area of 927 km? and an estimated
population of 2.7 million people — 1.5 mil-
lion in the central urban area and 0.7 mil-
lion involved in agriculture and aquaculture
in the peri-urban area — in 2002. Faced with
a dynamic and changing city because of a
high economic growth rate and rapid urban-
ization, Hanoi government authorities have
initiated a Master Plan of Hanoi City
Development (1993) and a Master Plan for
Water Drainage System in Hanoi to 2010
(Quy, 1995). Wastewater-fed aquaculture
was recognized in both plans, as well as in
the Master Plan for Fisheries to Year 2010, a
project of the Ministry of Fisheries (1998).

As only preliminary descriptions existed
on the development, status and potential of
wastewater reuse through aquaculture,
which has been practised in Hanoi since
the early 1960s, a field study was carried
out to describe its historical development,
to evaluate its current status and to assess
its prospects in Thanh Tri District, the main
wastewater reuse area of the city.

Methodology

The study was carried out in 1996 (Vo,
1996), and updated subsequently by area
and productivity of culture systems to
2002 in the Thanh Tri District, Hanoi. The
initial survey was of an exploratory type,
and followed the methodology recom-
mended by Weber and Tiwari (1992). A
combination of personal observations and
a standardized questionnaire was used to
obtain primary data.

A stratified random sampling technique
(Miah, 1993) was used to ensure represen-
tative sampling and precision. Almost all
farms with wastewater reuse were inter-
viewed. Each farm was a sampling unit.
The head of each farm was interviewed,
with a questionnaire that contained both
closed and open-ended questions. Farm
household survey data were organized for
entry in a DBASE computer database pack-
age using methods recommended by
Gonzales and Tolentino (1993). The
Statistical Package for Social Sciences

(spss/pc+) was used for statistical and eco-
nomic analysis.

Wastewater Discharge and Quality

Wastewater disposal system in Hanoi and
Thanh Tri District

The first 75 km of sewers and open chan-
nels were constructed in Hanoi from 1873
to 1915. From 1954 to 1996, another 70 km
of sewers were constructed, making a total
sewer length of 145 km. However, only
approximately 28% of the total area of
Hanoi was sewered.

Both wastewater and stormwater were
collected in combined sewers which dis-
charged into open channels, and then into
four rivers (Table 7.1). The sewage flowed
without adequate treatment into Thanh Tri
District, which is located in a wetlands
area to the southeast of the city, and
between two large rivers — the Red River to
the east, which was contained within a
flood protection dyke, and the Nhue River
to the west (Fig. 7.1).

Wastewater flowed either directly
through Thanh Tri District in the four
draining rivers, or was pumped through
farming areas, after which it flowed back
into the rivers. Discharge water drained
either into the Yen So regulating reservoir
and was then pumped through the Yen So
pumping station into the Red River (at a
flow rate of 90 m?/s), or it drained through
the regulatory Thanh Liet dam to the To
Lich and Nam Dong Rivers and was dis-
charged finally into the Nhue River. In the
dry season, the rivers functioned like sedi-
mentation tanks. According to the Master
Plan on Urban Drainage and Wastewater
Disposal System in Hanoi (JICA, 1994),
these rivers were to be reconstructed as
concrete canals to increase the velocity of
wastewater flow.

Wastewater Characteristics

There were three treatment plants in
Hanoi, but they were not in operation
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Table 7.1. Physical features of the four main rivers draining Hanoi.

Average
Urban wastewater Flow

Length  Width Depth catchment Basin area volume (1000 capacity
Rivers (km) (m) (m) area (km?) (ha) m3/day) (md/s)
Kim Nguu 12.2 25-30 3-4 5.24 1448 85-100 8-45
Set 6.7 10-30 3-4 6.65 658 60-65 5-7
To Lich 17.8 30-45 3-4 28.61 270 100-120 10-170
Nam Dong 5.8 20-30 2-25 6.60 354 45-50 3-12
Total 52.5 - - 471 2730 290-335 26-234

Sources: Vo et al. (1990); Pham and Tran (1994); JICA (1993); Dang (1995).

Hanoi City Centre

Red River

Van Dien Town

Fig. 7.1. Wastewater-fed areas in Thanh Tri District indicated by shaded areas in 1985, with the areas to
which it was reduced in 2002 with darker shading. Source: Thanh Tri District Office. 1, Nhue River; 2, To
Lich River; 3, Nam Dong River; 4, Set River; 5, Kim Nguu River.

because of the high operational cost and a
lack of funds for adequate maintenance.
Until 1998 almost all factories, hospitals
and laboratories discharged wastewater to
the rivers without any treatment.
Following a new decree of the city author-
ity in 2002, all factories, hospitals and lab-

oratories should — theoretically — have had
their own treatment plants to at least
ensure treatment of the most dangerous
wastes; however, there was no systematic
control of their operation.

A study carried out by the Center for
Water  Resources Development and
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Environment estimated that 75-80% of the
wastewater was of domestic origin and
20-25% of industrial origin (Nguyen,
2001). Wastewater was heavily polluted,
with a strong anaerobic smell, and was
black or brown in colour. The averaged
BOD, concentration was 100 mg/l (range
from 30 to 150 mg/l) and the COD 173
mg/l. The COD/BOD ratio of 1.7 indicated
a relatively low industrial wastewater con-
tent of the overall wastewater.

Wastewater-fed Aquaculture
Techniques

Historical development of wastewater-fed
aquaculture in Thanh Tri District

Wastewater-fed aquaculture in Thanh Tri
District has changed with time because of
socio-economic factors, as well as improve-
ments in technology during the long and
unstable economic development of the
country. Its development may be divided
into three periods: (i) early development,
(ii) formation of cooperatives and (iii) dis-
solution of cooperatives.

Early development period

In Vietnam the land market was well devel-
oped until the 1950s, when all land
became state property and transactions in
land were prohibited. During the 1960s, an
extensive system of drainage and irrigation
was constructed, and is considered one of
the major successes of the
Cooperativization ~Movement launched
during that time period. A series of newly
constructed pumping stations supplied
wastewater to thousands of hectares of rice
fields, and fish began to be cultured in
combination with rice. During this period,
farmers started to perceive the benefits of
wastewater-fed aquaculture not only to sat-
isfy the family’s need for fish, but also to
sell production surplus for domestic con-
sumption. Fish culture became an obvious
new venture to diversify the traditional
rice-only farming system.

Formation of the cooperatives period

This period began in 1967 when all farm
land was used communally, except for 5%
of the total cultivated area, which was
farmed by individual households. The
cooperatives stabilized rice—fish culture in
rice fields irrigated with wastewater, and in
wastewater-fed, fish-only culture, in often
flooded, low-lying land where rice could
not be cultivated year round. Wastewater-
fed aquaculture became one of the main
livelihoods of communes, or cooperatives,
located in the basin of the Kim Nguu River,
and which had access to wastewater (e.g.
Yen So, Thinh Liet and Thanh Mai). Fish
culture later spread to another ten coopera-
tives in the district, but on a small scale in
terms of their farmed area. The total area of
rice—fish and fish-only production systems
increased to nearly 900 ha by 1979. Fish
production from Thanh Tri attained yields
of more than 1000 t/year, with an average
fish yield of 2.0-2.5 t/ha, and with a maxi-
mum of 3.0-3.5 t/ha.

Seed for fish culture in the district
relied, in the beginning, on wild seed of
several indigenous species (Channa striata,
Cirrhina molitorella, Ctenopharyngodon
idella and Cyprinus carpio) harvested from
the Red River. Several fish species were
introduced later to improve fish produc-
tion: Mozambique tilapia (O.
mossambicus) and Nile tilapia (O.
niloticus) in 1963 and 1973, respectively;
Chinese silver carp (Hypophthalmichthys
molitrix) in 1964 and two Indian major
carps (mrigal, Cirrhinus mrigala; and rohu,
Labio rohita) in the late 1980s. The two
Indian carps were the principal cultured
species in wastewater-fed ponds at the
time of the study as farmers had by then
lost interest in tilapias, which had poor
growth performance, uncontrolled recruit-
ment and small size at harvest.

All farming activities were planned and
directed by each cooperative, with house-
holds being remunerated according to reg-
istered working time. Lack of incentives to
farmers led to a progressive decline in the
efficiency of land use, culminating in food
crises in the late 1970s.
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Dissolution of the cooperatives period (or
land reallocation period)

From the early 1980s land use was changed
from cooperative to individual household
management. The majority of cooperative
land was shared among individual house-
holds for their use based on the number of
household members. The rest of the land,
about 10% of the total farmed area, was
retained as cooperative land for private use
through a bidding process, to defray public
expenses, and to periodically readjust land
allocation due to population growth.
Cooperative land included large water bod-
ies which were difficult to divide among
households, and which required skill
and/or large investments to be used effi-
ciently. Cooperative land was allocated
competitively to individuals or groups of
farmers bidding the highest, for a period of
five years. Farmers of medium to high
financial status obtained access to open
cooperative lands. However, lack of secu-
rity over land tenure led to inadequate
farm investments. This was rectified in
1988 with the introduction of the house-
hold contract system, in which land was
allocated to farm households for 20 years.
The privatization of land was accompanied

Fig. 7.2. A disused wastewater pumping station.

by the end of the cooperative subsidies in
wastewater distribution to fishponds. As
each fish farm had to now arrange by itself
to obtain wastewater for the fishpond, the
common supply system did not work prop-
erly. Obtaining wastewater now became
more complex and expensive for those fish
farms located far from the river. As a conse-
quence, many traditional wastewater distri-
bution channels fell into disuse and
deteriorated (Figs 7.2 and 7.3). However,
those fishponds located along the rivers
could still easily obtain a supply of waste-
water, and became larger over time. In 2002
there were several large wastewater-fed fish-
ponds, with the largest pond 18 ha in area.

With rapid changes in the economy as it
moved to an open-market system, farmers
took more initiative in land use because of
economic incentives, were more efficient
and benefited by applying better farm man-
agement techniques to increase fish yields.
Total fish production has been increasing
rapidly from about 1800 t with an average
yield of about 2.5 t/ha in the late 1980s, to
more than 3000 t and 3 t/ha in 1995. In
2002, total fish production was about 4350
t, and the fish yield in wastewater-fed fish-
ponds had risen to a maximum of 7.5 t/ha,
with an average yield of 4.2 t/ha.
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Fig. 7.3. A disused wastewater distribution channel with fish-only production system on each side.

Production systems

According to the different types of land
use, fish farming systems were differenti-
ated into three types: fish only (production
system I), rice—fish (production system II)
and fish seed (production system III) (Table
7.1). This classification of farming systems
supported those described by Pham and Vo
(1990), Vu (1994), Dalsgaard (1996) and
Edwards (1996). The areas of the different
aquaculture systems in 2002 are presented
in Table 7.1. The total area of wastewater-
fed aquaculture declined to 417 ha in 2002
from 482 ha in 1995 and 751 ha in 1985.

Fish only: production system |

Only food fish were produced in this system,
which was conducted mainly in large water
bodies such as lakes or reservoirs, and low
lying land which often flooded and was not
suitable for rice cultivation. As it usually
used wastewater only, this system occurred
mainly in communes with a long tradition of
fish farming and wastewater reuse, such as
Thinh Liet, Tran Phu and Yen So.

The fish-only system was expanded into
newly developed aquaculture areas in the
district without a wastewater supply, such

as in Dai Kim, Tam Hiep, Ngu Hiep and
communes. Without wastewater, farmers
had to fertilize the fish pond and feed the
fish with other inputs, such as with supple-
mentary feeds, either on-farm by-products
or feeds bought from off-farm sources.

Nightsoil was bought from off-farm
sources and used widely for all three pro-
duction systems. Livestock manure was
also used but in smaller quantities because
of its lower nutrient content. The use of
inorganic fertilizer was not observed in any
production system.

Fish feeds were mainly farm by-prod-
ucts such as rice bran, broken rice of low
quality, vegetable residues and assorted
residues from cooking and food processing
factories such as brewery waste, and
wastes from the manufacture of noodles
and fish sauce. Green fodder such as duck-
weed, water spinach and water hyacinth
were used widely in ponds where grass
carp were stocked. Pelleted feeds were not
observed at all in 1995, but by 2002 had
become very important feed inputs for
newly intensified fish ponds.

Fertilization and feeding rates varied
widely depending on the availability of
inputs, the farmer’s cash availability and his
contacts — not everyone had the opportunity
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to buy feeds such as brewery waste at the
low prices which made feeding profitable.
Therefore, fertilization and feeding rates
were based not only on technical principles,
but more so on social and economic condi-
tions as well as on the farmers’ experience.

Farm areas ranged from 0.36 to 29.84
ha, with a mean of 7.1 ha. The major risk to
operations was flooding. Farms required
high inputs, but system management was
less complex than for the rice—fish system.
Most of the individual cooperative lands
adopted this system.

Rice—fish: production system Il

The rice—fish production system started
with a combination of rice cultivation and
fish culture at the beginning of the annual
production season in early March, but was
fish culture only after the rice harvest at
the end of June to the end of the fish grow-
ing season in January of the following year.

Rice—fish systems are the oldest fish cul-
ture systems in the district (Pham and Vo,
1990; Vu 1994; Dalsgaard, 1996; Edwards,
1996). These systems were still common in
2002, but mainly on cooperative land
owned by groups of farmers (Fig. 7.4). The
farm area was generally larger than cooper-

ative land owned by individuals. The mean
farm size was 27.1 ha, with a range of
1.4-129.6 ha. The major risk to operations
was flooding, which seriously affected pro-
duction in 1994.

Rice—fish systems were popular for sev-
eral reasons; they were suitable for lands
which lacked a wastewater supply for the
whole year, particularly areas far from rivers
that supplied wastewater. Other advantages
were that the systems created more job
opportunities for farmers, since rice and fish
were cultured in the same unit of farmed
area. They also brought more income at
lower risk than the fish-only system. The
combination of the two different crops also
benefited each other, with fish growing
faster and rice having a higher yield and
with lower inputs than for monocultures.

The main disadvantage of the system was
that farm management was more complex,
since there was separate ownership for both
the fish culture and the rice cultivation
operations. Farm owners needed to share
interest and care in resource use for two
different commodities raised in the same
area. Therefore, these systems were suitable
mainly for cooperative lands held by groups
of farmers, which also enabled farmers of
low economic status to adopt them.

Fig. 7.4. Rice—fish production system with wastewater canal in foreground.
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Fish seed: production system Il

This production system occurred in smaller
areas, with a mean farm size of 0.48 ha and
a range of 0.1-2.9 ha, and was operated by
both individual households and by cooper-
atives (Fig. 7.5). Since fish seed production
was almost entirely for the internal and
planned demand of the district, any surplus
production might have no market.
Therefore, a major constraint of this system
was market limitation, and thus it remained
small in scale and with simple technology,
even though it had the potential to generate
high income and needed only low capital
investment and relatively simple manage-
ment. Most seed farms were located far
from the main wastewater-carrying rivers
and therefore used little to no wastewater.
Farmers were concerned about using waste-
water in nursery ponds because fry were
sensitive to variable wastewater quality,
and instead used alternative fertilizers and
supplementary feed.

Changes in area

There have been significant changes in the
relative areas of the different types of pro-

duction systems with time (Table 7.2). The
total aquaculture area in Thanh Tri District
has increased only slightly from 936 to
1019 ha during period 1985-2002, but the
total area of wastewater-fed aquaculture fell
by nearly 50% from 751 to 417 ha, exclud-
ing a relatively small area of wastewater-fed
seed production. The largest decline has
been in wastewater-fed rice—fish culture,
from 597 to 85 ha, because of abandoned
wastewater pumping stations far from the
main wastewater-carrying rivers (Fig. 7.2).
Pumping costs were subsidized during the
cooperatives period, but would be too high
to justify rice—fish culture. However, there
has been a recent doubling of the area of
more profitable wastewater-fed fish-only
culture, from 154 ha in 1985 to 332 ha in
2002, largely from the conversion of former
rice—fish culture areas.

Pond characteristics and management

Ponds were earthen and rectangular or
irregular in shape. Similar simple waste-
water-fed pond construction occurred in
China (Zhang, 1990) and India (Ghosh,
1990), in which adequate mixing of waste-
water with pond water and degradation of

Fig. 7.5. Fish seed production system.
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Table 7.2. Aquaculture area (ha) in Thanh Tri by year.

Year

Production systems 1985 1990 1995 2002
Wastewater-fed

Fish only 154 142 166 332
Rice—fish 597 332 316 85
Subtotal 751 474 482 417
Not wastewater-fed

Fish only 34 183 354 370
Rice—fish 71 247 205 142
Subtotal 105 430 559 512
Seed 80 80 80 90
Total 936 984 1121 1019

sewage also occurred. As ponds in produc-
tion systems I and II were formed usually
from the original low-lying flooded land or
rice fields, most of them were irregular in
shape. Rectangular ponds were found
mainly in production system III, since gen-
erally they were dug ponds. The main
characteristics of fish ponds in each pro-
duction system are presented in Table 7.3.

Farm management was more complex in
large rice—fish farms with cooperative land
organized by groups of farmers, and in
small area fingerling farms comprising sev-
eral ponds. In contrast, large farms owned
by individual farmers were the fish-only
system, and comprised only a single pond,
similar to some of the larger Calcutta
wastewater-fed fish farms (Ghosh, 1990;
see Chapter 5 of this volume).

Pond size was determined by the pro-
duction system and the land available for
its development. There was no significant
difference between the rice—fish and the
fish-only production systems in terms of
pond size, but wastewater-fed fishponds
were larger than non wastewater-fed
ponds, similar to wastewater-fed ponds in
China. However, while large fishponds of
more than 10 ha might be difficult to
harvest, they would have more buffering
capacity against shock loads of wastewater
influent (Wang, 1987; Zhang, 1990). It has
been proposed that the way to increase
productivity is by utilizing smaller (range
from 0.5 to several ha) but better managed
ponds despite the loss of water surface area
from a larger area of pond dykes (Ghosh,
1990; Mara et al., 1993).

Table 7.3. Pond characteristics in different aquaculture production systems in 1995.

Wastewater-fed pond

Non-wastewater-fed pond

Ponds

Size (ha) Depth (m) Size (ha) Depth (m)
Production  per
system farm  Mean Range Range Mean Range Range
Fish only 1 10.630 M 3.60-29.84 1.5-3.0 3.57all 0.36-11.88 1.5-3.0
Rice—fish 2 8.94b M1 4.86-32.4 1.2-3.5 4.8221l 1.44-60.88* 1.2-3.5
Fishseed 3 0.20b" 0.18-0.39 1.5-2.0 0.162! 0.07-0.36 1.5-2.0

a bIndicate significant difference between means of wastewater-fed and non-wastewater-fed systems
(P<0.05); ! Windicate significant difference between means of production systems (P<0.05).

*Only one case observed.
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The depth of the ponds varied widely
from 1.5 to 3.5m in the main area of
growout ponds, which covered 90% of the
total wastewater-fed area. But in the fry-
rearing ponds, it ranged from only 1.5 to
2.0 m, similar to wastewater-fed fishponds
in India and China. In growout ponds,
10-15% of the pond comprised an area
with a depth of 3.5 m when the pond was
completely full. Complete filling was used
to hold fish in rice—fish ponds before the
rice harvest and to facilitate fish harvest
without completely draining the whole
pond. Furthermore, deep areas were also
for farmers to pump wastewater into the
pond, and thus served almost like anaero-
bic and facultative stabilization ponds,
having depths of 2-5 m (Edwards, 1992).

The schedule for pond preparation and
maintenance depended on the scale, grow-
ing period and harvesting strategies of each
production system. In the large areas of
production systems I and II, pond prepara-
tion was carried out once a year after the
last fish harvest when the ponds were
dried completely. The main activities were
repair of pond dykes, sun drying of the
pond bottom and liming, together with the
maintenance of the water supply and
drainage channels, since the main risk of
these systems was flooding.

Pond sizes of fingerling-rearing ponds
were smaller, and ranged from several hun-
dred to several thousand square metres.
They required special pond preparation,
such as complete drying and treatment, sev-
eral times a year, after each culture period
to control fish disease and predators.

Stocking and harvesting strategies

The common fish growout cycle was from
March to December, about 10 months, but
fish grew well, mainly during the hot sea-
son from late March to early November,
about 8 months a year. The first stocking of
fingerlings was generally in March at the
beginning of the hot season (Fig. 7.6; Pham
and Vo, 1990). Stocking and harvesting
strategies are presented in Table 7.4.
Multiple stocking and harvesting were
typical for the large growout fishpond sys-
tems, as reported from India (Ghosh, 1990)
and Taiwan (Edwards, 1990). It ranged
from 3 to 5 times per year, with a mean of 3
times per year in wastewater-fed fishponds,
but was less (2—4 times) in non waste-
water-fed fishponds. About 50% of the
total fingerlings to be stocked during the
growing season were stocked at the first
stocking, and the other 50% were stocked
later, after each partial harvest (Fig. 7.7).

Fig. 7.6. Releasing fingerlings in a growout fish pond.
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Table 7.4. Stocking and harvesting strategies in different production systems in 1995.

Number of times
fish stocked
per growing period

Stocking

Production Wastewater density Variation Harvesting
system supply (number/m?) Mean range times
Fish only 1.992 3.0 3-5 3-5

- 1.28° 3.0 2-4 2-4
Rice—fish + 2.492 25 2-3 2-3

- 0.76° 22 2-3 2-3
Fish seed + 188.32 1.0 1 1

- 229.9° 1.0 1 1

a.b|ndicate significant differences between means (P<0.05).

+, — indicate with and without wastewater use.

£ Vad

Fig. 7.7. Woman transporting fingerlings to a growout pond.

In production system II, fish were
stocked at first only in the deeper water
area, because in the shallow part there was
newly planted rice. Fish were released into
the whole pond area after 1 month, when
rice had become well established.

In production system III, there was a
single stock and a single harvest only as
small ponds enabled the farmers to drain
them every 3 or 4 months to harvest fish,
and to quickly start a new cycle.

Stocking sizes of the fish varied from
small (150 tilapia; 35 Indian major carps

and silver carp/kg of fingerlings) to large
(4—20/kg of fingerlings for other Chinese
carps) in production systems I and II.

Size of fish at harvest was relatively
small (200-250 g for Indian major carps
and silver carp; 300-500 g for common
carp and grass carp) and very small for
tilapia (only 60—80 g). Small size of fish at
harvest was due mainly to harvesting 3
months after stocking; but more frequent
harvesting may have increased fish yields
(Edwards, 1990; Ghosh, 1990). A single
stock and single harvest strategy in smaller
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growout ponds may achieve a higher fish
yield of approximately two to three times
that currently achieved in wastewater-fed
fishponds (Mara et al., 1993).

Stocking densities were always higher
in systems fed with wastewater. In the
growout ponds of production system I fed
with wastewater, nearly 2-2.5 fish/m? of
pond water surface were stocked, similar to
those in Taiwan (Edwards, 1990) and India
(Ghosh, 1990), compared with 1 fish/m? in
ponds without a wastewater supply.

The main fish species cultured were the
Indian major carps, rohu and mrigal, at
nearly 35%, followed by tilapia (O.
mossambicus and/or O. niloticus) and sil-
ver carp at about 30% each of the total fish
stocked in the wastewater-fed fishponds.
Similar observations were reported by
Ghosh (1990) in India and by Wang (1987)
and Zhang (1990) in China.

The two Indian major carps were the
most popular species in wastewater-fed fish-
ponds. Tilapia used to be the main cultured
species at 50% of the total according to
Pham and Vo (1990), and Vu (1994), but
then was excluded from low or non waste-
water-fed systems because of precocious
and uncontrollable breeding, slow growth,
small size at harvest, while taking up space
and food and inhibiting the growth of carps.
Silver carp was also a popular fish in the
wastewater-fed fish ponds, but was cultured
less than Indian major carps. Common carp
(4%) and mud carp (1%) were also cultured;
but grass carp was stocked only in non-
wastewater-fed fish ponds.

Wastewater reuse methods

Raw wastewater was pumped directly from
the rivers draining the wastewater from
Hanoi, or through the canal system into
which wastewater from the river was
pumped into the deeper part (>3 m) of the
fishponds. Meanwhile, pond water was
drained by gravity through a single pond
outlet. The first introduction of wastewater
following pond preparation filled the pond
with wastewater, which was left to stand
for 10-14 days until the black-coloured

wastewater became green and suitable for
stocking fish. Natural purification occurred
during this period with the development of
plankton and benthos, which are natural
foods for fish (Edwards, 1990; Ghosh,
1990).

Farmers had developed skills in recog-
nizing the nutrient content of the waste-
water, and regulated its volume and
frequency of introduction into the pond.
Volumes were larger during the hot sum-
mer months, but were reduced in winter. In
large growout ponds, wastewater was
pumped daily with rates varying from 5 to
15 h/day, but in small ponds (<1 ha in pro-
duction system III), wastewater was
pumped for only a few hours (3—4 h) every
2-3 days. Farmers observed the wastewater
before and during the pumping process,
but there were still cases of fish mortality —
mainly recently stocked fingerlings — after
pumping wastewater into the ponds.

The nutrient content of wastewater was
based mainly on visual observation, such
as water colour and transparency. Good
wastewater for fishponds was black in
colour. Strange or multi-coloured water
indicated wastewater drained from textile
factories or other industries, and was dan-
gerous for fish.

Productivity

Fish production was higher in the three
wastewater-fed production systems than in
non-wastewater-fed systems (Table 7.5).
The maximum fish yield in the wastewater-
fed fish-only production system increased
from 6.89 tin 1995 to 7.50 t/ha per growing
season in 2002.

Similar yields were reported by
Edwards (1996); but Pham and Vo (1990)
reported lower yields, probably because of
poor farm management in the past. Current
fish yields were similar to those obtained
in wastewater-fed fishponds in China
(Wang, 1987; Zhang, 1990). Fish yields
were lower in all three systems without a
wastewater supply, probably because of the
high nutrient content of water in waste-
water-fed fishponds, and the low use of
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Table 7.5. Mean fish yields (t/ha during a 10-month growing season) in
different fish production systems from the farm survey in 1995.

Wastewater-fed

Non-wastewater-fed

Production system Mean Range Mean Range

Fish only 5.56°1 3.43-6.89 4.0021 3.10-5.56
Rice—fish 4.745! 4.16-5.86 2.642! 1.59-3.51
Fish seed 7.65° 7.39-7.98 6.452 4.24-8.61

a b |ndicate significant differences between means from wastewater-fed and
non-wastewater-fed systems (P<0.05); " 'indicate significant differences
between means from fish only and rice—fish systems (P<0.05).

fertilizers and supplementary feeds in fish-
ponds without a wastewater supply.

Higher fish yields were observed in the
field survey than in official district statis-
tics, perhaps because farmers reported
lower yields than those actually obtained
to minimize the real value of the farm, and
more recently the lease fees.

Social Analysis

Multiple social benefits of wastewater-fed
aquaculture were observed. The system
treated wastewater from the city and at the
same time produced fish, provided income
and employment, improved living stan-
dards of farming families and provided an
opportunity for women to participate in
the production process (Pham and Vo,
1990; Nguyen, 1995; Dalsgaard, 1996;
Edwards, 1996).

Aquaculture production was one of the
main production activities of Thanh Tri
District, with about 19% of the total farmed
area of the district occupied by aquacul-
ture, from which 4350 t of fish, more than
10% of the total fish supply for Hanoi city,
was produced in 2002. In the Master Plan
for City Development (Hanoi People’s
Committee, 1993) aquaculture was to be
retained in Thanh Tri District, and more
recently it was planned to not only
improve production in existing areas, but
also to extend aquaculture to new farming
areas. New aquaculture production areas
were developed from rice-only production
in 11 communes from 1996 to 1999,
including using wastewater, although the

area of wastewater-fed fishponds had only
doubled from 1985 to 2002, compared to
an increase in area of more than ten times
for non-wastewater-fed fish culture.

Although only 1.1% (480 labourers) of
the total workforce of the district were spe-
cialized workers in the operation of the
district’s total of 172 fish farms, more than
1000 labourers were involved either full or
part time in aquaculture-related operations
(with about 2.5 labourers for each special-
ized worker).

Aquaculture also improved the situation
of women through new job opportunities
and better working conditions.
Traditionally, in agricultural production,
women carried out heavier labour and more
household activities than men (BINNIE et
al., 1993). According to the field survey,
women were directly and actively involved
in rice—fish, fish seed and vegetable produc-
tion systems, which were more profitable
and required less hard work than the rice-
only production system. Furthermore,
household income increased through aqua-
culture (Nguyen, 1995) and family nutrition
improved, which would also benefit
women and children. The wastewater-fed
aquaculture systems also provided suitable
employment for women in fish marketing,
in which women dominated.

Conclusions

Wastewater reuse in aquaculture in Hanoi
has been practised for several decades and
has become an important production activ-
ity for a considerable number of people
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who live in the drainage areas of the city in
Thanh Tri District. Wastewater-fed aqua-
culture, developed mainly by farmers
through experiences accumulated over the
past 40 years, was divided into three main
periods of development according to socio-
economic changes: (i) early development,
(ii) formation of cooperatives and (iii) dis-
solution of cooperatives. The systems pro-
vide economic efficiency and job
opportunities for farmers. Higher incomes
from aquaculture when compared to rice
monoculture undoubtedly improved family
nutrition, and therefore also benefited
women and children, who were most
affected by the lower economic status of
their households.

According to the Master Plan of Hanoi
City Development (Hanoi People’s
Committee, 1993), Master Plan for Water
Drainage System in Hanoi to 2010 (Quy,
1995) and Master Plan for Fisheries to Year
2010 (Institute for Fisheries Economics and
Planning, 1998), Thanh Tri District
retained the same land use pattern of agri-
culture and aquaculture. Planners gave a

high priority for aquaculture development
in the future development plans of both
district and city authority levels, indicating
their belief in the efficiency of the systems
in resource recovery, as well as wastewater
treatment.

Major constraints for wastewater-fed
aquaculture were the greater complexity
and costs of the wastewater supply under
private management, so that almost all
rice—fish culture located relatively far from
the rivers could not obtain wastewaters,
causing the total area of wastewater-fed
aquaculture to decline from 751 ha in 1985
to 417 ha in 2002. However, there has been
a doubling of the area of wastewater-fed
fish-only culture from 154 to 332 ha.
Techniques and skills developed by farmers
were still far from optimal wastewater reuse
(Mara et al., 1993). Further studies and
development of the systems should focus
on improving the effectiveness of waste-
water-fed fishpond systems in terms of
wastewater treatment, wastewater reuse
through aquaculture, rice and vegetable cul-
ture, and minimizing potential health risks.
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Abstract

A working definition for urban aquaculture is presented that invokes concepts of land use planning,
notions of urbanism, where trade links and markets, nucleated settlements, administrative organiza-
tions and specialist labour guilds are considered indicative of urban communities, and encompasses
aquaculture closely linked with industrial activity. Early examples of ‘proto-urban aquaculture’ devel-
oped in association with Roman villas, monasteries, castles, manors and millponds are described, and
important factors in the emergence of such practices, including technological advancement, demon-
stration of social status, declining or unreliable capture fisheries, growing market demand for aquacul-
ture products and use of unexploited resources by entrepreneurs assessed. Pressures and events that
contributed to the abandonment of these systems, notably the contraction and eventual fall of the
Roman Empire, and economic decline and depopulation in the medieval period, are reviewed.
Following this historical enquiry, pertinent accounts relating to contemporary urban aquaculture
operations throughout Europe are presented, including production in intensively managed recircula-
tion units, horizontally integrated marine aquaculture facilities and systems exploiting industrial by-
products, in particular thermal effluents. This review suggests factors underlying the emergence of
contemporary urban aquaculture are similar to those that gave rise to proto-urban systems. However,
drawing on lessons learned regarding earlier declines, when considering prospects for contemporary
urban aquaculture in Europe, it is recommended that a systems-based perspective is adopted.

Origins of Urban Aquaculture in to warrant travel to market or demand and

Europe

Aquaculture as we recognize it today has
evolved, in general, from what have been
termed ‘rudimentary proto-aquaculture
techniques’ (Beveridge and Little, 2002).
From the perspective of fishing communi-
ties, such practices might have involved
the holding of captured fish in ponds until
orders had been met, sufficient fish caught

© CAB International 2005. Urban Aquaculture

prices improved, impounding near shore
areas to retain and shelter wild seed stock,
or transplantation of fish eggs and relaying
shellfish spat in attempts to improve sur-
vival (Balon, 1995; Beveridge and Little,
2002). Early examples of proto-aquaculture
are more likely to have occurred in fishing
and hunter-gatherer communities living in
coastal or wetland areas. Considering
Europe, shellfish farming was established

(eds B. Costa-Pierce, A. Desbonnet, P. Edwards and D. Baker) 119
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in the Adriatic by the 2nd century Bc, and
probably developed several hundred years
earlier (Beveridge and Little, 2002).
Meanwhile, along the Adriatic and
Tyrrhenian coasts in the 4th and 5th cen-
turies BC, the Etruscans were actively man-
aging coastal lagoons to enhance
production, building embankments and
incorporating sluices to trap fish inside.
However, proto-aquaculture in Europe was
not restricted to rural and coastal areas, but
as will be shown, evidence of early aqua-
culture practices also comes from urban
settings.

For this review a broad definition has
been adopted to describe ‘urban aquacul-
ture’. However, considering the dichotomy
between rural and urban land outlined by
Best and Rogers (1973), where:

In a land-use context, rural land encompasses
areas which are under agriculture, forest and
woodland, as well as wild, unutilized tracts
in a natural or semi-natural state. Urban land
comprises not only the sites of cities and
towns with their associated features, like
transport land, but also includes villages,
hamlets and even individual or isolated
dwellings which perform a similar function
whether located in town or countryside...

it was considered prudent to offer some
caveats. The working definition developed
to guide this review therefore draws initially
on notions of urbanism, where the develop-
ment of trade links and markets, nucleated
settlements, administrative organizations
and specialist guilds of labourers are indica-
tive of urban communities. Considering the
historical inquiry, such conditions might
exclude villages, hamlets and individual or
isolated dwellings, but offer an opportunity
to review aquaculture development in asso-
ciation with, for example, Roman villas,
monasteries, castles and manors; establish-
ments which were often the focus for
regional industrial and economic activity.
For the contemporary assessment, proximity
to urban areas, namely larger towns and
cities, is used primarily to define urban
aquaculture. However, proximity to indus-
try and associated exploitation of by-prod-
ucts is also considered here to constitute
urban aquaculture.

Other authors have suggested urban
farming activities are related to socio-cul-
tural characteristics of producers, whereby
they orient production toward meeting
demand from urban markets, or where
waste nutrients or water resources derived
from urban communities are exploited to
enhance production. However, in the
majority of Europe, where market networks
are far reaching, transport links well estab-
lished and mass media all pervasive, it
might be argued that even the most rural of
producers are conscious of and responsive
to demands made by urban consumers.
Furthermore, restrictions on reusing waste-
water resources, mainly due to health con-
cerns and relatively widespread access to
low cost inorganic fertilizer, processed feed
and freshwater resources mean characteri-
zation of urban aquaculture based on
exploitation of waste nutrient and water
resources derived from urban communities
is not perhaps appropriate in a contempo-
rary European context. As a note of inter-
est, however, aquaculture reusing domestic
wastewater was relatively widespread in
Europe during the first half of the 20th cen-
tury. Prein (1990) documents 90 waste-
water fishponds constructed in Germany,
and reports similar systems from Austria,
Czechoslovakia, Poland and the USSR.
Wastewater aquaculture was also practised
in Hungary, in the cities of Godollo,
Balatonfoldvar, Szeged, Deszk and Fonyod
(Olah, 1990).

What did the Romans ever do for us?

By the 1st century Bc, Sergius Orata, gas-
tronomy teacher to Cicero, had constructed
saltwater ponds, or salsae, to hold fish des-
tined for the kitchen, and a Roman noble-
man, Lucinus Murena, had constructed
several fishponds, or piscinae, close to the
summer residence of Cicero at Grotta
Ferraia, both to hold live fish, but also as a
symbol of status and wealth (Balon, 1995).
Following his example, several other
nobles also reportedly constructed fish-
ponds to enhance their status; Consul
Lucullus (75 BC) dug through a hill near
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Naples to enable water to be bought to his
fishponds, an exercise that allegedly cost
more than his villa (Balon, 1995). Common
people also excavated freshwater ponds, or
dulces, to culture fish for food and earn
extra income (Zeepvat, 1988), the knowl-
edge to construct fishponds and to main-
tain fish led to a permanent supply of
various fish species, regardless of fishing
success, weather conditions or indeed loca-
tion.

As the Roman Empire extended into
Northern and Western Europe, so the prac-
tice of aquaculture in marine and freshwater
ponds stocked with indigenous species
spread. The rate of knowledge transfer is
illustrated by stratigraphic evidence from
excavations that shows the earliest Roman
fishponds in England to be from the 1st
century AD, with one pond in Eccles, Kent
dating from AD 65-120 (Dennison, 1989).
One of the latest examples was recorded at
Bancroft, Buckinghamshire, and dates from
the end of the 4th century ADp, toward the
end of the Roman occupation. As on the
continent, many of the Roman fishponds
excavated to date in England are closely
associated with villas or large country
houses, either within or adjoining the main
complex of buildings (Dennison, 1989). This
author defined Roman fishponds as:

artificially created pools of fresh or sea water
constructed for the purpose of cultivating,
breeding, and/or storing fish. Water enters
and leaves the pond by the means of a series
of channels and pipes, the flow of water
being controlled by one or more sluices and
overflow channels. Roman fishponds were
dug into the ground and lined with stone;
they are either square or rectangular, about
30 m by 10 m, and are usually associated
with major villas.

Roman villas were centres for economic
and industrial activity, and were often
located near to towns. Therefore, fishponds
closely associated with these settlements
appear to constitute a rudimentary form of
urban aquaculture. Roman fishponds were
often associated with complex systems for
water management. Ponds were con-
structed with sluices and overflow chan-
nels to control flow rates and prevent

flooding, while supply channels conveying
water from rivers, streams or springs often
passed first through the villa, where the
water was used for other purposes
(Dennison, 1989). The reuse of such water
in fishponds perhaps also constitutes one
of the earliest examples of wastewater
aquaculture.

Medieval urban aquaculture

For several hundred years following the
decline of the Roman Empire, fishpond
construction across Europe appears
largely to have ceased, although knowl-
edge on the subject persisted. Writings
from the late 8th century (c.795) show
Charlemagne, in Capitulare de villis
talked of fishponds, or wiwaria, though on
monastic estates 200 years later, fishponds
were a rarity (Hoffmann, 1996). From the
fall of the Roman Empire until the 11th
century it appears that catches from wild
fisheries satiated demand. However, with
the rise in population during the 10th
century, and its attendant economic
growth, wild stocks of salmon, sturgeon,
trout and whitefish began to decline due
to over-fishing and environmental degra-
dation (Hoffmann, 1996).

Early industrial and economic activity
in many areas of medieval Europe were
driven by power from watermills, and
building dams and weirs to turn the over-
shot wheels stemmed the flow of rivers and
streams, ponded water upstream and pro-
vided a barrier at which to set fish traps.
Constructing watermills thus contributed
to the decline of many anadromous and
cold-water species by presenting a physical
barrier to migration, concentrating fish and
making them easier to catch, and produc-
ing standing pools of water where the
water was warmer and oxygen levels lower.

Declines in certain stocks of wild fish,
the competitive advantage of species toler-
ant of poorer water quality and low oxygen
levels (bream, perch, pike, roach and
tench), and the ability to grow such species
in ponds, led to them dominating fish con-
sumption and production. In 13th-century
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Yorkshire, England, fish caught from royal
and monastic ponds included bream, dace,
pike, roach and tench. Evidence for the
shift in species consumed has come from
excavations across much of Western
Europe and from contemporary documen-
tary records (Hoffman, 1996).
Archaeological remains from the Baltic
demonstrate both a reduction in size and
proportion of sturgeon consumed, falling
from 70% of fish consumed in the 7th-9th
centuries, to 10% in the 12th and 13th cen-
turies. Fishery statistics and monastic
records from the 13th to 16th centuries also
recount declining catches and consump-
tion of fish such as sturgeon, salmon, trout
and whitefish (Hoffmann, 1996).

Declining wild stocks were accompa-
nied by increased demand for fish from fol-
lowers of the early medieval church and
growing urban populations, and according
to Hoffmann (1996):

Medieval European awareness of fish as a
nutritionally desirable substitute or
supplement for meat is manifest in monastic
customaries, in recipe collections and dietary
treatises, and in literary allegories ...

The inability of capture fisheries to meet
growing demand appears, in some regions
of medieval Europe, to have bought about a
resurgence in  building  fishponds.
Hoffmann (1996) noted that fishpond con-
struction across Europe began again in the
11th century, and increased rapidly during
the 12th and 13th centuries. Furthermore,
according to this author, despite the bias of
the late medieval written record toward the
church, both clerical and lay landowners
constructed, owned and oversaw the opera-
tion of fishponds in 12th and 13th century
Western Europe. From the late 11th to late
13th centuries, fishponds were constructed
across England on estates belonging to
bishops,  monasteries and  royalty
(Hoffmann, 1996). Roberts (1966) noted for
example, however, that during the 13th
century many sub-manors were created in
the Forest of Arden, south of Birmingham,
through endowments by wealthy freemen,
and that many fishponds were constructed
in close association with the resulting

manors. Fishpond construction by secular
Norman aristocrats across newly subju-
gated England has been cited as a means to
enhancing their status as landowners
(Currie, 1991), and casts doubts over the
ecclesiastical origins of medieval fish cul-
ture, at least in England.

The Domesday Book records the King’s
Fishpool, York, England, in 1086, con-
structed by the Normans in 1069 by
damming the River Foss to form a moat
(McDonnell, 1981). This waterbody cov-
ered an extensive area adjoining the city,
and as its name suggests, further to its
defensive role was used to culture fish.
Moats, an important defensive structure
throughout the medieval period, were con-
structed in association with castles across
Europe. It is probable that these defensive
structures, at the centre of many fortified
urban areas, provided multiple-functions,
including water for livestock, disposal sites
for domestic waste and areas suitable for
fish culture. The King’s Fishpool, York,
provided fish for consumption by the royal
court, monastery and religious followers on
days when eating meat was prohibited; at
Cranborne Castle records show 50 live
bream were stocked in the moat (Pounds,
1990). This author also notes that castles at
Northampton, Marlborough and Windsor
had stew ponds under their control, and
fish from the king’s vivarium at Kenilworth
Castle were gifted to the Bishop of
Worcester. At Knaresborough, fish were
supplied from the millpond, highlighting
the link between early industrial activity,
aquaculture and food supply to proto-
urban centres.

Strict adherence to avoiding meat
resulted in many religious orders, and per-
haps most notably the Cistercians, con-
structing fishponds in association with
monasteries and their supporting granges.
And although many monasteries were
founded in relatively remote locations to
ensure the religious community was iso-
lated, the abbey and its granges often
became the focus of regional industrial and
economic activity, in what, at the time, was
otherwise a largely rural or wilderness
landscape. Although Cistercian communi-
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ties were supposedly content to achieve
self-sufficiency, by the 13th century
notions of austerity held by those who, in
1132, founded Fountains Abbey, England,
had been forgone, and economic activity
was seemingly geared toward wealth cre-
ation (Dent, 1995). Considering production
from fishponds associated with Fountains
Abbey, it has been argued that these were
exploited commercially to generate rev-
enue, and that the abbey was able to profit
from the example of continental houses,
although strategies of fishpond manage-
ment and exploitation were probably
adapted to local conditions. Evidence from
continental monasteries shows 13th-century
fishponds were constructed downstream of
abbey latrines at Vauclair, France and
Maulbronn, Germany, where they received
nutrient-rich water (Hoffmann, 1996). This
arrangement highlights the close associ-
ation between early centres of settlement in
Europe and wastewater reuse to culture
fish.

Another innovation contributing to the
success of aquaculture in millponds, moats
and monastic fishponds was the introduc-
tion across Europe of the common carp
(Cyprinus carpio) originating from the
Danubian basin (Balon, 1995). During the
11th and 12th centuries this species had
been introduced to the upper Danube, Elbe
and Rhine river systems, and during the
late 12th and 13th centuries to the Maas,
Seine and upper Rhone (Hoffmann, 1996).
The first known record of common carp in
the British Isles comes from financial
accounts of the 1460s, which show the
Duke of Norfolk introduced them to fish-
ponds on his estate (Hoffmann, 1996).
However, despite documentary evidence,
questions remain over the motivations and
mechanisms which gave rise to the pattern
and timing of carp introductions.

Hoffmann (1996) surmised:

How did long unwritten knowledge of pond
design pass eastward and of carp pass
westward? In medieval Europe, economic
exploitation, ecological impact, and
environmental mastery were, for good or ill,
deeds of human agents.

For example, some suggest that knowl-
edge and experience relating to engineer-
ing and animal husbandry, developed and
transferred by one of the earliest ‘multi-
national organizations’, the Cistercian
Order, were instrumental in spreading
improved agricultural methods, including
skills related to fish farming, throughout
Europe (Dent, 1995). However, lay mem-
bers in European society also built fish-
ponds, suggesting knowledge either
passed from the abbeys to the lay commu-
nity, or that other knowledge sources
existed. Circumstantial evidence and his-
torical accounts suggest both mechanisms
were operating. Discussing impacts on
the lay community of the grange economy
associated with Fountains Abbey, Dent
(1995) noted that construction of two
large dams must have involved the
demonstration and transfer of engineering
skills to the local workforce. Further-
more, under the supervision of the magis-
ter piscium, a lay brother skilled in
fish-culture techniques, including clean-
ing ponds, re-stocking and harvesting,
local labourers would also have gained
knowledge and experience. Documentary
evidence recounts how skilled laymen,
whose expertise derived from knowledge
of working with water and fish, accumu-
lated over generations, travelled long dis-
tances to consult with landowners
wishing to build sluices and weirs, man-
age fisheries and commission fishponds
(Hoffmann, 1996).

Declines in early urban aquaculture

From the examples of early urban aquacul-
ture presented above it is apparent that its
rise was closely linked with technological
innovation, entrepreneurial individuals,
urbanization, the changing fortunes of cap-
ture fisheries and ultimately market
demand. However, at this point it is also
useful to consider what pressures and
events resulted in the wane of urban aqua-
culture developed under the Romans and
during the medieval period.
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Roman decline

With the contraction and eventual fall of
the Roman Empire, the market for produce
from highly engineered and management-
intensive urban aquaculture may largely
have disappeared. Archaeological evi-
dence, for example, from Britain, shows
fishpond construction in the Roman style,
and indeed the operation of such ponds,
ceased toward the end of the 4th century
AD. Although it is likely that by the end of
the Roman occupation people from local
communities had assimilated the knowl-
edge to construct and manage fishponds, it
seems the lack of demand for either the
species or cost of fish produced in such
ponds prohibited cultivation. Furthermore,
dependence of fish culture in urban set-
tings on the proper functioning of infra-
structure, such as water supply canals and
drainage channels, may have meant main-
tenance required to ensure continuity in
production was beyond the means of indi-
vidual producers or even communities,
thus resulting in the forced cessation of
production and abandonment of fishponds.
However, until further evidence is avail-
able it would be wrong to assume that all
fish culture in urban settings ceased imme-
diately following the withdrawal of the
Romans.

What is apparent from accounts and evi-
dence of the wider declines in the post-
Roman economy is that agricultural
production in general became more of a
subsistence-oriented activity. As Pearson
(1997) notes:

The marketplaces of Europe were still in
their infancy or early adolescence during the
sixth to ninth centuries, so that a general
focus on self-sufficiency was less an option
than a necessity.

Climatic change, most notably a general
cooling in temperate regions between the
5th and 9th centuries, probably further
constrained development of the agricul-
tural sector, not least due to a shortened
growing season. By the 8th and 9th cen-
turies, it has been argued, sufficient and
reliable food supplies for emergent empo-
ria were most probably derived from large

and well-managed royal or church estates.
This redistribution was critical for the con-
tinued expansion of proto-urban communi-
ties, but may have resulted in the peasant
population  suffering food shortages
(Pearson, 1997). Consequently it has been
suggested that free settlements, even those
on marginal land, might well have been
better off than those being exploited on
large estates. Further, according to this
author, communities near waterways and
seas, such as those at Wraysbury and
Hamwic, England, benefited from greater
nutritional options through access to var-
ied fish and shellfish. The expansion of
both freshwater and marine capture fish-
eries during the early medieval period also
perhaps provides one explanation as to
why renewed aquaculture development
appears to have been restricted until the
11th century (Lepiksaar, 1985).

Medieval decline

Black Death during the mid-14th century
devastated populations across much of
Europe, and as a result further contributed
to widespread economic decline and
depopulation in many areas. The threat of
disease transmission associated with com-
munal living also resulted in the decline of
many urban communities. Consequently,
demand for fish farmed from moats,
millponds and stews, which appears to
have been synonymous with economically
prosperous and growing settlements, prob-
ably decreased significantly. Indeed, lim-

ited evidence of wurban aquaculture
development in Europe from the 15th cen-
tury suggests this was the case, as

described later in this section.

With a reduced and more dispersed
population it is reasonable to suggest that
capture fisheries assumed a more impor-
tant role, both in terms of overall fish sup-
plies, but also in providing food security
and income to people living in remote or
isolated communities. The expansion of
marine fisheries throughout much of
Europe during the late medieval period,
combined with better transport links and
preservation methods, resulted in marine
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species meeting much of the demand from
consumers. For example, Norse dried cod-
fish was marketed throughout the whole of
Catholic ~ Europe  (Lepiksaar, 1985).
Heightened productivity, quality and
dependability of supply from other agricul-
tural sectors during the late medieval
period would also have diminished the
importance of farmed fish in providing
food security and much needed protein in
the diets of many.

Considering the case of Great Britain,
dissolution of the monasteries by Henry
VIII, starting in 1536, further contributed to
the decline of aquaculture practised in
communal settings. Physical disruption of
fishponds and associated infrastructure at
monasteries and associated granges might
well have severely affected production.
Meanwhile, the Reformation more gener-
ally may have affected the broader lay com-
munity, reducing demand for fish as
adherence to religious practices of fasting
was rejected and abandoned.

However, despite such severe upheavals
in the late medieval period, in some areas
of Europe growing urban populations and
fluctuating capture fisheries appear to have
resulted in fish becoming a luxury com-
modity — in some central European towns
during the 15th century fish was 3—-5 times
as expensive as meat (Hoffmann, 1996).
This stimulated fishpond construction on a
huge scale. Widespread environmental
degradation around many cities, however,
combined with improved transportation
arrangements and the ability to conduct
complex and extensive hydraulic works,
meant fishponds were constructed in rural
areas to meet demand from urban markets.
Between 1450 and 1550, Czech lords con-
structed an estimated 26,000 ponds cover-
ing several thousand hectares (Hoffmann,
1996). In 16th-century Poland, fishpond
construction developed vigorously, appar-
ently in parallel with general economic
growth (Roberts, 1968).

Aquaculture in rural locations and the
subsequent transport of harvested fish to
urban markets while maintaining their
freshness has provided a model for fresh-
water aquaculture development during the

past 500 years. Although the environment
around many towns and cities has
improved markedly over recent decades,
consumer attitudes throughout much of
Europe now dictate that only fish per-
ceived as coming from unpolluted and nat-
ural environments find a ready market.
Consequently, demand for cultured trout,
salmon and more recently marine fish, has
shown a significant increase, while
demand for fish such as carp has remained
relatively  static and  geographically
restricted. A tradition of eating freshwater
fish, especially carp and catfish, persists in
much of Eastern Europe. However, even
here concern over the quality of produc-
tion, in particular off-flavours, constitutes a
significant constraint.

The historical accounts presented
above of early aquaculture operations in
what might be considered proto-urban
settings gives a brief insight to basic fac-
tors stimulating development of such
enterprises. Roman noblemen constructed
fishponds as a sign of wealth and status,
while their countrymen adopted the same
techniques to enhance food security and
earn money. Irrespective of motivations,
varied accounts of fish culture demon-
strate widespread technical competence
and ability. Although knowledge of fish
culture appears to have been dissemi-
nated throughout the lands under Roman
occupation, the decline of the empire
appears to have signalled a temporary
cessation of building fishponds. It seems
reasonable to assume, however, that aban-
doned fishponds would have been put to
various uses, including the holding and
growing of fish, and that knowledge of
such practices would have been retained
in local communities. With the loss of
influence exerted by Roman villas and
towns during the early medieval period,
many communities appear to have
reverted to a more rural existence, ori-
ented toward self-sufficiency, not least
because of the decline in markets for agri-
cultural and other goods.

During the early medieval period when
populations in Europe began to grow and
urbanization resumed, it appears increased
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demand for fish from both lay and ecclesi-
astical communities was met largely by
expanding capture fisheries.
Environmental degradation and declining
freshwater fisheries toward the middle of
the medieval period, however, appear to
have stimulated a renaissance in urban
aquaculture. Population growth and urban-
ization, combined with greater wealth and
the influence of various religious orders,
appear to have further increased demand
for cultured fish. Excavation of fishponds
constructed at the time provides evidence
for the rise of aquaculture, but documen-
tary accounts also show fish culture under-
taken in artificial environments resulting
from early industrial processes, especially
millponds, contributed to the supply of
various fish species.

The rise and fall of proto-urban aqua-
culture has been associated here with vari-
ous factors, including technological
development, entrepreneurial activity,
urbanization, capture fishery returns and
market demand. These factors, however,
do not act independently, and it is there-
fore difficult to say which if any is the
most appropriate indicator concerning
prospects for urban aquaculture. The
changing supply of fish from capture fish-
eries has had a significant influence on the
development and decline of aquaculture in
both urban and rural settings. Sewage-fed
fishponds that developed throughout
much of Eastern Europe during the early
20th century, although reminiscent of ear-
lier Roman and medieval developments
reusing wastewater to culture fish, appear
to have evolved out of harsh necessity at a
time when food security was of concern
and inorganic fertilizer in short supply. It
is doubtful, however, whether such a pro-
duction strategy would be acceptable in
Europe today, regardless of the species or
quality of fish produced. Thus, economic
and social considerations have also played
a major role in shaping the development of
European aquaculture, and these factors
will be considered further in the following
sections concerning their influence on the
evolution and potential of contemporary
urban aquaculture.

Contemporary Urban Aquaculture

Over the past 30 years aquaculture devel-
opment in urban settings in Europe has
largely been at a pilot-scale, and supported
by research and development funding.
However, despite demonstrating wide-
spread technical feasibility, there appears
to have been relatively little commercial
development. That which has taken place
has been highly dependent on specific
opportunities and local conditions.
Furthermore, while markets for freshwater
species traditionally eaten in Europe (e.g.
carp, eel and catfish) have remained rela-
tively small, and demand for marine
species been met largely from capture fish-
eries, there has been little incentive for
potential commercial operators to invest in
urban aquaculture.

Commercial aquaculture development
in Europe over the past century has
largely occurred in rural and coastal areas.
Most aquaculture in Europe occurs in
nearshore marine environments, with
Atlantic salmon (Salmo salar) and the
blue mussel (Mytilus edulis) dominating
production (Table 8.1). In Western Europe,
farming rainbow trout (Oncorhynchus
mykiss) has emerged as the largest fresh-
water aquaculture sector, although devel-
opment has been largely restricted to rural
areas with sufficient access to high vol-
umes of good quality flowing water. In
Eastern Europe, farming common carp
remains important.

Based on import and export data from
individual countries in Europe compiled
by FAO (2003b), it is apparent that as a
whole the continent is a major exporter of
Atlantic salmon and trout and, to a lesser
extent, of mussels and carp. Although
nearly all production of European eels
occurs in Europe, net imports to the conti-
nent, including other eel species and
elvers, perhaps suggest an opportunity for
increased domestic production. Culture of
the European catfish (Silurus glanis), tradi-
tionally practised in fishponds throughout
Eastern Europe, is largely semi-intensive
in nature and results in a relatively small
annual production. However, production
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Table 8.1. European and global aquaculture production data and import volumes to Europe for selected

species (statistics in metric tonnes for year 2001).

European aquaculture

Global aquaculture Net European imports

Species (t/year) (t/year) (t/year)

Atlantic salmon 647,039 1,025,287 —146,8002
Blue mussels 403,063 426,301 —-3,531%P
Rainbow trout 317,901 510,055 -53,883*¢
Common carp 142,833 2,849,492 —-1,535*d
European eel 10,187 10,258 3,042*¢
North African catfish 2,695 6,941 1+
European catfish 576 648 1%f
Tilapia 200* 1,385,223* -

Source: FAO (2003a,b).

*Total for all mussel, trout (and char), carp, eel (and elvers), catfish and tilapia (and cichlid) species.

aFresh or chilled, canned and frozen.

bFresh or chilled, canned, frozen and dried salted or in brine.

CLive, fresh or chilled, frozen, smoked, dried or salted.

dLive, fresh or chilled and frozen.
eLive, fresh or chilled, frozen or smoked.
fFresh, chilled or frozen.

of African catfish, cultured in more inten-
sive systems, is higher. The apparent
absence of net imports for all catfish
species suggests demand from European
consumers is being met by domestic pro-
duction. Statistics for tilapia aquaculture
in Europe indicate that domestic produc-
tion is very low, yet the absence of imports
suggests demand from European con-
sumers is also low. This situation is in
contrast to other regions, particularly Asia
and Africa, where production of tilapia
(and cichlid) species is an important part
of the aquaculture sector.

Despite the dominance of marine and
rural production in the European aquacul-
ture sector there are examples of contem-
porary production strategies that may be
considered urban in nature, or which have
potential for development in urban set-
tings. To demonstrate this, case studies
dealing with some of the most interesting
examples are presented. Recent experi-
ences with recirculation systems, prospects
for integrated marine aquaculture in urban
areas and other opportunities for urban
aquaculture, such as the reuse of thermal
effluents to produce fish and marine
worms, are discussed.

Recirculation units

Farms employing recirculation address
some of the major problems facing aquacul-
ture producers. Water reuse and limited
waste discharges assist in reducing con-
cerns over negative environmental impacts.
Furthermore, the enclosed nature of the
production unit limits the risk posed by
disease and parasite transfers, or contami-
nation with toxic substances. Also, the
degree of control the operator has over
water quality, temperature, photoperiod
and aspects of husbandry such as feed
management and cleaning, contribute to
efficient production.

Currently in Europe a range of freshwa-
ter fish species are cultured in recircula-
tion systems. Production of the European
eel (Anguilla anguilla) and North African
catfish (Clarias gariepinus) are established
industries in the Netherlands (Eding and
Kamstra, 2002). Recent reports have
described European eel culture employing
recirculation in Germany and Spain as
well (Schmidt-Puckhaber, 2000; Torres,
2000). European catfish farming occurs
mainly in France, Hungary and the Czech
Republic, where 2001 production was 352,
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116 and 51 t, respectively (FAO, 2003a).
Culture has traditionally been in semi-
intensive ponds, but now producers such
as Svarc Fish Farm in the Czech Republic
are culturing this species in recirculation
units (Linhart et al., 2002). Within Europe,
pike-perch (Stizostedion lucioperca), stur-
geon (Huso huso), Nile tilapia
(Oreochromis niloticus), Atlantic salmon
smolts and marine species such as turbot,
cod (Gadus morhua), Dover sole (Solea
solea) and seabass (Dicentrarchus labrax)
are all grown in recirculation units,
although little information is currently
available regarding the exact volume and
distribution of production.

Key parameters relating to current prac-
tices for producing European eel and
African catfish in commercial recirculation
units are presented in Table 8.2. Stocking
densities possible for both the air-breathing
catfish and eel are significantly higher than
those considered appropriate for seabass or
turbot. Feed conversion ratios of around 0.8
were reported for both catfish and seabass
production units. However, the higher
stocking densities and higher feeding rates
possible in catfish culture mean production
per unit volume (total culture system vol-
ume) is almost ten times greater.
Furthermore, despite production per unit
volume being 3—4 times that in the eel unit,
only one exchange of culture water is
required per hour, as compared with 2—4 in
the eel unit, thus suggesting pumping costs
are lower when culturing catfish. Water
exchange in the turbot unit is also only
once per hour; however, lower stocking
densities and lower specific growth rates
mean per unit volume production is less

than one-quarter of that for catfish.
Although the data outlined in Table 8.2 give
an overview of operating parameters for
recirculation units, a more thorough assess-
ment of the management demands, finances
and risks associated with each system
would be necessary to develop comparisons
to guide potential operators or investors.

Although commercial operators have
developed recirculation units in most
European countries, there is currently no
means of establishing what proportion
might be considered urban or rural in
nature. Invoking the social-psychological
based understanding of urban production
outlined by Iaquinta and Drescher (2000),
it might be argued that the highly intensive
and market-oriented mode of production
means all recirculation units are de facto
urban in nature. However, this approach is
perhaps not that useful as there are more
than likely differences in, for example, the
functioning, economics and perception of
aquaculture in rural versus urban loca-
tions. Consequently, as outlined in the
working definition for contemporary urban
aquaculture, reference should be made to
the geographical proximity to urban areas.
One way of ascertaining this would be to
conduct a survey with producers, but even
then it may be difficult to delineate
between urban and rural producers other
than by using crude indicators such as dis-
tance from the urban centre or enclosure by
administrative boundaries.

Considering prospects for aquaculture
using recirculation in urban areas, there do
not appear to be any technical problems to
development. Limited water use means
location is not dictated by natural hydrolog-

Table 8.2. Parameters characterizing European eel, African catfish, seabass and turbot production in

recirculation aquaculture units in Europe.

Parameter European eel African catfish Seabass Turbot
Stocking density (kg/m?3) 80-2502b.¢ 1702 504 352
Hydraulic retention time (h) 0.25-0.52 12 - 12
Specific growth rate (%/day) 0.752 1.78 - 0.422
Feed conversion ratio 1.3-1.42b 0.852 0.84 1.12
Production (kg/md/year) 173-2602 740-11102 1184 412

agding and Kamstra (2002); °Schmidt-Puckhaber (2000); ¢Torres (2000); 9Rigby (2000).
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ical conditions and therefore there appears
no physical reason why production may
not be established near to processors and
markets in urban areas. One major practical
constraint to development in urban areas,
however, will be the higher cost of land, as
compared to most rural sites. Higher land
prices may be compensated for by reduced
transportation costs, improved access to
labour and skilled technicians, and more
reliable power supplies. However, only
detailed financial assessment would
demonstrate the relative trade-off.

Lack of value ascribed to reducing exter-
nalities such as nutrient discharges or
water consumption also means it is impos-
sible in most cases to consider such bene-
fits in standard financial assessments used
for investment decision-making.
Introduction of a pollution tax or tradable
permits might help translate environmental
benefits to cost savings or even financial
benefits. Other potential financial incen-
tives to production in recirculation units,
whether rural or urban, might include a
price premium paid by consumers for envi-
ronmentally friendly or locally produced
fish. Assessment of consumer willingness-
to-pay for such attributes, however, may
often not be translated into price premiums
that can be captured by the producer.

Aquaculture in recirculation systems is
also at risk from system failures, and ade-
quate safeguards and back-ups are neces-
sary to try to minimize potential losses.
There also remains a question, as with any
investment, as to whether it is future proof,
the assessment of which will require a
broad-based systems perspective if out-
comes are to be relied upon. Likely future
events also become less predictable as the
time horizon lengthens. Therefore, finan-
cial returns from recirculation systems
must show worthwhile returns over rela-
tively short operating periods, often less
than 5 years. However, even over short
time periods, sudden and unforeseen
events such as changing consumer buying
behaviour due to media coverage or health
concerns, or competition from new produc-
ers, may severely affect sales and financial
returns. And such issues are more likely to

be of concern where aquaculture producers
are supplying small niche markets, often
with relatively novel species, as is the case
with many recirculation units. Taking
tilapia as an example, recent develop-
ments, such as that by Ocean Fresh Ltd
near Cambridge, England (Fish Farming
International, 2001), are state-of-the-art
recirculation units to rear tilapia for the
domestic market. However, as can be seen
from Table 8.1, production of tilapia
throughout the whole of Europe in 2001
was small, and net import absent, suggest-
ing established markets are limited. Lower
production costs in other regions, which
contribute to the relatively huge volume of
global production, also mean, even with
the cost of processing and airfreight, tilapia
produced outside Europe could reach con-
sumers at a competitive price (Fish
Farming International, 2003a).
Furthermore, while European producers
may aim to culture fish under biosecure
conditions (Bebak-Williams, 2002) and to
market the resulting quality fish at a pre-
mium, it remains unclear what level of
price differential might be possible, and
indeed whether consumers view intensive
recirculation units in Europe more
favourably than, for example, cages in Lake
Kariba, Zimbabwe.

Horizontally integrated marine
aquaculture

Opportunities for aquaculture in marine
waters close to urban areas are currently
being investigated and exploited in various
locations throughout Europe. Cage-based
salmon culture off the coast of Scotland,
and seabass and seabream in the
Mediterranean, are within view of certain
coastal towns. While it may reassure some
to see that near-shore waters are clean
enough to produce food, others might be
concerned regarding possible negative
environmental impacts, including visual
intrusion, that might, for example, deter
tourists. Controversy surrounding the cage
culture of gilthead seabream (Sparus
aurata) in the Gulf of Aqaba, just offshore
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of Eilat, Israel, highlights potential prob-
lems of siting cage aquaculture operations
in nearshore areas close to urban or tourist
centres. Studies using fluorescent-tracers
have demonstrated that particles originat-
ing from the cage site are transported as
bedload and suspension-load to nearby
coral reefs (Abelson et al., 1999). Cage-
based farming in the Gulf provides income
and employment for some in the local com-
munity, both directly and indirectly. A
hatchery situated on the outskirts of Eilat
provides work for a kibbutz — a farm collec-
tive owned and managed by its members —
and fish from the farm are sold in local
restaurants. Onshore facilities such as
those at the Aquicultura Balear hatchery
and nursery only 5 km from the centre of
Palma, Mallorca, Spain, provide employ-
ment for 20 full-time workers, and produc-
tion of ten million large seabass and
seabream juveniles annually is expected to
benefit offshore producers (Fish Farming
International, 2003b). However, benefits
from  aquaculture in  either the
Mediterranean or Gulf of Agaba are likely
to be small, as compared with revenue and
employment generated by tourism.

Considering the importance of sensitive
marine environments, both ecologically
and economically, it is unsurprising that in
countries such as Israel, zero discharge
aquaculture systems, which restrict water
use to an absolute minimum and avoid
potentially damaging nutrient releases, are
increasingly being promoted and devel-
oped (Rosenthal, 2003). Very limited water
use in such systems also helps reduce
pumping costs and limit the risk of intro-
ducing pathogens or contaminants.
Development of recirculation units has
contributed to culture practices that have
helped reduce water use and nutrient dis-
charges. Technical and financial limita-
tions, however, have prevented their
evolution to zero discharge. Filters
required to maintain water quality produce
nutrient-rich sludge, which requires dis-
posal, while accumulation of nitrate, not
removed by standard filters, means water
exchange, although limited, is still neces-
sary for dilution.

One approach that has been developed
to address these problems, avoiding the
production of sludge and accumulation of
nitrate, is horizontally integrated aquacul-
ture. In this example, wastewater from a
primary culture unit is exploited in sec-
ondary production units to grow other
species, either for sale or to facilitate verti-
cal integration. This strategy is currently
being employed by some producers in set-
tings close to urban areas. For example,
near Tel Aviv, on the Mediterranean coast,
one producer is culturing abalone, fol-
lowed by units containing fish, phyto-
plankton and oyster (Hussenot and
Shpigel, 2003). Near Eilat, on the Gulf of
Aqaba, a system integrating production of
sea urchins, shrimp, seaweed and
Salicornia has been developed (Hussenot
and Shpigel, 2003). Approaches to horizon-
tally integrated marine aquaculture are also
being tested by producers close to La
Rochelle, France, where water from ponds
containing seabass is used to culture phy-
toplankton, which in turn is used to grow
oysters and clams (Hussenot and Shpigel,
2003). Near Criccieth, Wales, research is
underway to test the feasibility of growing
marine worms, phytoplankton, oysters and
clams in discharge water from a recircula-
tion unit producing turbot and Dover sole
(Hussenot and Shpigel, 2003).

While horizontally integrated produc-
tion combining intensively managed sys-
tems with one or more secondary culture
units may offer a promising strategy for
optimizing  resource use efficiency
(Bunting, 2001a), questions remain con-
cerning the management demands, finan-
cial performance and consumer perceptions
associated with such systems. Bioeconomic
modelling has been proposed as a useful
tool for combining the assessment of biolog-
ical and financial performance of horizon-
tally integrated wunits (Bunting, 2001b;
Bunting et al., 2003). However, complemen-
tary assessments of likely price premiums,
market conditions and policy developments
are required to fully develop the economic
aspects of such a modelling approach
(Bunting et al., 2003). Reliance on primary
producers to assimilate nutrients into com-
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plex organic matter to feed other organisms
in integrated systems is also light and tem-
perature dependent. Therefore, such a strat-
egy may not be appropriate for producers at
higher latitudes in Europe. The very limited
market for freshwater herbivorous fish or
filter-feeding molluscs in Europe also
means that horizontal integration may be
restricted to marine systems. Aquaponics,
or the integration of freshwater aquaculture
with hydroponically grown plants, has
been tested at the pilot scale. For example,
integration of edible and ornamental plant
production in wastewater from an eel unit
in Denmark (Jungersen, 1997). The com-
mercial viability of such systems in Europe,
however, remains to be demonstrated.

Other Opportunities for Urban
Aquaculture

Aquaculture, broadly defined, would
include culture of ornamental species or
stock for public aquaria, and although such
production often occurs in urban settings,
it was considered beyond the scope of this
review. From the working definition pre-
sented earlier it was noted that aquaculture
that is closely integrated with industrial
processes generally might be regarded as
urban in nature. One such strategy is the
exploitation of thermal wastewater from
power stations to facilitate aquaculture,
which has been conducted in a number of
locations throughout Europe.

Initial trials using cooling water from
Hunterston power station, Scotland, showed
farming species such as plaice (Pleuronectes
platessa) and Dover sole was feasible (Fish
Farmer, 1980). In Denmark, rainbow trout,
turbot and oysters (Crassostrea gigas) were
grown at the Asnaes and Skaerbaek power
plants (Dahl-Madsen and Hoffmann, 1981).
Turbot were grown in cooling water from
the Wylfa nuclear power station in Wales
(Jones et al., 1981), while in Germany eels
were grown in cooling water from the
Emden power plant (Wienbeck, 1981), and
in Belgium Nile tilapia were cultured in
ponds and tanks receiving water from the
Tihange nuclear power station (Melard and

Philippart, 1981). However, when consider-
ing the reuse of thermal effluents, routine
flushing of cooling systems with antifouling
agents, contamination with heavy metals
and increased risks from gas bubble disease
and certain disease agents and pathogens
constitute potential constraints (McVicar,
1975; Jones et al., 1981).

Under the auspices of the Soviet Union,
thermal effluents from power stations were
exploited to culture fish in several Eastern
European countries, and by the early 1990s
over half the fish produced in Estonia, and
85% of carp, came from such systems.
With the collapse of socialism, aquaculture
in large production units using thermal
wastewater and on collective farms in
Estonia, as in many other Eastern European
countries, declined significantly. In
Bulgaria, however, cooling water from the
Maritsa-Iztok 2 power station is still used
by the Nomikom fish farm, established in
1990, to culture carp, catfish, sturgeon,
trout, and more recently to produce orna-
mental species such as goldfish and koi.

In Western Europe, cooling water from
power stations is still used for aquaculture.
Perhaps due to concerns over possible
health risks or negative consumer percep-
tions, however, recent developments have
focused on producing fish seed for growout
on other farms and marine worms for fish-
ing bait and aquaculture feeds. At
Gravelines, between Dunkirk and Calais in
northern France, cooling water from a
nuclear power station is used to produce
juvenile seabass and seabream, mostly for
the export market. In England, SeaBait
Limited uses cooling water from the Alcan
power station to culture polychaete worms
which are sold domestically to fishermen
as bait, and exported blast-frozen as feed
for shrimp broodstock. In addition to pel-
leted plant material, spent brewery yeast is
used to feed ragworms (Nereis virens),
demonstrating a further link with industry.

Conclusions

The historical enquiry presented above
provides a brief insight regarding factors
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that have promoted and constrained urban
aquaculture in early European societies.
From these accounts, it is possible to draw
some parallels with contemporary develop-
ments and to identify some potential limi-
tations. The earliest examples of
aquaculture in proto-urban settings, con-
ceived and implemented by Roman nobil-
ity, might be considered a demonstration of
status, wealth and man’s mastery over the
natural world. For others, however, fish
culture was associated with improved food
security. The fortunes of urban aquaculture
development in Europe also need to be
considered with respect to the develop-
ment and productivity of both freshwater
and marine capture fisheries. Seasonal
variations and limited returns from early
capture fisheries in Roman times, and deci-
mation of many fisheries as a result of over
exploitation and environmental degrada-
tion in the early medieval period, stimu-
lated interest in securing supplies of fish
by means of urban aquaculture. Current
over-exploitation of many fish stocks, both
in Europe and in other regions, suggests to
some that aquaculture will have an increas-
ing role to play in filling any gap between
supply and demand for fish. However, the
relative role of urban as opposed to rural,
and freshwater as opposed to marine, aqua-
culture in such a scenario remains unclear.

Demand for fish, both from capture fish-
eries and aquaculture during the medieval
period, was also moderated to a large
extent by prevailing religious beliefs. Early
Christian doctrines meant demand for fish
was high on days when consumption of
meat was prohibited, while during the later
medieval period, declining ecclesiastical
influence resulted in fewer people adher-
ing to such norms. Consumer attitudes,
perhaps shaped by concerns about environ-
mental degradation and over-fishing, ani-
mal welfare and healthy living, or perhaps
due to ease of preparation, taste and price,
also require consideration when assessing
prospects for contemporary urban aquacul-
ture. Broader social phenomena such as
migration, and greater interest in exotic
foods, perhaps stimulated by the media or
overseas travel, and increases in disposable

income, may also contribute to greater
demand in Europe for novel aquatic prod-
ucts. This in turn might constitute an
opportunity  for urban aquaculture.
Attributes that might be associated with
aquaculture systems suited to urban set-
tings, for example freshness and quality, or
biosecure or environmentally friendly pro-
duction, may also influence consumer buy-
ing behaviour, giving producers an
advantage. However, it should be noted
that attitudes expressed by consumers, in
for example focus groups, do not necessar-
ily translate into price differentials that can
be captured by producers.

While the demise of urban aquaculture
in Europe toward the late medieval period
may in certain cases have been associated
with particular events, such as dissolution
of monasteries in England, the general
decline might be attributed, for example, to
deteriorating environmental conditions
around newly burgeoning towns and cities,
increased landings and distribution of fish
from rapidly expanding capture fisheries,
and greater competition from other agricul-
tural sectors. Competition with other users
of land and water around towns and cities
must also have strongly influenced the sit-
ing of aquaculture operations, and played a
key role in dictating the viability of estab-
lished systems. The relative price of land
close to towns and cities, as compared with
that in rural areas, is also likely to strongly
influence the nature and pattern of contem-
porary urban aquaculture development.
While advances might be made in produc-
tion efficiency, contributing to lower costs,
there appears to be little reason to assume
that operators of similar systems in rural
areas would not share the same benefits.
Therefore, those contemplating urban
aquaculture need to consider the prospect
of competition, from domestic producers,
both urban and rural, and with increasing
global trade, competition from other pro-
ducers internationally.

The re-emergence of urban aquaculture
during the 20th century appears largely to
have come about out of harsh necessity.
Reuse of domestic wastewater, for example,
in Germany, Poland and Hungary, and
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cooling water from power stations in
Estonia, Bulgaria and other Eastern
European countries, were a consequence of
having to make the most of available
resources. Today such approaches could be
considered as environmentally friendly,
but concern over possible health and
hygiene risks would probably make food
produced in such systems unacceptable to
many consumers. Despite this, opportuni-
ties have been identified regarding the
reuse of cooling water to produce interme-
diate products, such as juvenile fish and
marine worms, for use in aquaculture
growout facilities. Research and develop-
ment funding from national governments,
and more recently the European
Community, has in many cases supported
the technical innovation that has enabled
the exploitation of such opportunities. On
a note of caution, however, having over-
come technical engineering and husbandry
problems does not necessarily guarantee
the long-term viability of the culture prac-
tice. There are many factors, such as chang-
ing demand, increased competition, tighter
regulation and unknown disease risks, that
remain beyond the control of producers.
Any assessment regarding prospects for
contemporary urban aquaculture in Europe
should be conducted from a systems-based
perspective. For individual producers and
potential investors such an assessment
would include not only technical aspects,
but also consideration of likely financial

returns over the short to medium-term and,
to some extent, the level of risk associated
with potential hazards facing the planned
operation. In some instances, the financial
assessment may be influenced by specific
constraints or opportunities — the chance to
make use of existing infrastructure such as
vacant buildings, or to access research and
development funding or regional develop-
ment grants, may make a substantial contri-
bution to establishing a financially viable
business. Assessment of the market for
products from urban aquaculture will also
be necessary, and while knowledge of local
markets and analysis of secondary data on
prices and sales volumes might assist in
identifying clear opportunities, more
detailed analysis, for example, to consider
possible consumer attitudes toward prod-
ucts from urban aquaculture, or evaluation
of likely future competition from producers
in other countries or other sectors, will
most likely be beyond the means of most
individuals. Consequently, producer asso-
ciations, research organizations and gov-
ernment agencies appear to have a role to
play in assessing prospects for urban aqua-
culture against a broader social, environ-
mental, economic and political setting. It is
also anticipated that the review presented
here will be useful in focusing future
research and development work on the
most promising strategies and potentially
limiting aspects relating to urban aquacul-
ture in Europe.
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Abstract

Since 1970, total meat consumption in the US has risen from 80 kg to 90 kg per capita per year. As
standards of living increase, meat consumption also increases. Chicken consumption has risen at a
faster rate primarily due to affordability and because chicken is viewed as a generally more healthy
meat product than beef and pork. Fish consumption has remained fairly constant for the last 20
years, primarily due to relatively high cost of fish in comparison to beef and poultry. Current costs of
fish will, if anything, rise relative to other meat products due to the lack of availability of alternatives
to traditional forms of fish capture or production.

Recirculating Aquaculture System (RAS) technology has the potential to dramatically alter the
current distribution of meat production away from beef, poultry and pork. Producing fish using RAS
technology can be done in a sustainable and environmentally friendly way. Fish production using
RAS technology can be much more efficient in converting less desirable foodstuffs into higher qual-
ity proteins, particularly if a herbivorous-type fish is used as the species of choice.

The economics of fish production using RAS are reviewed and projections are made as to the
near-term potential for producing fish protein using current state-of-the-art technology. The broiler
industry is discussed as a case example of how a commodity was increased from less than a few kg
per capita per year to being the dominant form of meat protein being consumed on a worldwide
basis.

The role of university research and its effective coupling to an outreach programme that will
accelerate technology adaptation by the private sector is discussed. Finally, the economic advantage
of fish production using RAS technology in urban versus rural locations is quantified.

Introduction products in 2000 was equal in value to the
combined exports of the US broiler and

The United States imported over US$10 hog industries (US Department of

billion of seafood in 2000, of which US$4.6
billion was imported shrimp, Atlantic
salmon and tilapia. Of this total, US$3.8
billion was shrimp. To put this in perspec-
tive, the cost of these three aquacultural

© CAB International 2005. Urban Aquaculture

Agriculture (USDA) Economic & Research
Service data). The total trade deficit related
to seafood trade is US$6.2 billion (US
Department of Commerce (DOC) data).
Currently, the US aquaculture industry

(eds B. Costa-Pierce, A. Desbonnet, P. Edwards and D. Baker) 137
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generates about US$1 billion each year,
with 70% of this being from catfish pro-
duction (National Marine Fisheries Service
(NMFS) data). Marine aquaculture cur-
rently accounts for about one-third of com-
mercial aquaculture production. The US
DOC (approved 10 August 1999) promul-
gated an official Aquaculture Policy to
increase the value of domestic aquaculture
production to US$5 billion. Six goals were
established within a series of policy imple-
mentation efforts. DOC was to develop a
partnership effort with US Department of
Agriculture (USDA), US Department of
Interior (DOI), and other federal, state and
local agencies to achieve these goals.
Minimal progress to date has been made in
achieving DOC goals. The basic thesis of
this chapter is that recirculating aquacul-
ture system (RAS) technology is the key
technology that will allow the US to
approach the goals set by the DOC in 1999.

Recirculating Aquaculture System
(RAS) Technology

Fish is the last mass-marketed food being
supplied to consumers by ‘hunter—gather-
ers’. This method of bringing product to
market is rapidly becoming obsolete and is
no longer able to meet current US market
needs. As a result, aquaculture is the
fastest growing segment of agriculture, now
supplying 30% of all seafood consumed.
Conventional aquaculture methods, such
as outdoor pond systems and net pen sys-
tems, are not sustainable in the long term,
due to significant environmental issues and
their inability to guarantee the safety of
their products to the consumer. Conversely,
indoor fish production using recirculating
aquaculture systems is sustainable, infi-
nitely expandable, environmentally com-
patible and has the ability to guarantee
both the safety and the quality of fish pro-
duced throughout the year.

Outdoor pond (warm water systems, e.g.
catfish) and net pen aquaculture systems
(cool water, e.g. salmon) are disadvantaged
by their large footprint requirements, lim-
ited appropriate natural sites, environmen-

tal issues with respect to the management
of fish excrement, geographical limitations
due to the need for a perfect growing cli-
mate, and because they takes place in an
uncontrolled outdoor environment subject
to disease, predators and other vectors.
Outdoor pond and net pen-based systems
are very much at a disadvantage with
respect to a greater potential for diseases.
Disease in fish systems is transferred by
direct water contact with diseased organ-
isms. Indoor systems use potable water and
unless diseased fish or fish carrying dis-
eases are introduced into the culture sys-
tem, there is almost no potential for
disease. And if there is a disease event,
effective treatment is much more manage-
able than in traditional outdoor systems.
The outdoor pond and net pen-based sys-
tems are also disadvantaged by inconsis-
tent supply available to the market, due to
more difficulties with control of the grow-
ing cycles which creates peaks and valleys
of supply available. Finally, issues related
to escape are of major concern, particularly
with the potential for such events to hap-
pen with biotechnology-modified species.
In such cases, RAS becomes the only
acceptable culture technique because the
animals cannot escape an indoor RAS and
therefore will not have any impact on nat-
ural populations.

Indoor RAS offers the advantage of rais-
ing fish in a controlled environment, per-
mitting controlled product development
and harvesting. RAS conserves heat and
water through water reuse after clean-up by
biological filtration through a biofilter. RAS
technology allows effective economies of
scale, which results in the highest produc-
tion per unit area and per unit worker of
any aquaculture system. RAS is environ-
mentally sustainable, it uses 90—-99% less
water than conventional aquaculture sys-
tems and provides for environmentally safe
waste management treatment. RAS-
designed aquaculture systems are infinitely
scalable. There are no environmental limi-
tations to the size of the intended fish farm
to be built.

RAS offers a high degree of environmen-
tal control. This not only mitigates the
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risks of outdoor aquaculture (i.e. natural
disaster, pollution and disease) but also
allows for optimized species growth on a
year-round basis. A similar optimization
can be observed in the domestic poultry
industry, where chickens were brought
indoors and the cost of environmental con-
trol was more than recovered by higher
growth rates, improved feed conversion
and more efficient use of labour. For exam-
ple, broiler growers produce 1,000,000 kg
of chicken per man-year of effort. In addi-
tion to the growth advantages afforded by
RAS technology, the low environmental
impact of these systems means that they
can be built closer to the consumer and
replicated rapidly.

Indoor aquaculture also means a 100%
guaranteed safe source of seafood, free
from all chemicals and heavy metals. With
increasing consumer concerns about food
safety, producers using RAS have an
unprecedented opportunity to meet the
demands for safe seafood. Attributes of
fresher, safer and locally raised product are
clear advantages for RAS-produced
seafood. Because RAS can be set up to pro-
duce the same volume of fish every week,
week in and week out, they have a compet-
itive marketing advantage over outdoor
tank and pond systems, which are seasonal
and subject to environmental disaster
beyond the control of the operator.

The advantages of RAS-produced tilapia
compared to traditional forms of aquacul-
ture are summarized in Table 9.1 (Timmons
et al., 2002).

Aquaculture Production

Aquaculture production generally has been
provided through pond-type systems or
flow-through production systems. Both are
extremely constrained and limited in terms
of site location (you must be located near a
suitable water source) and do not allow
marine culture by their inland nature.
Growth of aquaculture in the US has
remained constrained for a variety of rea-
sons, with environmental concerns and per-
mitting processes being dominant. These
constraints naturally increase the advan-
tages of recirculating aquaculture system
(RAS) technology, as RAS can eliminate
potentially any negative environmental
impact from the production operation. RAS
also conserves water, eliminates escape of
cultured animals and is basically site inde-
pendent. The recycling nature of RAS also
permits culture of marine or freshwater
species, and allows the farms to be located
primarily to the benefit of market proximity,
as opposed to being sited based upon the
availability of natural resources such as high
volume water or open ocean sites. Timmons

Table 9.1. Water and land requirements to produce specific seafood species.

Land or water use needed

Production to match RAS output
intensity Water required
Species and system (kg/hatyear) (I’kg) Land Water
O. niloticus 17,400 21,000 77 210
(Nile tilapia) ponds
I. punctatus 3,000 3,000-5,000 448 400
(Channel catfish) ponds
S. gairdneri (rainbow 150,000 210,000 9 2,100
trout) raceways
Panaeid shrimp pond 4,200-11,000 11,000-21,340 177 160
(Taiwan)
O. niloticus 1,340,000 100 1 1

(Nile tilapia) RAS
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et al. (2002) demonstrated the large reduc-
tions in both water required per unit of pro-
duction and land area required (Table 9.1).

RAS technology is now being success-
fully used to raise tilapia in northern cli-
mates at costs of less than US$2.20/kg
(whole fish basis). Outdoor intensive pro-
duction in Central America has reduced
costs to the US$1.00-1.30/kg range (Table
9.2). The proportional costs that make up
production are summarized in Table 9.3 for
a current commercial tilapia operation in
the Northeast producing over 230,000
kg/year (feed at US$0.55/kg, electric rates
are  US$0.03/kWh, gas heating at
US$0.0085/MJ and oxygen at US$0.09/kg
delivered). The perception that heating and
pumping costs make RAS-produced fish
high cost is not valid, as shown in Table
9.4 where these costs are 15% of the total
direct costs of production.

There are no commercial recirculating
aquaculture operations in the Northeast
that have sufficient scales of production or

Table 9.2. Costs of tilapia production in selected
countries (Johannsen, pers. comm.)

Cost of production

Country US$/Ib US$/kg
Brazil, Ecuador, Cuba 0.50 1.10
Costa Rica, Jamaica 0.55 1.20
Colombia, Mexico 0.68 1.50
USA 0.91 2.00

Table 9.3. Component costs to produce tilapia
(water and sewer supplied by a public utility).

Cost of goods sold % of total
Purchases — fish stock 7
Purchases — feed 28
Purchases — oxygen 13
Direct labour 29
Supplies 3
Utilities

Natural gas 9

Electricity 6

Water and sewer 5
Product delivery costs 1
Total 100

processing to compete with large-scale
aquaculture or offshore commercial fishing
operations in the food service markets or
wholesale. To be competitive with interna-
tional tilapia producers, a farm would need
to have approximately 2.3 X 10°% kg/year
annual production (to justify an automated
processing plant) and direct costs of pro-
duction of approximately US$1.10/kg.
Similarly, to compete with the Idaho trout
production systems, the scale of operation
must be at the 0.5 X 108 kg/year level.

Our Sources of Seafood

Wild capture has been the long-standing
method of providing the seafood we eat. As
time has gone forward and world popula-
tion has increased, our natural fisheries
have become strained. This has led to con-
certed efforts to better manage our natural
fisheries. Macinko and Bromley (2002)
argue that US policy makers must recognize:

® The American public owns the nation’s
fisheries and all they contain.

® Poor management of fishery resources is
at the heart of the fishery crisis.

® The US should manage its fisheries as it
manages its other natural resources.

Macinko and Bromley acknowledge
that managing through an individual fish-
ing quota approach (IFQ) will only amelio-
rate the race for fish. It is well known that
the percentage of seafood being supplied
from the ocean continues to drop, with the
difference between demand and supply
being made up by aquaculture products
(Table 9.4).

Even with improved management of
ocean resources, the void in needed prod-
uct to maintain similar per capita con-
sumption levels as in 1999 will require an
increase from aquaculture supply of 16.2
million tonnes. Some argue, and can pre-
sent convincing data, that the amount of
product that can be obtained from our
oceans is even much less than what it was
in 1999, meaning that aquaculture will
need to supply an even greater percentage
than the 35% predicted in Table 9.4.
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Table 9.4. Contributions from wild catch and aquaculture (Food and Agriculture Organization, 2002).
Million tonnes
2010

Production 1994 1995 1996 1997 1998 1999  estimated
Capture 91.4 91.6 93.5 93.6 86.3 92.3 93.0
Aquaculture 20.8 24.6 26.8 28.8 30.9 32.9 491
Total 112.3 116.1 120.3 122.4 117.2 125.2 1421
% Aquaculture 18.5 21.2 223 23.5 26.4 26.3 34.6
Reduction to fish meal/oil 32.5 29.6 29.6 28.5 23.9 30.4
% Reduced of capture only 35.6 32.3 31.7 30.4 27.7 32.9
World population billions 5.605 5.685 5.764 5.844 5.923 6.002 6.812
Per capita food fish supply (kg) 14.3 15.3 15.8 16.1 15.8 15.4

Population in 2002 is 6.228 billion people.

Competing Meat Products

Aquaculture products — however they are
produced and at whatever scale — must
ultimately compete against other choices of
meat proteins. Table 9.5 shows the quanti-
ties of meat consumed since 1960 (USDA
Economic and Research Service data).

The broiler industry has shown a steady
increase in per capita consumption over the
last 40 years, and overall meat consumption
has risen from 75 to 97 kg per capita per
year, while the US population has
increased from 181 to 280 million people.
Conversely, beef consumption peaked at
42.9 kg per capita in 1976 and has dropped
since to the current level of 30.0 kg per
capita in 2001. Based upon current popula-
tion levels, this is a loss of 12.8 kg per
capita or 3.6 X 10° kg of product. If seafood
is to exert a similar influence in diverting
meat consumption, then the only way to do
this is via market price. The ageing popula-
tion and the accepted health benefits of eat-
ing seafood should drive the consumption
curves. To make the dramatic changes, as
were exerted by the poultry industry, the
market price of seafood must be less than
competing quality meats. The market share
for expensive protein (the current condition
for seafood) is essentially maximized at
around 6.8 kg per capita (Fig. 9.1).

Can this happen? Table 9.6 provides a
summary of wild catch in US waters. Note
that the average price paid for seafood at the
processing plant is US$1.11/kg. However,

the price in New England is nearly double
the national price. This gives strong credi-
bility to the notion that locally produced
product can command premium pricing. It
is not surprising though that when these
dock prices for wild catch are converted
into fillet costs, the retail price makes the
fish fillet an expensive piece of meat.

Hicks and Holder (2001) gave salmon
production costs for net pen operations
that produce on average 1.36 X 10° kg per
cycle of 18 months. This farming approach
continues to increase in scale. Productivity
per person for a net pen operation is
136,000—204,000 kg/person/year. The pre-
sent workload per net pen farm is about
five individuals that care for placement of
500,000 smolt that will be reared to a mar-
ket size of 4 kg, with culling and mortality
paring that down to 400,000 animals. This
translates into 213 t/person/year. But in
addition, there are net changing crews and
divers, so the support would be about 1-2
additional full-time people. Thus, it
requires a maximum of seven people,
which reduces the net productivity for a
net pen operation to 152 t/person. This is
why the scale is being driven to even larger
placements of smolts, so that the labour
cost per unit of meat produced is further
reduced.

Using the Hicks and Holder numbers, a
comparison is made to large-scale tilapia
RAS production and to the current most
efficient salmon producers (Table 9.7). Note
that tilapia is actually more economical to
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Table 9.5. Per capita consumption (kg) of various meat products® 1960-2001 (Delmarva Poultry
Industry, 2002 and USDA Economic Research Service).

Total Total red Commercial

red Other Total Total meatand fish and
Year Beef Pork meat Broilers chicken chicken Turkey poultry poultry  shellfish
1960 28.7 26.8 597 10.7 2.0 12.7 2.9 15.6 75.3 4.7
1961 29.7 257 59.6 11.8 1.8 13.6 3.4 16.9 76.5 4.9
1962 30.0 26.0 60.1 11.8 1.9 13.7 3.2 16.9 77.0 4.8
1963 319 265 62.1 12.3 1.7 14.0 3.1 17.2 79.3 4.9
1964 339 265 641 12.6 1.6 14.3 3.4 17.6 81.7 4.8
1965 339 235 608 13.6 1.7 15.3 3.4 18.7 79.5 4.9
1966 355 23.0 61.8 145 1.6 16.2 3.6 19.7 81.5 4.9
1967 36.2 252 645 14.8 1.9 16.6 3.9 20.6 85.0 4.8
1968 372 257 658 15.0 1.8 16.8 3.7 20.5 86.4 5.0
1969 375 25.0 65.1 15.8 1.6 17.5 3.8 21.2 86.3 5.1
1970 384 253 66.2 16.6 1.7 18.3 3.7 22.0 88.2 5.4
1971 381 275 679 16.5 1.7 18.3 3.8 22.1 90.0 5.2
1972 38.7 248 657 17.3 1.6 18.9 4.1 23.0 88.8 5.7
1973 36.5 222 605 16.7 1.5 18.1 3.8 21.9 82.4 5.8
1974 389 239 646 16.6 1.4 18.0 3.9 22.0 86.6 5.5
1975 40.0 195 619 16.5 1.2 17.7 3.8 21.5 83.5 5.5
1976 429 20.7 657 17.9 1.2 17.8 4.0 23.2 88.9 5.9
1977 417 213 651 18.3 1.2 19.4 4.0 23.4 88.6 5.8
1978 396 213 627 19.3 1.1 20.4 3.9 24.3 87.0 6.1
1979 355 244 612 209 1.0 21.9 4.2 26.2 87.3 5.9
1980 348 26.0 62.1 20.8 1.0 21.8 4.7 26.5 88.6 5.7
1981 351 248 613 213 1.1 22.4 4.8 27.2 88.5 5.8
1982 350 223 587 213 1.2 22,5 4.8 27.3 86.0 5.7
1983 357 235 607 215 1.1 22.6 5.0 27.6 88.3 6.1
1984 356 234 605 223 1.1 23.4 5.0 28.4 88.9 6.4
1985 36.0 236 61.0 232 1.0 24.1 5.3 29.4 90.4 6.9
1986 358 222 595 236 1.0 24.7 5.9 30.5 90.0 7.0
1987 336 223 572 250 1.0 26.1 6.7 32.7 89.9 7.4
1988 331 238 58.1 25.1 1.0 26.1 7.1 33.2 91.3 7.2
1989 31.3 236 56.1 26.0 1.0 26.9 7.5 345 90.6 7.1
1990 308 226 545 270 0.9 27.9 8.0 35.9 90.4 6.8
1991 30.2 228 543 282 0.9 29.1 8.1 37.2 91.4 6.8
1992 30.2 241 55.3 29.9 0.9 30.8 8.1 38.9 94.3 6.7
1993 296 237 543 311 0.8 31.9 8.0 40.0 94.3 6.8
1994 304 241 554  31.6 0.7 32.3 8.1 40.4 95.8 6.9
1995 306 238 554 312 0.7 32.0 8.1 40.1 95.5 6.8
1996 31.0 223 543 320 0.4 32.4 8.4 40.8 95.1 6.7
1997 304 221 53.4  32.6 0.2 32.9 8.0 40.9 94.3 6.6
1998 309 238 556 329 0.2 33.1 8.2 41.3 96.9 6.8
1999 31.3 244 567 350 0.2 35.2 8.1 43.4 100.1 6.8
2000 285 232 548 349 0.5 35.4 7.9 43.3 98.1 7.1
2001 30.1 228 53.6 347 0.5 35.2 7.9 43.2 96.8 7.0

2Includes beef/pork/veal, and mutton/lamb, but excludes edible offal.
Note: All products on a retail weight basis, except ‘other chicken’ and ‘turkey’ which are reported by
USDA on a carcass-weight basis.
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Fig. 9.1. Per capita (kg) consumption of fish and shellfish.

Table 9.6. Value by species and geographic area for US wild catch.

Quantity captured (X 1000 t) Value (US$/kg)

Species New England USA New England USA
Flounder 17.7 38.5 2.29 1.59
Pollock 41 1447.6 1.50 0.16
Haddock 5.8 5.8 2.49 2.49
Cod 15.0 229.2 2.1 0.66
Tilapia 3.2 1.3 2.75 1.01
All species 287.5 4316.2 2.22 0.75
Average 2.23 1.11

Table 9.7. Comparison of production costs (US$/kg) for net pen
salmon (current and most efficient operations), large-scale RAS-
produced tilapia and commercial broiler production.

Cost (US$/kg)
Efficient
Tilapia Salmon salmon  Broilers

Cost of operations

Direct labour and benefits 0.17 0.20

Feed 0.46 1.26

Oxygen 0.11 0.00

Other operating costs 0.04 0.31

Utilities — heat 0.22 0.00

Utilities — electric 0.09 0.00

Fingerlings 0.18 0.35

Insurance 0.00 0.11

Health treatments 0.00 0.02

Total cost of operations 1.27 2.25 1.76 0.66

(US$/kg fish produced)
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produce, but the yield fillet disadvantage
pushes tilapia fillet prices above current
salmon prices. Tilapia for RAS have not
been genetically improved to any signifi-
cant degree to date. The productivity
increases obtained by the broiler industry
(Figs 9.2-9.4) can be mathematically
described as follows:

Feed to gain ratio: FG = 7.68E + 11exp

(-1.34E -02x)
Weight at harvest (kg): WT = 6.77E —08exp

(-8.64F —03x)
Market age: AGE = 9.88E + 11exp

(-1.19E —-02x)

where x is calendar year (valid from 1930
to 2001).

5.00 -
4.50

Combining the effects of reduced market
age and increased harvest weight, there
was a 19% gain in productivity expressed
as rate of gain over a 10-year period from
1950 to 1960. The improved feed efficiency
of the bird due to genetic selection and
nutrition was 13% in this same period. It
would be reasonable to assume that similar
improvements, or even better, could be
made in the tilapia industry, particularly in
the fillet yield aspect, since there are
tilapia that are currently producing skin-
less fillet yields exceeding 40%. Given
industry-wide improvement in fillet yield,
as is indicated by history in the broiler
industry, it would place tilapia at a lower
freight on board (FOB) fillet price than

-
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Fig. 9.3. Change in age at market for US broiler chicken.
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salmon. Let it be noted that there is ample
opportunity for a large number of compa-
nies to begin to address the market need for
competitively priced fish fillets. In the
broiler industry, there are 40 companies
that are producing more than 23 X 108
kg/year of product, even though the top
five companies make up 55% of the total
production (Table 9.8).

Although broiler costs of production are
relatively low compared to other fish prod-
ucts, the percentage of breast meat from a
whole chicken is only 15% (Table 9.10),
and this is the high value of the total
chicken. Using 15% breast meat yield and
similar other prices for packaging etc., the
data in Table 9.9 can be converted to show
FOB costs for the premium flesh pieces of
an animal carcass.

The relatively low percentage yield for
broiler breast meat has been a distinct dis-
advantage for the broiler industry. This
has been addressed by steadily progress-
ing to a further processed product (Table
9.11). It should be no surprise to the
seafood industry that marketing whole
fish products has no future if the broiler
industry can be used as any guide to con-
sumer preference, and as a means to add
value to carcass parts that are not readily
marketed.

The broiler industry’s ability to adapt
their product to the needs of the market-
place are very evident in Table 9.11. The

1960 1980 2000
Year

chicken over time.

commercial turkey industry is probably a
more poignant example, where genetic
selection improved breast yield from 10%
to 32% over a 40-year period.

Being competitive long term in the
commodity meat market will depend to a
large degree on the cost of feed used to
grow the animals and the associated effi-
ciency of converting feed energy into meat
flesh. Again, the broiler industry has been
quite successful at improving conversion
efficiencies and other production charac-
teristics (Figs 9.2—9.4 and Table 9.12).

Both feed price ingredients and feed
conversion efficiency will impact the ulti-
mate competitiveness of a commodity
meat. Table 9.13 shows current ingredient
prices and cost per kcal provided for
ration mixes for hogs, broilers, three
types of tilapia and a salmon diet. Feed to
gain ratios or FG (dry weight of feed to
wet weight of animal gain) are roughly
2.5, 2.0 and 1.8, and 1.2 for hogs, poultry,
salmon and tilapia. Forster (1999) points
out though that when recruitment is
considered, feed used for maintaining
breeding stock and reproduction, the con-
version efficiency for broilers increases
about 25%, or to a FG of 2.5. This is a
large advantage for tilapia production as
ultimately the costs of feed will dominate
the cost of production, since all other
cost inputs can be reduced by increasing
scale and obtaining associated production
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Table 9.8. 2001 Top broiler companies and weekly production numbers.

Average weekly production Market

(million kg, ready-to-cook share
Ranking Company weight basis) (%)
1 Tyson Foods, Inc. 66.48 22.6
2 Gold Kist, Inc. 27.37 9.3
3 Pilgrim’s Pride Corporation 25.74 8.7
4 ConAgra Poultry Cos. 21.96 7.5
5 Perdue Farms, Inc. 21.10 7.2
6 Wayne Farms, Inc. 12.48 4.2
7 Sanderson Farms Inc. 10.36 3.5
8 Cagle’s, Inc. 9.93 3.4
9 Foster Farms 9.03 3.1
10 Mountaire Farms, Inc. 8.45 2.9
11 O.K. Foods, Inc. 6.35 2.2
12 George’s, Inc 5.97 2.00
13 Fieldale Farms Corporation 5.83 2.00
14 Peco Foods, Inc. 5.31 1.8
15 House of Raeford Farms, Inc. 5.28 1.8
16 Choctaw Maid Farms, Inc. 4.72 1.6
17 Townsends, Inc. 4.46 15
18 Allen Family Foods, Inc. 4.31 15
19 Simmons Foods, Inc. 4.30 15
20 Case Foods, Inc. 3.15 1.1
21 Marshall Durbin Companies 2.68 0.9
22 Koch Foods, Inc. 2.66 0.9
23 Mar-Jac, Inc. 2.59 0.9
24 B.C. Rogers Poultry, Inc. 2.50 0.9
25 Claxton Poultry Farms, Inc. 2.42 0.8
26 Gold n Plump Poultry, Inc. 2.35 0.8
27 Peterson Farms, Inc. 2.27 0.8
28 Sylvest Farms, Inc. 2.03 0.7
29 Amick Farms, Inc. 1.79 0.6
30 Golden-Rod Broilers, Inc. 1.58 0.5
30 Harrison Poultry, Inc. 1.58 0.5
31 Charoen Pokphand USA, Inc. 1.56 0.5
32 Farmers Pride, Inc. 1.1 0.4
33 Draper Valley Farms, Inc. 0.79 0.3
34 Empire Kosher Poultry, Inc. 0.68 0.2
35 Holmes Foods 0.57 0.2
36 Pennfield Farms 0.52 0.2
37 Park Farms, Inc. 0.49 0.2
38 Lady Forest Farms 0.48 0.2
39 Gentry Poultry Co., Inc. 0.45 0.2
40 MBA Poultry, LLC 0.40 0.1
41 College Hill Poultry, Inc. 0.36 0.1
Total 294.47

efficiencies. So feed conversion efficiency
coupled with productivity per unit area
for indoor RAS-produced tilapia should
allow tilapia to command a strong long-
term advantage in having the lowest
possible production costs. Productivity

for broiler chickens is around 76 kg/m?
of building space per year, and tilapia
using 2.4 m deep tanks will produce
around 290 kg/m? of building floor area
(assuming tank space is 40% of floor

coverage).
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Table 9.9. Premium FOB prices (US$/kg) for fish fillets and broiler breast based
upon costs of production; assumes fillet yield of 31% for tilapia, 50% for salmon and

15% for broiler breast meat.

Cost US$/kg
Efficient
Component cost Tilapia Salmon salmon Broilers
Finance operations 0.07 0.07 0.07 0.07
Finance capital 0.04 0.04 0.04 0.04
Depreciation 0.09 0.07 0.07 0.07
Harvesting/processing/packaging 0.55 0.55 0.55 0.55
Total cost of production (US$/kg) 2.02 2.97 2.49 1.39
Cost/kg dressed weight (83% yield) 2.43 3.58 3.00 1.67
Fillet cost/kg (31% tilapia and 50% salmon) 6.52 5.95 4.98 9.25

Table 9.10. Broiler part percentages of whole
carcass (Denson, 1997).

Percent
Chicken part live weight
Inedible processing loss 22.0
Boneless breast meat 12.0
Tender (small breast muscle) 2.8
Thighs, bone in 13.3
Drumsticks 9.9
Wings, includes drumette 7.8
Back 9.4
Breast skin 4.2
Frame/rack 8.1
Giblets (liver, neck, gizzard, heart) 8.6
Fat 0.7
Shrink 1.2
Total 100.0

Table 9.11. Product form for marketing broiler
products.

Further
Year Whole bird Cut-up processed
1962 83 15 2
1965 78 19 3
1970 70 26 4
1975 61 32 7
1980 50 40 10
1985 29 53 17
1990 18 56 26
1995 11 53 36
2000 9 46 45

Urban Aquaculture and the Northeast
Competitive Advantage

The Northeast US competitive advantage is
the ability to grow the highest possible
quality fish product on the doorstep of the
consuming market. In particular, tilapia
offers unique opportunity for the Northeast
to create a major new industry and also one
that does not steal jobs from neighbouring
regions or competing commodity products.
Tilapia, a mild white fish fillet, is increas-
ing in US consumption by over 30% per
year, and is currently estimated at 135 X
10% kg/year (Seafood Business, 2002).
Tilapia is now the tenth largest contributor
to the US per capita consumption of
seafood (Table 9.14).

Nearly all fresh tilapia fillets being sold
in the US today are imported from Latin
America, the Caribbean or the Far East.
These importers face considerable trans-
port costs and higher feed costs, which
Northeast producers will avoid due to their
‘home field’ advantage and the abundance
of grains and grain by-products in the USA.
Already, US commercial-scale tilapia farms
are producing tilapia for less than
US$2.20/kg on a whole weight basis. If
these same technologies are implemented
on a large scale, or as a collection of farms
that supply fish to a central processing
facility, the FOB price of tilapia fillets
becomes  competitive  with  Central
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Table 9.12. US broiler performance from 1925 to 2000 (National Chicken Council,

2002).
Feed to meat gain
Market age Market weight (kg of feed to kg of

Year (average days) (kg live weight) broiler, live weight) Mortality (%)

1925 112 1.14 4.70 18

1935 98 1.30 4.40 14

1940 85 1.31 4.00 12

1945 84 1.38 4.00 10

1950 70 1.40 3.00 10

1955 70 1.39 3.00 7

1960 63 1.52 2.50 6

1965 63 1.58 2.40 6

1970 56 1.64 2.25 5

1975 56 1.71 2.10 5

1980 53 1.78 2.05 5

1985 49 1.90 2.00 5

1990 48 1.98 2.00 5

1995 47 2.12 1.95 5

2000 46 2.28 1.95 5
Table 9.13. Relative cost of feed for various commodity animals.

Cost

Component (US$1) Hog Broiler Tilapia Salmon
Protein 16% 21% 36% 55%
ME of diet (kcal/kg) 3465 3300 2800 4400
Fat (bulk) 260 6% 6%
Maize 112 70% 62% 15%
Soy (48%) 187 23% 21% 40% 20%
Wheat 153 20%
Fish meal (62% protein) 550 2.5% 10% 50%
Fish oil 508 2% 12%
Blended ingredient cost (US$/kcal) 0.044 0.046 0.074 0.093
Blended ingredient cost (US$/t) 137 138 187 373
ME=metabolizable energy.
American  imported  products, e.g. and realistic goal. Such an industry could
US$7.70/kg of fillet. As the normal be achieved over a 10-year period with

increased efficiencies associated with a
developing industry are obtained, tilapia
fillets produced using recirculating aqua-
culture system technology will be pro-
duced at costs less than Central American
competition. And at this point, tilapia fil-
lets will be competitive with the other pre-
mium forms of poultry and red meat
(collectively a 96.7 kg per capita per year,
Table 9.5) so that a 1-2 kg per capita tilapia
consumption level becomes an achievable

strong support from states within the
Northeast region. Such a per capita con-
sumption, when expressed on a whole fish
basis for the US, translates to 1.4 X 10°
kg/year production industry (assuming a
30% yield from whole fish to fillets). A
realistic goal would be to aim for an imme-
diate production goal of 0.5 X 10° kg/year.
The question is how can such a commer-
cial enterprise be implemented? We could
use the salmon industry and its growth
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Table 9.14. Current levels of seafood consumption (kg per capita) by
fish species (Seafood Business, 2002).

2001 1990

Species Rank kg per capita Rank kg per capita
Shrimp 1 1.54 2 1.00
Tuna 2 1.32 1 1.68
Salmon 3 0.92 5 0.33
Pollock 4 0.55 4 0.58
Catfish 5 0.52 6 0.32
Cod 6 0.25 3 0.63
Clams 7 0.21 10 0.28
Crabs 8 0.20 7 0.13
Flatfish 9 0.18 8 0.26
Tilapia 10 0.16

Scallops 11 0.12 9 0.14
Total 5.97 5.33

over that last 20 years as an indicator of the
potential for explosive growth once a tech-
nology is refined, e.g. net pens for salmon
and RAS for tilapia (Table 9.15). Similarly,
the growth of the broiler industry and the
early explosive growth once a growing
technology is perfected is shown in Fig. 9.5
and Table 9.16.

Ultimately, Northeast US producers
should prevail over producers from over-
seas and traditional forms of aquaculture
due to the following cost advantages:

® Lower transportation costs due to prox-
imity to the market.

® Cost-effective and sustainable environ-
mental treatment of fish waste compared
to open net pens and ponds.

® Automated seafood processing tech-
niques to minimize disadvantages of
high labour costs.

® Tower US feed costs.

® More efficient feed conversion ratios in
comparison to outdoor aquaculture, due
to RAS technology.

Feed represents the single largest com-
ponent of fish production costs. Because of
lower domestic feed costs compared to
overseas producers that must import much
of their grains, there is a production price
floor protecting the USA from domination
by imported product. Low US feed costs

coupled with high productivity per unit
worker enabled by continually improving
RAS technology will make Northeast pro-
ducers cost competitive with overseas pro-
ducers. These simple facts of commerce
combined with the overseas producers’
higher shipping costs, position Northeast
producers to prevail long term against
overseas suppliers of farmed seafood in
much the same way the US poultry and
hog industries have dominated the US mar-
ketplace.

Over 70% of fresh fish fillets are sold to
restaurants as the final purchasing unit,
generally through some type of seafood
wholesaler. Since the restaurant buyer is
paying near retail prices for fresh seafood,
growers in urban areas could focus primar-
ily on this customer base as the primary
marketing target for the small fish-farming
enterprise. For these markets, costs of pro-

Table 9.15. Farmed salmon growth.

Growth %
Year Million kg/year last 5 years
1980 20
1985 50 20.1
1990 250 38.0
1995 550 171
2000 1100 14.9
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Fig. 9.5. Growth of US broiler production from 1930 to 2000 in million kg ready to cook (RTC) weight
(left ordinate axis) and compounded growth rate for preceding last 10 years (right ordinate axis).

Table 9.16. Historical increase in US broiler production (USDA Economic Research Service).

Production (million kg Change from Production (million kg  Change from
Year ready-to-cook basis)  year before (%)  Year ready-to-cook basis)  year before (%)
1950 627 +23.9 1976 4,001 +12.4
1951 790 +25.9 1977 4,213 +3.0
1952 858 +8.6 1978 4,496 +6.7
1953 949 +10.7 1979 4,960 +10.3
1954 1,072 +13.0 1980 5,147 +3.8
1955 1,095 +2.1 1981 5,388 +4.7
1956 1,396 +27.4 1982 5,446 +1.1
1957 1,531 +9.7 1983 5,596 +2.7
1958 1,775 +16 1984 5,866 +4.8
1959 1,884 +6.1 1985 6,138 +4.6
1960 1,968 +4.5 1986 6,438 +4.9
1961 2,245 +14.1 1987 6,998 +8.7
1962 2,269 +1.1 1988 7,267 +3.9
1963 2,392 +5.4 1989 7,821 +7.6
1964 2,472 +3.3 1990 8,367 +7.0
1965 2,668 +7.9 1991 8,894 +6.3
1966 2,922 +9.6 1992 9,490 +6.7
1967 2,975 +1.8 1993 9,995 +5.3
1968 3,020 +1.5 1994 10,744 +7.5
1969 3,257 +7.8 1995 11,271 +4.9
1970 3,490 +7.1 1996 11,860 +5.2
1971 3,507 +0.5 1997 12,277 +3.5
1972 3,699 +5.5 1998 12,536 +2.1
1973 3,615 -2.3 1999 13,378 +6.7
1974 3,647 +0.9 2000 13,713 +2.5

1975 3,641 -0.2 2001 14,046 +2.4
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duction could be considerably higher, and
a reasonable profit still be made by the pro-
ducer. Costs still need to be at or around
US$2.00/kg whole fish basis. This can cur-
rently be achieved using today’s RAS tech-
nology with expert management. RAS
technology today is dramatically different
than that of just a few years ago.

Urban aquaculture, to survive and grow,
faces the same supply and demand market
realities as any other business. Consumers
are looking for quality, value and, most of
all, convenience. American buyers have
shown a long history of paying for con-
venience. Perhaps the most glaring exam-
ple is the US$1 billion market that
developed in the last 10 years for ready-to-
eat salad mixes from the grocery.
Historically, heads of lettuce, carrots,
tomatoes, onions and other greens were
purchased and then cut up and made into a
salad. So even though the consumer is pay-
ing in the order of three times the raw
ingredient costs that make up a mixed
green salad, the convenience of this prod-
uct has developed a strong demand and
resulting supply.

Countless times we hear about the need
for marketing programmes so that aquacul-
turalists can receive the prices they
deserve for their products. This is another
way of saying that we need to convince
consumers to pay more for aquacultured
products than alternative wild-caught
products or other meat choices. This
approach will not work. It has never
worked and it never will work. The con-
sumer will buy for value. Aquaculturalists
must recognize this simple fact. The key
to success will be to produce fish on an
economically competitive basis.

Aquaculture Requirements for
Infrastructure and Capitalization

An aquaculture development project will
require significant infrastructure in terms
of water, waste disposal capacity, enclosed
building space, electrical energy and load
demand supply, and transportation logis-
tics. While each site considered will
require a thorough engineering analysis,
there are approximate minimal site require-
ments (Table 9.17).

The urban aquaculturalist must compete
against the other commodity meats and
large-scale fish farming such as currently
being practised by the net pen salmon indus-
try or the US catfish industry (Fig. 9.6).

Urban Setting Opportunities

The potential for an urban eco-park site
could be viewed as a closed ecosystem
where use, processing, transportation and
consumption of resources flow as a ‘closed
loop’ with feedback. Throughout, wastes
are minimized and by-products are recy-
cled as recovered resources. Energy is min-
imized by improvements in efficiency and
increasingly focusing on opportunities to
utilize non-fossil fuel sources.
Bioprocessing of agricultural materials,
including waste biomass, is a source for
bioproducts and energy. Biological
processes are a preferred path for process-
ing agricultural resources due to higher
reaction specificity and fewer toxic by-
products. These characteristics are consis-
tent with the goal of developing industrial
processes and systems that are environ-
mentally friendly.

Table 9.17. Approximate infrastructure and utility requirements.

Trout Tilapia
Production per year (kg) 454,000 454,000
Footprint of buildings (m?) 5,600 3,700
Water required and discharge per day per m3 3,000 300
Heating requirements (MJ per day) 20,000 40,000
Electrical requirements (kWh per day) 6,000 4,000
Liquid oxygen (m? per day) 1,000 1,000
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Fig. 9.6. World yearly production of salmonids, tilapia and catfish.

A challenge for ultimate agricultural
production efficiency is to take advantage
of urban characteristics that may allow the
creation of a sustainable system that inte-
grates energy, environmental, agricultural
and industrial innovations. Fuel cell tech-
nology is a new technology that is
approaching economic viability in certain
applications. Fuel cells can convert biogas
directly into electrical and thermal ener-
gies for both on-farm uses and to supply
community energy needs. The advantage of
an aquaculture operation, particularly for
the warm water species, is that the waste
heat from a generator/fuel cell can be used
throughout the year.

Future success may depend upon fish
production systems being viewed as a
series of integrated farming systems that
has a system of materials and energy flows.
The fish farm concept could be expanded
beyond a contemporary system of just pro-
ducing fish flesh, to one that produces
energy which can drive more integrated
food and fibre production systems, as well
as generate energy for enterprises on or
near the fish farm or for energy needs of the
surrounding community.

Current costs of fuel cell systems are
roughly (Minott, 2002), with current capital-
ization costs, at US$4000/kW of capacity.
Costs of fuel cell systems are expected to

drop to the US$1000/kW by 2010 (N.R.
Scott, pers. comm.). As a relative example, a
0.5 X 106 kg/year tilapia farm would require
a 200 kW fuel cell system designed into the
system. At current prices, this is not eco-
nomically feasible, but at the expected capi-
tal cost in 10 years, this becomes a realistic
option. A depiction of how a fuel cell driven
energy system might fit in to a greater indus-
trial or ecology park is shown in Fig. 9.7.

Industry Vertical Integration

The success of the poultry industry was
based upon two simple concepts:

® Vertical integration — the success of the
broiler and catfish industries are attrib-
uted to their vertical integration of
breeding, growing, processing and dis-
tribution operations under a single busi-
ness structure.

® Branding — value in chicken became real
when a generic bird became a named
product, e.g. Perdue, Holly Farms and
Country Pride. Ownership of a product
by name became associated with value
and quality and hence, added value.

More recently than the broiler industry,
the catfish industry developed a 270 X 108
kg/year production base over the last 20
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years, adding nearly 50 X 10° kg of produc-
tion in the last 2 years! This whole indus-
try was created as a concerted effort to
transform poorly performing cropland into
productive fishponds. A collection of
bankers, farmers and entrepreneurs created
this industry. To a large degree, the catfish
industry was patterned after the chicken
broiler industry. In 50 years the broiler
industry grew from a few million kg per
year to a 14 X 10° kg/year industry. The
Atlantic salmon industry has used large-
scale net pen operations to become a 0.5 X
10° kg/year force in the US market place.
Salmon production has been adding 45
million kg/year of production on a yearly
basis since the industry reached a critical
production mass of around 200 X 106
kg/year. The tilapia industry is rapidly
approaching this level. Others have already
done the hard part of creating market
awareness and acceptance. A consumer,
given a choice between a fresh fillet from
Central America or a fresh fillet from
upstate New York or Hartford, CT, will
choose the locally produced product and
even pay a slight premium for their choice.
Further, the general consensus and percep-
tion that fresh fish are fragile and spoil
quickly will only enhance the Northeast
producer’s competitive advantage of pro-
ducing fresh fillets within the region tar-
geted to regional consumers.

So, How Can It Be Done?

The US is currently consuming nearly 136
X 106 kg/year of tilapia, but there is only 7
X 108 kg/year being produced in the US.
The US production is almost exclusively
targeted to the live Oriental markets. Farm
prices for tilapia targeted for the US live
markets are from US$2.75 to US$3.3/kg,
depending upon distance to the market-
place and whether or not the market is cur-
rently over or undersupplied. During
periods of minor over-supply, farm prices
have dipped to the mid US$1.75/kg level,
resulting in small farms dropping out of
the competition. Currently, only a very few
producers have production costs suffi-

ciently low to withstand farm prices below
US$0.45/kg at the farm. None appears on
the verge of being able to compete in the
fillet market. China is a wild-card country
that currently produces 500,000 t/year that
could disrupt the US marketplace even for
fresh fillet product.

China already dominates the frozen
whole tilapia market and the individually
quick frozen (IQF) markets. Based upon
landed frozen whole fish prices of
US$1.10/kg, China conceivably has pro-
duction costs in the mid US$0.50s range
per kilogram of whole fish. Quality in gen-
eral of the China product is suspect, and
the costs of shipping fresh product to the
US and Europe is the primary disadvantage
of the Chinese producers.

It is without question that the only real
market for expansion in the US is the fillet
market. It is also accepted that the market
sector that can most easily be competed for
is the fresh fillet market. The general con-
sumer perception of freshness of a locally
(domestic US) produced fillet compared
with a product produced overseas is that
US-produced products are of higher quality
and are safer to eat and this is a key advan-
tage for US producers.

A simple exercise can establish the farm
price of tilapia necessary to allow a com-
pany to compete in the fillet market (Table
9.18). Current tilapia fillet yields are around
28% for automated fillet machines and cus-
tom processing (such systems have been
demonstrated in Ecuador). Selected tilapia
animals are known to give yields as high as
42%, so it is reasonable to assume over the
next 10 years that genetic improvements
will result in fillet yields comparable to cat-
fish processing yields, which are around
42%. Assuming an integrated farm with
processing plant that is selling product
through the normal distribution system,
FOB cost for the integrator can be estimated
as shown in Table 9.19. Comparing Tables
9.18 and 9.19 indicates the producer must
be able to purchase fish in the round and
transport the fish (live or on ice) to the pro-
cessing plant for US$1.20-$1.32/kg with fil-
let yields at 28%. The effect of yield and
allowable farm price is shown in Fig. 9.8.
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Table 9.18. Freight on board costs (US$/kg FOB)
for various farm gate prices paid for tilapia in the
round and for various fillet yields.

FOB cost (US$/kg)

Farm price Yield

(US$/kg) 0.28 0.33 0.42
0.60 2.91 2.59 2.20
0.70 3.27 2.89 2.44
0.80 3.63 3.19 2.67
0.90 3.98 3.50 2.91
1.00 4.34 3.80 3.15
1.10 4.70 410 3.39
1.20 5.06 4.41 3.63
1.30 5.41 4.71 3.87
1.40 5.77 5.01 410
1.50 6.13 5.32 4.34
1.60 6.48 5.62 4.58

Assumes a processing cost of US$0.77/kg fillet
basis.

Integrator and Contract Farming
Approach

Contract farming has worked from a finan-
cial perspective in the broiler and hog
industries, and has resulted in high effi-
ciencies of production and low priced
inputs for feed and processing. These
industries required many years to develop
their own successful methods. Developing

Table 9.19. FOB price as affected by distributor
and integrator margins and sales retail price.

Sales retail price US$3.50
Distributor margin 15.0%
Integrator margin 20.0%
FOB price US$2.38

a similar infrastructure and scale of opera-
tion will not happen overnight. It should
also be painfully obvious that to compete
in the fish fillet markets, the overall costs
of production must be low and that any
loss of efficiency in the production opera-
tion that results in higher feeding costs or
other input costs will result in a non-com-
petitively produced product. Thus, for con-
tract tilapia farming to be successful,
everything from the hatchery to the pro-
cessing plant delivery must be extremely
efficient. The advantage brought by the
contract farming approach is that
economies of scale allow reductions in
price for the raw commodity inputs into
the equation, e.g. feed and oxygen, and the
scale of operations also allows specializa-
tion of labour activities, e.g. fingerling pro-
duction and delivery to farms, feed
delivery, harvesting, surveillance, mainte-
nance and fish health management. These
specialized functions could be provided by
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the contract farmer on an as needed basis
(repair) or on a scheduled basis repetitively
over the growout period, e.g. water quality
assessment or fish condition factors to
judge effectiveness of the feeding pro-
gramme. It is also these same specialty
functions that a small independent farmer
will lack with a normal consequence of
poor production or catastrophic failure.

A successful integrated contract farming
approach should only be built upon an
already successful large tilapia farming and
processing operation. Currently available
automated processing equipment will eas-
ily process 30 fish per minute. The mini-
mum farm year capacity can be estimated
as 2.7 X 10° kg per year of whole fish,
using the following assumptions:

® Minimum size fillet of 170 g (140-200 g
is a premium size classification).

® Processing yield of 28%.

® Processing line speed of 30 fish per
minute.

® Six active hours per 8 hour shift.

® Four days per week of processing.

® TFifty-two weeks per year of market
delivery.

The above assumptions and resulting
estimate of farm output predicts that a farm
should start with 2.7 X 108 kg/year of pro-
duction to support an automated process-
ing facility. An automated processing
facility is required, or else the hand labour
costs for filleting will drive the cost of a
finished fillet product above market com-
petitive price. Once the farm is success-
fully managing the first 2.7 X 10° kg/year
of production and processing, and market
demand exists for additional product, then
and only then, should the parent farm
(integrator) consider adding additional pro-
duction through a contract farming
approach to generate additional raw prod-
uct for the processing line and market
demands.

At a base level of production of 2.7 X
10° kg/year, and by locating contract farm-
ers within 10-15 miles of the processing
plant, staff labour used for the large central
farm could probably absorb the responsi-
bilities of an additional 0.5 X 10° kg/year

of production spread over four contract
farmers for such activities as fingerling
placement, stock movement between tanks
(if any) and harvesting. The parent farm
would provide continuous monitoring of
contract farmers’ water quality and provide
proactive recommendations on alterations
of a feeding schedule or water exchange or
other management activities to control fish
growth performance. Such support from
the parent farm is not conceivable until
the parent farm has these same activities
under extremely efficient operation. Once
the skills and personnel are developed in-
house, expanding production efficiently
should be a fairly simple task.

Why the contract farming approach has
not worked to date is because there are
only two or three farms in the entire US
that have refined their management proce-
dures and efficiencies to the point that they
could support a contract farming approach.
It should also be mandatory that each con-
tract farmer be given a hands-on training
period at the parent farm to become famil-
iar with their responsibilities of managing
fish and water quality prior to having fish
on their farm. Again, this has never been
done. To a large degree and without excep-
tion, every RAS-based farming operation
has always underestimated the sheer diffi-
culty of raising fish from a biological per-
spective on a consistent basis throughout
the calendar year. It is not easy to raise fish
under any conditions, and it is more chal-
lenging initially trying to do this in an RAS
because there is an additional biological
system that must be mastered, i.e. the RAS
itself. The differentiation of skills and raw
inputs are needed in RAS production and
the responsibility for each are shown in
Table 9.20.

Conclusions

Aquaculture will need to supply 49 billion
kg of product (16 billion kg above the 1999
levels) to maintain the current per capita
consumption for a projected world popula-
tion of 6.8 billion people in 2010 for a total
demand of 142 billion kg. Growth of aqua-
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Table 9.20. A suggested differentiation in
responsibility for inputs and management between
farm and integrator.

Supplied by
Input Farmer Integrator
System capitalization X
Feed X
Heating X
Oxygen X
Electric X
Water and sewer X
Daily management labour X
Fingerlings X
Surveillance labour X
Repairs and preventive X
management
Health and engineering X
management
Harvesting X
Marketing of product X

culture in the US has remained constrained
for a variety of reasons, with environmen-
tal concerns and permitting processes
being dominant. These constraints natu-
rally raise the advantages of recirculating
aquaculture system (RAS) technology, as
RAS can eliminate potentially any negative

environmental impact from the production
operation. RAS also conserves water and
land, eliminates escapement of cultured
animals and is basically site independent.
The recycling nature of RAS also permits
culture of marine or freshwater species and
allows the farms to be located primarily to
the benefit of market proximity, as opposed
to being sited based upon the availability
of natural resources, such as high volume
water or open ocean sites.

There are no commercial recirculating
aquaculture operations in the Northeast
(or US) that have sufficient scales of pro-
duction or processing to compete with
large-scale aquaculture or off-shore com-
mercial fishing operations in the food ser-
vice or wholesale markets. Analysis
supports the premise that if RAS produc-
tion is scaled to comparable levels as
salmon net pen aquaculture or other com-
mercial forms of meat farming, then RAS-
produced seafood can be economically
competitive. Scales of production for RAS-
produced tilapia would need a minimum
scale of 2.3 X 10° kg/year annual produc-
tion (to justify an automated processing
plant) and direct costs of production of
approximately US$1.10/kg.
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10 Commercially Feasible Urban
Recirculating Aquaculture: Addressing the
Marine Sector
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Baltimore, USA

Abstract

With the global collapse of marine fisheries and the environmental issues associated with net-pen
aquaculture practices, there is a pressing need to develop fully contained and environmentally sus-
tainable approaches to producing seafood. Recirculating aquaculture systems (RAS), which provide
this approach, have been widely used over the last two decades to farm freshwater species.
However, the cost associated with the technology, along with strong competition from pond culture
and low market prices for the freshwater product, resulted in numerous economic failures. This
chapter describes the application and optimization of the RAS technology in the marine sector, in
particular the development of urban recirculating mariculture for high-value marine fish. The sys-
tem’s performance and economic feasibility were tested in a pilot urban mariculture programme in
the City of Baltimore, studying the Mediterranean gilthead seabream (Sparus aurata) as its candi-
date species. This fish, a non-native species in North America, commands a local retail price of up
to US$20/kg. The Baltimore Urban Recirculating Mariculture System was designed to produce high-
value marine fishes that cannot be farmed in net-pens or ponds, to use municipal pre-existing infra-
structure and services, to have the ability to locate anywhere and to maximize the re-use of water.
The life support system consisted of a particle removal microscreen drum filter, a moving bed nitri-
fying reactor, an ozone-based protein skimmer and a low head oxygenation unit. Conditioned artifi-
cial seawater was automatically delivered to provide the desired salinity and temperature. pH,
ozone levels and photoperiod were continuously monitored and adjusted. Strict biosecurity was
achieved by disinfecting all waste effluents before their discharge to the municipal sanitary sewer.
Using this system, gilthead seabream of two strains were grown from 0.5 to 400 g commercial size
in 268 days (first strain) and to 410 g in 232 days (second strain). Survival rates exceeded 90% and
food conversion rates varied from 0.87 to 1.89, depending on fish growth. Growing densities ranged
from 44 to 47 kg/m® at 7-10% daily water exchange rates. Total ammonia and nitrite levels
remained significantly below stressful concentrations. To increase the economic feasibility of the
system, we studied microbial communities associated with biofiltration in an effort to improve
nitrogen removal and thus maximize re-use of the saltwater. New bacterial-mediated nitrogen
removal processes are described herein and addition of an anaerobic denitrification unit was also
studied, both of which enhanced our ability to minimize saltwater discharge. The environmentally
compatible recirculating mariculture pilot system described here can be scaled up to cost-effec-
tively produce high-value marine fish in an urban setting.

© CAB International 2005. Urban Aquaculture
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Introduction

Global marine fisheries have exhibited con-
tinuous declines in recent years. According
to Food and Agricultural Organization (FAO)
statistics, 74% of the world’s commercially
fished species are either depleted (9%), over-
fished (18%) or fully fished (47%) (FAO,
2002; Schiermeier, 2002). Fisheries scientists
are in agreement that the oceans have
attained their maximal sustainable yield,
and if current trends continue, world fish-
eries could collapse within a few decades
(Watson and Pauly, 2001; Pauly et al., 2002).
At the same time, consumer demand for
seafood has steadily increased, with a 6%
rise in per-capita seafood consumption from
1996 to 2001 (FAO, 2002). It is very clear
that in order to ease pressures on wild fish-
eries stocks, and to satisfy the growing global
consumption of seafood, marine species
must be produced through aquaculture.
Responding to that situation, aquaculture
has been growing steadily during the last
decade, and has in fact been the fastest grow-
ing sector in both US and world agricultural
industries. During the last 10 years, global
aquaculture production has expanded at a
rate of over 10% per year, reaching a total
production in 2000 of 45.7 million metric
tonnes and a value of US$56.5 billion (FAO,
2002). Despite the industry’s overall growth,
the culture of freshwater species still com-
prises about two-thirds of global aquaculture
production. The farming of marine species
must be accelerated to meet the challenge of
providing seafood to the growing world pop-
ulation, especially in the face of dwindling
marine landings.

One of the major obstacles to the devel-
opment of marine aquaculture is its interac-
tion with the environment. The potential
adverse effect of net-pen mariculture on the
environment has been publicized widely
(Naylor et al., 1998, 2000; Goldburg et al.,
2001) and has become a source of unending
controversy between environmentalists and
mariculturists. At the centre of the contro-
versy is the chemical pollution generated
by net-pens and pond farming, as well as
‘biological’ pollution — the result of farmed
fish mixing with wild stocks. However, the

potential negative effect of mariculture on
the marine environment is only one side of
the problem. In net-pen and marine pond
practices, the environment also exerts an
adverse effect on farmed organisms. Fish
reared in net-pens or ponds are exposed to
water-borne contaminants and pathogens,
algal toxins and sub-optimal environmental
conditions. Recirculating, fully contained
marine aquaculture, in either urban or rural
communities, is one very promising avenue
in the development of an environmentally
sustainable and economically feasible
marine aquaculture industry. This chapter
discusses the rationale for the development
of urban recirculating mariculture, and pro-
vides basic and applied findings generated
by our urban mariculture programme in the
city of Baltimore (Maryland, USA).

The Promise of Recirculating
Mariculture

The most significant benefit of recirculating
mariculture is that it alleviates the poten-
tial deleterious effect of fish farming on the
environment. Our recirculating systems
can grow high densities of marine fish with
98% containment of effluents, or better.
The nominal amount of wastewater is dis-
infected and can easily be handled by a
city or municipal sewer system — there is
no direct waste release to the environment.
Moreover, the high percentage of recircula-
tion efficiency, together with the disinfec-
tion of effluents, provides an increased
level of ‘biosecurity.” The risk of escape of
farmed organisms to the environment and,
in turn, biological pollution, is signifi-
cantly reduced.

The total containment and biosecurity
of recirculating systems make them the
only aquaculture practice that can safely
farm non-indigenous species. A major
advantage of aquaculture over the farming
of other livestock is the ability to easily
diversify to multiple high-value species.
Being able to choose and alternate the
species to be farmed based on their eco-
nomic viability, as opposed to their geo-
graphic origin, would be highly beneficial
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for the industry. This is what drove our
efforts to develop a Baltimore-based
urban mariculture approach using the
high value Mediterranean gilthead
seabream (Sparus aurata).

Moreover, the full biosecurity provided
by recirculating aquaculture systems make
them the only aquaculture practice
expected to receive regulatory clearance to
grow genetically modified shellfish and fin-
fish. Although the issue of transgenic fish
is highly controversial, it is clear that
genetically modified fish may offer a huge
advantage to the industry (Devlin et al,
1994; Hew et al., 1995; Hew and Fletcher,
1997, 2001). Aquaculture scientists and
regulators must be prepared for the poten-
tial future integration of genetically modi-
fied fish to the industry, and recirculating
systems provide the only current solution
to handle this developing scenario.

In addition to having minimal environ-
mental impact, recirculating marine aqua-
culture systems have a number of
advantages, making them the optimal
approach for efficiently growing seafood
and for future urban aquaculture expansion:

® Recirculating systems, unlike net-pens
or ponds, usually use municipal or well
water (and, in the case of marine sys-
tems, use municipal water for artificial
seawater preparation) and are thus
disease free. Moreover, water is con-
tinuously disinfected and potential
pathogens eliminated.

® In recirculating systems, again unlike in
ponds or net-pens, fish are grown in
depurated water with no contaminants,
toxins or off-flavour sources. Con-
sequently, the produced fish are very
‘clean’ and can be marketed as such.

® Environmental conditions (water tem-
perature, salinity, etc.) can be fully tai-
lored to optimally fit the requirements
of the fish of interest, thus ensuring
optimal performances and the fastest
growth rates to market size. As such,
recirculating systems are generic, and
can be modified to accommodate the
species for which the market feasibility
is highest.

® Because of the excellent water quality,
recirculating systems can grow fish at
very high densities. As is discussed later
for our marine species, those densities
are much higher than the densities prac-
tised in the net-pen industry.

® Recirculating aquaculture facilities are
fully contained and thus can be located
almost anywhere; they can be developed
in rural or urban areas, in inner cities
and in most warehouses. Site selection
is not dictated by proximity to a natural
source of water (e.g. lake, ocean), but
rather by the business opportunity.

Economic Feasibility of Recirculating
Mariculture Systems

The concept of recirculating aquaculture sys-
tems (RAS) was introduced relatively
recently, in the 1970s (for review see
Timmons et al, 2002). The history and
advancement of RAS technologies are well
documented in two excellent books
(Timmons and Losordo, 1994; Timmons et al.,
2002) and in the collection of proceedings
from the 1996, 1998, 2000 and 2002
International Conferences on Recirculating
Aquaculture (Virginia Polytechnic Institute
and Virginia Sea Grant Extension Program,
2002). Although much progress has been
made during the last 30 years in developing
and refining RAS, it is clear that there is much
work to be done to reduce the production cost
of fish in such systems. A brief case history
provided by Timmons et al. (2002) shows
multiple examples of financial failures in the
recent use of the RAS technology. Currently,
initial investment in the facilities and the
operational costs associated with RAS are rel-
atively high. This led Timmons et al. (2002) to
caution potential investors in RAS by remind-
ing them of the following rule of thumb —
‘Only invest what you can afford to lose’.

In almost all RAS business failures the
problem was cost effectiveness. The vast
majority of previous and current RAS facili-
ties focus on freshwater or low salinity
species, mainly tilapia and hybrid striped
bass. With very low ex-farm selling prices
(~US$3.30/kg for tilapia and US$5.00/kg for
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hybrid striped bass) it is very difficult for
RAS production of these species to be prof-
itable. Addressing the marine sector
promises to be more economically feasible.
Some of the high-value marine species, such
as black or grey grouper, red and yellowtail
snapper and summer flounder, command
wholesale prices of US$7.50-10.00/kg for
fresh fish on ice and US$11.00-13.50/kg for
live fish (NOAA/NMFS, 2001). This has dri-
ven our efforts to develop and optimize a
marine RAS and test its performance using a
high-value marine species, such as the gilt-
head seabream (Sparus aurata).

Gilthead seabream is a highly valued
farmed fish in the Mediterranean area, with
an annual production of over 70 X 10° kg
and a total value of about US$540 million
(Kissil et al., 2000; Theodorou, 2002). It is
also a close relative of the red seabream
(Pagrus major), a primary sushi fish in
Japan. The gilthead seabream is imported
to the US on a regular basis from Europe,
with an estimated annual import volume of
about 0.5 X 10° kg. The fish is relatively
well known in North America, where it is
considered a seafood delicacy, retailing for
approximately US$20.00/kg. Our market
research indicated that it could be sold ex-
farm for US$12.00/kg live and US$9.00/kg
fresh on ice. The fact that seabream is a
non-indigenous species in North America
means that it will be allowed to be grown
only in fully contained and biosecure sys-
tems. Consequently, future production of
this species in North America using RAS
will not face competition from pond or net-
pen production. Such competition was the
main reason that the selling price of fish,
such as hybrid striped bass, was driven
down, which in turn led to the failure of
several RAS producers of this species.

An additional sector of the industry
where the RAS technology stands a higher
probability of being profitable is that of
hatchery and nursery production. Intensive
and cost-efficient aquaculture requires a
reliable production of ‘seeds’ (eggs and
juveniles) year-round. This in turn means
full control and phase shifting of all envi-
ronmental parameters to which broodstock
are exposed to enable year-round spawn-

ing. Optimal out of season larval and fry
rearing also requires manipulating temper-
atures, salinities, day length, etc.
Obviously, this is best and most economi-
cally achieved in fully contained RAS.
Moreover, RAS-based hatcheries and nurs-
eries are best situated to produce disease-
free seeds, which is becoming an essential
requirement for the growing aquaculture
industry. Finally, good quality and disease-
free seeds of aquacultured species are a
high value-added product, especially when
available  year-round (Bromage and
Roberts, 1995). These considerations make
hatcheries and nurseries perfect candidates
for economically feasible RAS operations.
In the remainder of this chapter, we
will describe research efforts at the Center
of Marine Biotechnology, University of
Maryland Biotechnology Institute, to
develop an efficient recirculating marine
system for the cost-efficient production of
high-value marine fish, focusing on the gilt-
head seabream model (Zohar et al., 2002).

The Baltimore Urban Recirculating
Mariculture System (BURMS)

During the design of our recirculating mari-
culture system, we kept several criteria in
mind:

® We would be growing only fish (e.g.
seabream) that had high market value
and could not be grown in ponds or
pens because of federal and state restric-
tions on non-indigenous species.

® We would make use of the pre-existing
physical infrastructure in an urban envi-
ronment (i.e. steam, city water and
sewer, electricity).

® We would locate near the buyers to keep
transportation costs low.

® We would attempt to grow fish at mini-
mal discharge levels because of the cost
associated with producing artificial
seawater.

Given these criteria, we then heeded
some sage advice accumulated during 30
years of recirculating aquaculture research
and development (Timmons et al., 2002) to
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choose components we deemed most
important for growing high-value marine
species. Our entire experimental marine
recirculating facility is built in the base-
ment of our building and occupies 1700 m?.
It contains hatchery, nursery and growout
components and tanks ranging in volume
from 3501 to 20 m® The total tank water
volume of the facility is 205 m®. For the
experiments described in this chapter,
designed and implemented to develop an
intensive and high-density recirculating
mariculture system, we used four tanks of
2.44 m diameter, with two life support sys-
tems, each controlling two tanks. Figure
10.1 presents a schematic of that experi-
mental system with its major life support
components. The rationale for the design of
this system and the detailed description of
its components are as follows.

Component 1 — Tank design

Our experimental unit included four
2.44m diameter fibreglass tanks, each
holding 3.8 m? of water. We chose circular,
sloped-bottom tanks because of their self-
cleaning operation and natural tendency to

develop currents, which many marine
species require. The tanks were covered,
with a light source provided under the lid,
to enable us to manipulate the photoperiod
(e.g. provide long days) and maximize
feeding. The tank covers also reduce heat
loss and water loss due to evaporation. The
only disadvantage associated with circular
tanks involves harvesting and grading,
which we overcame with radial crowders.

Component 2 — Particle removal

Particle removal (next to oxygen delivery)
is the most important component in main-
taining water quality. We used Hydrotech
microscreen drum filters, which are
mechanical, self-cleaning filters designed
to achieve high performance in systems
where prevention of particle fragmentation
is essential. Solid-laden water flows, via
gravity, through the filter, and solids are
retained on a 60 pm screen. We decided to
use drum microscreen removal of particles
because it scales to larger tank volumes
better than other solid removal systems,
and is self-cleaning, thereby reducing
maintenance needs and costs.

\m

A

Fig. 10.1. A schematic drawing of the experimental Baltimore Recirculating Mariculture System.
Numbered system components are: (1) fish tank, (2) particle removal, (3) sump [left] and pump [right], (4)
pH doser, (5) temperature control; (6) biofiltration, (7) protein skimmer, (8) oxygen delivery.
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Component 3 — Sump and pumping

Water from the drum screens flowed to a
sump basin where water chemistry probes
were located, pH adjustments were made
and new water was added. It was essential
for optimal performance of our systems to
maintain two exchanges of the tank volume
per hour. In order to achieve this, we used
two pumps running at half capacity. With
this redundancy, we ensured that water
flow would not be impacted by the loss of
one pump.

Component 4 — pH doser

pH was maintained at the desired level by
an automatic doser that added 10% sodium
hydroxide to the water in the sump basin if
the pH dropped below the programmed
level.

Component 5 — Temperature control

Being an experimental unit, we designed
our systems to provide water temperature
in the broad range of 10-32°C. In order to
maintain constant water temperatures, we
used our building’s heating and cooling
systems. Titanium heat exchangers were
used to avoid corrosion by seawater and
provide sufficient control to maintain the
desired tank temperatures within the speci-
fied ranges.

Component 6 — Biofiltration

We elected to use a moving bed process of
biofiltration with KMT-Biofilm carrier ele-
ments (Kaldnes Miljoteknoloi AS,
Tonsberg, Norway). The KMT elements
were made of polyethylene with a specific
weight of 0.95 kg/l and a minimum surface
area of 500 m?/m3. The elements were kept
in continuous motion by air delivered from
aerators located at the bottom of the reac-
tor. The carrier elements were about 7 mm
long and 9 mm in diameter and were
shaped in such a way as to provide a large

protected surface area for the microbial
biofilm. The main advantages of the mov-
ing bed reactor (MBR) were that it was a
compact biofilter with exceptional ability
to accept high organic load, and that it was
able to support a robust and very stable
microbial biofilm production. Additionally,
because of the constant water movement in
the MBR, the KMT carrier elements
remained clean, therefore clogging and
sludge production and accumulation were
eliminated. We used a single 2 m® cylindri-
cal biofilter providing approximately 1050
m? of bioreactive surface area to handle
two culture tanks.

The above-described biofilter was fully
aerobic and, as is shown later, provided
excellent nitrification. In order to enhance
the efficiency and capacity of nitrogen
removal, and in view of minimizing the
seawater discharge from our system, we
have initiated a comprehensive programme
aimed at characterizing the microbial com-
munities associated with biofiltration and
at adding an anaerobic denitrification unit.

Component 7 — Ozone addition

In order to remove the high dissolved
organic load and help flocculate the bacter-
ial load, we used protein skimmers with
ozone supplementation. Ozone was gener-
ated on-site from house air using an ozone
generator (Pacific Ozone Technology) and
piped into the protein skimmer venturi.
Ozone was added on demand to maintain
an oxidation-reduction potential (ORP)
value of about 300 mV.

Component 8 — Oxygen addition

Oxygen delivery was the most important
component in maintaining fish viability,
especially at high densities. We used a low
head oxygenation (LHO) unit to maintain
dissolved oxygen above 4.5 ppm at all
times. The overflow from the protein skim-
mer was added to the feed water of the
LHO providing additional oxygen from the
breakdown of the ozone.
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Additional Controls
Photoperiod

All of our experimental tanks were cov-
ered by cone-shaped lids, under which
were installed incandescent (natural
light) greenhouse bulbs. Through comput-
erized software, the light intensity and
the photoperiod (hours of light and dark
per day, and their gradual change-over
time) were continuously controlled. An
electronic system provided light dim-
ming, enabling the simulation of dawn
and dusk. Control of photoperiod is
important to enable year-round spawning
and juvenile production in hatcheries,
and to enable optimal feed consumption
at the growout stage.

Salinity and seawater make-up system

Our main objective was to develop recircu-
lating marine aquaculture systems based
on the use of artificial seawater. For experi-
mental purposes, we developed a flexible
system able to provide salinity levels rang-
ing from fresh to full seawater (0-35 ppt)
on a continuous basis. Salt water was pre-
pared from Baltimore city water in a water-
makeup system that delivered the desired
salinity to all tanks. A salt storage tank
contained 18,000 kg of technical grade
sodium chloride. City water was pumped
through charcoal filters and then through
the salt storage tank where a saturated
brine solution of sodium chloride was pro-
duced. This solution was then moved into
a 9.5 m? reservoir where it was manually
mixed with essential chemical ingredients
found in seawater to provide a 35 ppt salt-
water solution. Making our own salt mix
from individual ingredients reduced the
cost of saltwater by 30% as compared to
the use of ready-made, commercially avail-
able salt mixes. A second reservoir of 9.5
m?® held charcoal-treated freshwater. Water
at the desired salinity was provided auto-
matically and on-demand to each of the
culture tanks.

Disinfecting wastewater

Our entire facility was designed to house
non-indigenous species. As such, it was
built with safety measures to ensure strict
biosecurity. One such measure was the dis-
charge of all waste effluents to a 9.5 m?
reservoir, where the water was automati-
cally chlorinated prior to its release to the
municipal sanitary sewer.

Control of environmental and operational
parameters

All the above-mentioned environmental
and operational parameters of the system
were continuously tracked through a real-
time monitoring system connected to spe-
cific probes located in the tanks or the
sumps. The monitored information was fed
to a desktop computer that responded to
readings outside the allowed ranges by trig-
gering an appropriate warning. Actual con-
trol of these parameters was handled at
each tank (e.g. oxygen delivery, pH buffer-
ing, etc.).

Operational Performance: Growing a
High-value Marine Fish — Gilthead
Seabream

Experimental conditions

Gilthead seabream (Sparus aurata) fry
weighing 0.25-0.6 g were purchased from a
Greek producer (referred to as Greek strain).
They were air-shipped to Baltimore in plas-
tic bags and grown to market size of
400-425 g under intensive conditions in
the above-described tank system
(Experiment 1). In Experiment 2, fry from
our Spanish strain seabream broodstock
were grown under identical conditions.
Effluent from the culture tanks was gravity-
fed to the 60 pm drum screen filter to
remove solids, after which the water was
collected in a sump basin. From the sump,
the water was pumped through the tita-
nium heat exchanger, into the nitrifying
mixed bed bioreactor. Upon leaving the
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MBB, water was gravity-fed into the LHO
for carbon dioxide ‘stripping’ and supple-
mentation of liquid oxygen, before return-
ing to the fish tanks. A side stream fed
water from the MBB to the ozone protein
skimmer and then into the LHO. Additional
oxygen was supplied to the fish via a pair of
diffusers placed directly in the fish tanks.
This latter addition was done to ensure that
the tanks would be oxygenated even if flow
stopped. The average flow rate in the sys-
tem was 10 m® per hour. New water was
added to the system at a rate of 7-10% of
the total tank volume per day to make up
for water lost to evaporation and during the
self-cleaning cycle of the drum filter. pH
levels were maintained at 7.5 as described
above. Several water quality parameters,
including temperature, O,, CO,, pH and
ORP were monitored in real-time via com-
puter, while other water chemistry parame-
ters (NH,, NO,, NO,, alkalinity and
phosphate) were measured daily by staff.
Water temperature was maintained at
26°C. Photoperiod in the tanks was regu-
lated via computer and maintained at 18:6 h
light/dark cycle. The fish were grown at
salinities ranging from 15 to 25 ppt, depend-
ing on the stage of their growth cycle. They
were fed a commercially available red
seabream extruded diet (EWOS Seabream
Omega LE) containing 14% fat, 47% pro-
tein, 2% fibre and 28% carbohydrate. Food
was delivered twice every hour via two
automatic feeders per tank. Feeding rate was
determined by body weight (BW). The
fingerlings were fed at an initial rate of 6%
BW/day. As they grew, this percentage was
gradually reduced to 3.2% BW/day by the
time they reached an average size of 40 g
after which they were fed 1.5% BW/day.
Growth rates were tracked by determining
the average weight of 40 fish every 2-4
weeks. The fish were graded by size three
times over the duration of the experiment.

Results

The results of two seabream growout
experiments are illustrated in Fig. 10.2A
and B. Figure 10.2A provides the full

growth curve for the first experiment, in
which seabream fingerlings of a Greek
strain grew from 0.5 to 400 g commercial
size in 268 days (under 9 months) and to
450 g in 300 days (10 months). Figure
10.2B presents the growth curve for the
Spanish strain fingerlings, which grew
from 0.5 to 410 g in 232 days (7.7 months).
Overall survival rate in both experiments
was over 90%. The above growth rates are
very fast for seabream compared to the best
growth performances in net-pens, reported
at 387 days (12.9 months) and 420 days (14
months) from 1 to 400 g (Lupatsch and
Kissil, 1998; and personal communications
with industry, respectively). Commercial
standards for growing seabream from 1 to
400 g in the Mediterranean net-pen indus-
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Fig. 10.2. Growth rate of seabream in the
recirculating mariculture system. (A) Greek strain,
0.5-516 g. (B) Spanish strain, 0.5-410 g. The
dotted lines indicate the time (days) needed to grow
fish to 400 g. Note difference in x-axis (time) scales.
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try are in the range of 13—-17 months,
depending on locations and strain used
(Sahin, 1996; Kissil et al., 2000). We
attribute the excellent growth performance
in our system to the fact that all environ-
mental parameters (temperature, salinity,
photoperiod, etc.) were tailored to opti-
mally meet the specific physiological
requirements of seabream at its different
stages of growth and that feeding was on a
high frequency schedule. Additionally, the
continuous long days to which the fish
were exposed delayed the onset of sexual
maturation and gonadal growth, resulting
in more energy diverted to muscular
growth (Kissil et al., 2001).

Table 10.1 summarizes some of the
growth performance parameters of gilthead
seabream in our system. As can be seen,
the above-discussed growth rates were
obtained at densities of 44—47 kg/m?3, much
higher than the average 20 kg/m? standard
densities in commercial seabream net-
pens. In more recent experiments, we have
been able to grow seabream at stocking
densities exceeding 60 kg/m3. Moreover, as
can be seen in Table 10.1, at least for the
first stages of growout to 76 g, we obtained
excellent food conversion rates (FCR) of
under 1 (0.9-40.8 g and 0.87-87 g). These
values are much better than the 1.31-1.58
FCRs predicted for those weight ranges in
the net-pen industry (Lupatsch and Kissil,
1998). We suggest that our better FCR val-
ues reflect the fact that fish in our tanks, in
addition to all the enhanced environmental
parameters noted above, have better access
to food, compared to fish in floating net-
pens. Our FCR value increased to 1.89 for
fish in the 83—403 g size range. A similar
increase in FCR, associated with the
growth of the fish, has also been predicted

by Lupatsch and Kissil (1998), who list the-
oretical FCR values of 1.58-1.79 for
seabream in the size range of 100—400 g.
We attribute the large FCR increase
observed in our experiments to the fact that
at a feeding rate of 1.5% of their body
weight daily, we slightly overfed our large
fish. Lupatsch and Kissil (1998) predict a
1.2-1.3% BW daily feed intake in seabream
weighing 300—400 g. Nevertheless, overall
the experimental FCR we observed for
seabream grown in the marine recirculating
systems is much better than the net-pen
industry standard of 1.8 (Theodorou,
2002).

The water chemistry of the culture sys-
tems during our growout experiments is
summarized in Table 10.2. Average total
ammonia and nitrite levels were quite low,
much below concentrations that are consid-
ered to be stressful to fish or to interfere
with fish growth (Losordo and Westers,
1994; Timmons et al., 2002). This is a
reflection of the high efficiency of our nitri-
fying moving bed reactors. Surprisingly, rel-
ative to our earlier freshwater studies, the
tank nitrate levels never built up. This is
mainly the result of the 7-10% daily water
exchange (which will have to be reduced,
see below), but also due to the high het-
erotrophic bacterial growth in these organic
rich systems. However, another factor that
is probably responsible for the low nitrate
level was revealed by a recent study, which
characterized the microbial communities
present in our biofilters (Tal et al., 2003).
This study demonstrated considerable deni-
trification and anaerobic ammonia oxida-
tion (anammox) activities in our nitrifying
filters. Anammox is a microbial process
responsible for the direct conversion of
ammonia to free nitrogen.

Table 10.1. Grow-out densities and FCR values for gilthead seabream
grown in recirculating mariculture systems (Experiment 1).

Weight (g) Duration (days) Density (kg/m3) FCR
0.62-40.8 91 44 0.9

6.5-76 89 47 0.87
83-403 158 44 1.89
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Table 10.2. Physical and chemical parameters
(average where applicable) recorded during the
seabream growth (Experiment 1).

Parameter Mean + sD

Water exchange 7—-10% per day

Temperature 26 +2°C

pH 7.47 £ 0.1
Alkalinity 202 + 36 mg/l (CaCQO,)
Total NH, 0.50 + 0.25 mg/I
NO, 0.85 + 0.45 mg/l
NO, 50.4 £ 10.5 mg/I

PO, 9.71 £2.6 mg/l

Increasing the Cost-efficiency of
Marine Aquaculture Systems:
Improving Nitrogen Removal Through
Biofiltration

As explained earlier, the major goal of our
studies is to develop the technology and
protocols that will enable the industry to
expand the production of marine finfish in
urban recirculating systems. Cost-analysis
of our technology has indicated that
despite the excellent farm-gate value of
seabream, its production cost is still rela-
tively high. Dissecting the components of
the production cost has shown that salt
used for producing seawater accounts for
about 25% of that cost. This figure is
based on daily discharge and renewal of
10% of the total tank saltwater volume.
As discussed above, our encouraging
results and growth performance for
seabream were obtained in systems in
which we replaced 7-10% of the system’s
volume daily. In an effort to reduce the
production cost in the marine RAS, we
initiated a research programme aimed at
decreasing the daily saltwater discharge
from our tanks. Since the most important
limiting factor to increasing the degree of
recirculation is the build up of chemical
waste, specifically of nitrogenous com-
pounds, we set out to develop a better
understanding of the biofiltration process
as a basis for enhancing its biological
nitrogen removal efficiency.

The process of biological nitrogen
removal in recirculating aquaculture sys-
tems is carried out by microorganisms that
colonize the biofilters (for review see
Wheaton et al., 1994; van Rijn, 1996;
Timmons et al., 2002). Despite the impor-
tance of nitrogen removal in recirculating
aquaculture, there is a dearth of informa-
tion about the identity of the microbial
communities present in the biofilters, their
biology, ecology and beneficial activities.
Generally speaking, RAS biofilters are
largely ‘black boxes’, and very little is
known about the marine biological filtra-
tion process and the specific contribution
of each microorganism to the process.
Consequently, the main objectives of our
study were to: (i) use modern tools of mole-
cular biology to identify the microbial com-
munities associated with our marine
moving bed bioreactors (MBB); (ii) study
the physiology of the identified microor-
ganisms and their contribution to the nitro-
gen cycle; (iii) enhance the nitrogen
removal activity of the MBBs by modifying
and engineering its microbial consortia;
and (iv) add a denitrifying, anaerobic com-
ponent to our biological filtration process.

Our initial studies resulted in the iden-
tification of several unique autotrophic
and heterotrophic bacteria associated with
ammonia and nitrite oxidation (Tal et al.,
2003). In addition to nitrification activity,
the microbial consortia associated with the
MBRs were shown to carry out denitrifica-
tion. More significantly, we have identified
two unique marine Planctomycetes species
capable of nitrogen removal via the anaer-
obic ammonia oxidation (anammox)
process (Tal et al., 2003). Anammox,
which has only recently been shown to
occur in the marine environment (Strous
et al.,, 1999), involves the reduction of
ammonia to nitrogen gas using nitrite as
an electron acceptor. Laboratory scale
studies using the MBBs demonstrated that
the anammox process could be induced in
the system (Fig. 10.3). This complete
nitrogen removal process is likely due to
the participation of all nitrogen and carbon
utilizers within the filter’'s microbial
community.
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Fig. 10.3. Anammox potential of the bacterial consortia in MBRs. Ammonia removal rates of MBRs
incubated with ammonia and nitrite (closed boxes) or ammonia alone (open boxes). Three separate
incubations were performed under conditions that would stimulate anammox activity, i.e. anaerobic
conditions with no added organic carbon source. The ammonia oxidation rate with nitrite as electron
acceptor was between 0.29 and 0.33 mg NH,—N/m2/h compared to values of 0.092-0.20 mg
NH,—-N/m?/h during incubations without nitrite, suggesting the presence of anammox activity. For

additional details see Tal et al. (2003).

Our innovative results demonstrated
that the microbial consortia present in the
MBRs have the potential to support differ-
ent nitrogen transformation processes that
enable closing the nitrogen cycle and
releasing nitrogen back to the atmosphere.
We are now in the process of studying the
potential of using MBRs for complete nitro-
gen removal in our marine systems by com-
bining nitrification with denitrification and
the anammox process. We expect that these
improvements will enable us to establish
standardized marine nitrogen-removing
consortia for use in inoculating MBR bio-
logical filters in recirculating mariculture
systems.

Another avenue to achieving our goal of
decreasing saltwater discharge from our
system is the addition of an anaerobic den-
itrification unit (ADU) to our MBR nitrify-
ing module, thus creating a two-stage
nitrogen removal process. In our recent
studies (Tal and Schreier, 2004), we sup-
plemented our system (Fig. 10.1) with an
ADU that was directly attached to the main
biofiltration tank (label 6 in Fig. 10.1). The
denitrification unit was found to reduce
90-100% of the daily nitrate production of
the nitrifying filter resulting in minimal

nitrate accumulation in the system. The
two-stage biofiltration device was tested in
our two 3.8 m? tanks in which adult
seabream were grown at 40-50 kg/m? and
fed daily at 1% of their body weight.
During a 4-month experimental period, we
were able to obtain daily water exchanges
that averaged as low as 1% of the tank vol-
ume. This water exchange was significantly
lower than the 7-10% used in our earlier
study and is expected to reduce the costs
associated with salt use in recirculating
marine systems from as high as 25% to as
little as 3% of the total production cost,
thereby considerably enhancing the prof-
itability of such systems. Presently, we are
also engineering ways to recover salts lost
through solids removal in order to gain
additional savings in system costs.

Conclusions

This chapter describes the successful
development and characterization of a
small-scale pilot of environmentally com-
patible urban mariculture, based on the use
of water recirculating technologies. Using a
high-value marine species, the gilthead
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seabream, we demonstrated both the feasi-
bility of this approach and excellent perfor-
mances in terms of growth and food
conversion rates, production densities and
water quality. In additional studies not pre-
sented here, we closed the entire life cycle
of seabream and other marine species in
recirculating systems, including spawning
and larval rearing. Based on our initial eco-
nomic feasibility studies, we believe that,
when properly scaled-up, our technology
will support a profitable operation produc-
ing high-quality marine fish. The first such
urban, commercial operation to be located
in the city of Baltimore is now in the plan-
ning stages. While this technology is ready
for scaling up, it is clear that much more
research is required to strengthen its long-
term outlook and success. Our current and
future research efforts focus on diversifying
the species to be farmed to include addi-
tional finfish, as well as shellfish species,

and decreasing production cost associated
with the loss of water and salt, through
understanding and improving the effi-
ciency of the biological filtration process.
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Abstract

The development and expansion of a viable marine shrimp-farming industry in the USA has been a
goal of the US Marine Shrimp Farming Program research consortium for many years. Production
research has focused on the development of systems for open pond culture, and a small but stable
industry has developed based on these technologies. New advances have facilitated the intensifica-
tion of production, reduction or elimination of water exchange, application of biosecurity protocols
and stocking of high-health and genetically improved shrimp, all of which currently serve as the
foundation for the US shrimp-farming industry. Based on these research advances, consortium scien-
tists have shifted resources over the past few years to re-evaluate super-intensive raceway production
technologies. At the Waddell Mariculture Center (WMC) in South Carolina, and the Oceanic Institute
(OI) in Hawaii, prototype and pilot-scale systems have been operated over the past 3 years. In recent
WMG trials, production of up to 3 kg/m? was demonstrated with survival ranging from 55 to 71%,
and harvest sizes from 14.6 to 17.1 g in 137 days. At harvest, production results for the latest trial
based on the stocking of nursed 1 g juveniles were: survival = 91%; mean weight = 16.6 g; FCR =
1.54; mean growth/week = 1.44 g; and yield = 4.50 kg/m?. At OI, three trials have been conducted
with increasing stocking densities ranging from 100 to 300/m?. In the most recent 85-day trial, juve-
nile shrimp (~2 g) grew to a harvest weight of 19.9 g with a mean growth rate of 1.47 g/week.
Productivity of the system reached 5.2 kg/m? and survival was 86.3%. All of these trials are based on
high-output, minimal water usage, enclosed raceway designs that assure biosecurity and provide
excellent potential for application in non-traditional, urban and/or contaminated environments. The
demonstration trials described in this chapter, along with supporting research on breeding, microbial
dynamics, feeds, engineering, financial feasibility and marketing, have brought these technologies to
the point of commercialization. Urban and peri-urban application of these technologies in the USA
could offer opportunities for the development of integrated marketing initiatives to improve the out-
look for financial viability.

Introduction the United States. With a limited growing

season in the continental US, coupled with

Over the past two decades, increasing high labour, energy and land costs, and a
efforts have been made to intensify pond strong technology and infrastructure base,
production of cultured penaeid shrimp in achievement of high production per unit
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area has been an important strategy to allow
domestic shrimp farmers to compete with
foreign producers (Sandifer et al., 1991a,b;
Wyban and Sweeney, 1991). Research
advances in the application of aeration tech-
nologies and management of intensive
ponds have improved the environmental
sustainability of intensive pond culture
while increasing production (Hopkins et al.,
1992; Avnimelech, 2001; Delgado et al,
2003). One of the most important areas in
which management improvements have
been made is in the reduction and elimina-
tion of water exchange (Hopkins et al,
1995a; Browdy et al., 2001a). These tech-
nologies have allowed growers to stabilize
the pond environment, improve control
over pond microbial communities, and
reduce overall pollutant discharge to the
environment. Concurrently, research and
development efforts in the US have resulted
in the establishment and widespread use of
specific pathogen free (SPF) shrimp stocks
along with other comprehensive biosecurity
measures, which reduce the risk of exclud-
able pathogen contamination of cultured
stocks (Lotz, 1997; Jahncke et al., 2002).
Together with the advances made over the
past decade in genetic selection and breed-
ing, US growers now have commercially
available, genetically improved shrimp
stocks that can further improve the outlook
for financial viability in a competitive global
shrimp commodity marketplace (Moss et
al.,, 2001, 2003; Wyban et al., 2003). Pond
culture has undergone a relatively slow but
stable expansion in the US over the past two
decades, and recent application of shrimp
culture in inland regions from Florida to
Arizona will likely support continued
expansion in the future. Nevertheless, pond
production in the US will always be limited
by competing land uses and financial pres-
sures from foreign producers.

Further intensification of shrimp culture
in the US beyond earthen pond systems has
been achieved by several research groups.
For example, beginning in the 1970s, a
research effort by the Environmental
Research Laboratory at the University of
Arizona led to attempts to commercialize
raceway production of Liftopenaeus

stylirostris in Hawaii (Moore and Brand,
1993). Although successes in reaching
almost 5 kg/m? were achieved, financial via-
bility was ultimately doomed by production
issues and recurring infections with the
THHN virus (one of the first examples illus-
trating the importance of controlling or
excluding pathogens for the sustainability of
intensive  shrimp  culture  systems).
Researchers at the University of Texas also
developed systems that facilitated biomass
loadings as high as 14 kg/m? (Reid and
Arnold, 1992; Davis and Arnold, 1998).
Again, significant investments were made
aimed at commercializing these technolo-
gies, but efforts to scale-up production did
not yield the consistency necessary for
financial viability. A third example of efforts
to develop super-intensive raceway systems
for shrimp production is illustrated by the
work at the Harbor Branch Oceanographic
Institution (Scarpa, 1998; Van Wyk, 1999,
2000, 2001). Researchers successfully devel-
oped a model for a three-phase raceway pro-
duction system, and research and
development efforts aimed at evaluating
raceway designs, filtration systems and
varying management protocols yielded
promising results which demonstrated feasi-
bility of super-intensive production in
essentially fresh water. A small commercial
operation based on these technologies
exists, and shrimp sales into niche markets
is ongoing. Over the past few years, HBOI
shrimp research efforts have been privatized
and commercialization efforts are continu-
ing. Although these and other examples
have demonstrated some successes, a com-
mercial-scale, financially viable application
of super-intensive raceway production tech-
nologies has been an elusive goal.

The US Marine Shrimp Farming
Program consortium recently has focused
its research efforts on developing
advanced, controlled production systems
for shrimp based on successful US agricul-
tural models, including poultry and swine.
With the introduction of pathogenic agents
to the US in the mid 1990s, increasing
research efforts have been devoted to
improving the biosecurity of domestic
shrimp production systems (Moss, 1998,
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2000b; Bullis and Pruder, 1999). The con-
sortium is integrating advanced technolo-
gies and applying expertise from each of
the participating institutions. These
include, but are not limited to: (i) intensive
nursery raceway system development at
the Texas Agriculture Experimental Station
of Texas A&M University (Samocha et al.,
1993, 2002); (ii) development of SPF
shrimp quarantined at the University of

Arizona, the University of Southern
Mississippi’s ~ Gulf  Coast  Research
Laboratory, and the Oceanic Institute

(Wyban et al., 1992; Lotz and Lightner,
2000) and bred at the Oceanic Institute for
disease resistance and fast growth (Moss et
al., 1998a; Argue et al., 2002); and (iii)
development and evaluation of intensive
production systems at the Waddell
Mariculture Center in South Carolina based
on little or no water exchange, maximizing
contributions of natural productivity and
nutrient conversion efficiencies by manag-
ing autotrophic and heterotrophic compo-
nents of the microbial community in the
system (Hopkins et al, 1995a, 1996;
Browdy et al., 2001b).

This chapter describes recent advances
made at the Waddell Mariculture Center
(WMC) in South Carolina and the Oceanic
Institute (OI) in Hawaii in the development
and demonstration of prototype and pilot-
scale super-intensive raceway systems for
the culture of the Pacific white shrimp,
Litopenaeus vannamei. Because these sys-
tems are enclosed and managed with mini-
mal water exchange, biosecurity
procedures may be implemented easily to
prevent losses due to infectious diseases
(Moss et al., 1998b; Ogle and Lotz, 1998;
Bratvold and Browdy, 1999; Leung and
Moss, 1999; Moss, 1998; Lotz and Lightner,
2000), year round production can be
achieved and the environmental impacts
due to discharges are reduced or elimi-
nated (Browdy et al., 2001b). The enclosed
minimal exchange systems use consider-
ably less land than that required for open
pond culture, can serve as an excellent
model for sustainability in aquaculture and
provide the opportunity for urban and peri-
urban culture operations.

South Carolina

The initial WMC pilot-scale system, con-
structed in 1999, consists of two 55 m?
HDPE-lined, sediment-free raceways (18.3
X 3 X 1 m) enclosed in a greenhouse. A
second commercial-scale prototype system,
consisting of one 282 m? greenhouse-
enclosed raceway (38.7 X 7.3 X 1 m), was
completed in 2001. Each raceway contains
PVC-suspended AquaMats™ for vertical
surface enhancement (about 1 m? mat
material per m® raceway water) and each
has a centre partition to facilitate water
movement. Aeration and water movement
are supplied by blown air, Aire-O2® pro-
peller-aspirator aeration units and/or pad-
dlewheel aerators placed at both ends
(deep and shallow) of each raceway.
During the most recent trial, oxygen injec-
tion replaced the surface-mounted aera-
tion, and a 0.7 m3 bead filter was operated
during the latter half of the cycle for solids
removal. An auxiliary blower is available
in the event of interruption of electrical
power. Automatic switching, generator
back-up, and alarm systems are of great
importance as aeration failure under high
oxygen demands can quickly lead to cata-
strophic crop loss. Supplemental propane-
based heating is supplied via heat
exchange wunits. Raceway bottoms are
sloped to facilitate drainage and harvest. In
the commercial-scale prototype, a 3.75 kW
water pump system recirculates water
within the systems with outlets situated at
1 m intervals along the bottom of the race-
way periphery. A 65% shade cloth struc-
ture is used to cover each greenhouse
during summer months to prevent elevated
water temperatures. In addition, each sys-
tem is equipped with fans for temperature
control. To reduce shrimp losses due to
jumping, 1.3 cm mesh plastic netting encir-
cles the periphery of each raceway.

During the first phase of technology
development (1999-2002), five shrimp pro-
duction trials were completed using the
pilot-scale system and one trial was com-
pleted using the commercial-scale system.
With the exception of stocking density,
salinity and origin/age of culture water,
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operational and experimental procedures
employed during each of these trials has
remained constant. The duration of each
trial was about 3 months.

For each trial, raceways were filled and
fertilized as necessary to ensure establish-
ment and maintenance of microbial com-
munities. After L. vannamei (PL 14-20)
were stocked, #1-3 starter diets (40% pro-
tein, 8% lipid, 5% squid meal; Rangen,
Inc., Buhl, Idaho, USA) were fed until
shrimp attained a size ranging from 0.5 to
1.0 g. At this time, a sinking pelleted feed
(35% protein, 8% lipid, 2.5% squid meal;
Rangen, Inc.) was offered, and sampling of
shrimp weight initiated. About 25% of the
daily feed ration was distributed on feed
trays located at the deep and shallow ends
of each raceway; the remaining amount
was dispersed evenly throughout the cul-
ture unit. Shrimp were sampled every 10
days. Feeding rates were adjusted based on
estimated weight and monitoring of feed
tray consumption.

Water temperature, dissolved oxygen
(DO) concentration, salinity and pH were
measured daily between 0800 and 0900
hours. Total ammonia—nitrogen (TAN),
nitrite-nitrogen (NO,-N), nitrate-nitrogen
(NO,-N) and total alkalinity were mea-
sured weekly. To maintain pH levels > 7.0,
sodium bicarbonate was added periodi-
cally according to the method of Loyless
and Malone (1997) to maintain total alka-
linity levels > 120 mg/l as CaCO,. Fresh
groundwater was periodically added to off-
set evaporative losses and to maintain
salinity levels. Surface sludge and floccu-
lants were removed manually as needed to
prevent excessive accumulation.

At harvest, water was drained to concen-
trate shrimp in the deep end of each race-
way. Shrimp movement was aided via
water flow. Shrimp were collected, and
total harvest weight was used to determine
yield, percentage survival and FCR. Further
details on design and operation parameters
may be found in Weirich et al. (2002).

Four trials were completed in the pilot-
scale system. Year-round production and
reuse of culture water up to three times
was demonstrated. Yields of 2.3 and 2.4

kg/m? were achieved for Trial 2 at a stock-
ing density of 200/m?. Mean weight at har-
vest of 19.3 and 18.9 g and survival of 60.1
and 63.9% were recorded for pilot
Raceways 1 and 2, respectively. Lower sur-
vival rates were recorded in Trials 1, 3 and
4 due to problems with mechanical aera-
tion failure, and issues related to hus-
bandry at stocking densities of 300 and 400
shrimp/m?. Further details on production
results for these trials were reported in
Weirich et al. (2002).

Trial 5 was conducted from September
2001 to January 2002 (duration = 137 days)
using the original pilot-scale system, as
well as the recently constructed commer-
cial-scale system. Water used in prototype
RW 1 during Trial 4 was discarded and this
culture unit was refilled with filtered sea-
water and fresh groundwater to achieve a
nominal salinity of 15 g/1. Water from Trial
4 was reused in RW 2, thereby allowing a
comparison of ‘new’ versus ‘old’ culture
water. The commercial-scale system (RW 3)
was filled with seawater (bag-filtered to 150
pm) from an adjacent outdoor earthen
pond, and fresh groundwater, to achieve a
nominal salinity of 15 g/l. Mean growth
rate of shrimp from PL to harvest was 0.8,
0.9 and 1.0 g/week in RW 1, 2 and 3,
respectively (Table 11.1). Growth remained
at or near the target rate of 1.3 g/week until
December (growth also declined during the
latter stages of Trials 1-4).
Notwithstanding reduced growth observed
during the latter phase of Trial 5, final
weight of shrimp reared in both prototype
systems was of acceptable market size
(Table 11.1). In addition, FCR and yield
were lower and higher, respectively, than
that observed for previous trials. Regarding

Table 11.1. Waddell Mariculture Center Trial 5
super-intensive raceway L. vannamei production
characteristics.

Parameter RW 1 RW 2 RW 3
Weight (g) 14.6 15.4 171

Survival (%) 70.5 71.5 55.2
FCR 1.8 2.0 1.9
Yield (kg/m?) 3.1 3.3 2.8
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the comparison of new’ (RW 1) and ‘old’
(RW 2) water, no distinct differences with
respect to production characteristics were
observed.

Values (means and ranges) of selected
water quality parameters measured during
Trial 5 are shown in Table 11.2. With the
exception of a three-week period during
the middle portion of the trial in which
NO,-N levels were elevated in RW 3, all
water quality parameters were maintained
within acceptable ranges for culture of L.
vannamei (Van Wyk and Scarpa, 1999). As
with production characteristics, there were
no obvious differences regarding water
quality parameters between ‘new’ (RW 1)
and ‘old’ (RW 2) water sources, suggesting
that water can be reused over the course of
multiple production cycles in minimal
exchange systems. Moreover, reuse of
water may not only be beneficial with
respect to environmental and biosecurity
issues, but this practice may provide a
more stable production environment. For
example, TAN and NO,-N levels of the
original pilot-scale system culture units
were fairly unstable during Trials 1 and 2,
and NO,-N levels of the commercial-scale
system exhibited a moderate spike during
Trial 5. However, because TAN and NO,-N
levels of RW 1 (new water) remained low
throughout Trial 5, it is possible that
microbial and algal communities attached
to AquaMats™ (and surviving between har-
vest and