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Foreword

Although duckweed species are familiar to most people who
have seen the tiny aquatic plants covering stagnant water bodies,
few people realize their potential. Until a few years ago, man made
little use of duckweed species. Their unique properties, such as
their phenomenal growth rate, high protein content, ability to clean
wastewater and thrive in fresh as well as brackish water, were only
recognized by a few scientists.

Prior to 1988 duckweed had been used only in commercial ap-
plications to treat wastewater in North America. In 1989 staff of a
non-governmental organization based in Columbia, Maryland, The
PRISM Group, initiated a pilot project in Bangladesh to develop
farming systems for duckweed and to test its value as a fish feed.
An earlier project in Peru investigated the nutritional value of dried
duckweed meal in poultry rations.

The results of the pilot operations were extremely promising;
production of duckweed-fed carp far exceeded expectations, and
dried duckweed meal provided an excellent substitute for soy and
fish meals in poultry feeds. Duckweed could be grown using waste-
water for nutrients, or alternatively using commercial fertilizers.

During start-up of the pilot operations it also became apparent
how little is known about the agronomic aspects of producing var-
ious species of the duckweed family, and exactly why it is so effec-
tive as a single nutritional input for carp and other fish.

Although these pilot operations were located in South Asia and
Latin America, the results suggested that the plant would be im-
portant as a source of fish and poultry feed and simultaneously as
a wastewater treatment process in selected areas of the Middle
East, particularly in Egypt and Pakistan.

Technical and agronomic information about duckweed culture
and feed use, and details of farming duckweed and fish in a single
system, are not easily available to the general public, let alone to fish
farmers in developing countries. The pilot operations in Bangladesh
demonstrated that duckweed and fish culture can succeed commer-
cially, although such ventures would initially require technical as-
sistance and information. In many other areas of the world pilot




operations linked to applied research may be required to review pro-
duction parameters before commercial operations should be initiat-
ed. This Technical Study was therefore designed to bring together, in
one publication, relevant information on duckweed culture and its
uses to make people worldwide aware of the potential of this plant,
to disseminate the currently available technical and agronomic in-
formation, and to list those aspects that require further research,
such as duckweed agronomy, genetics and use in animal feeds.

This Technical Study is aimed at the following audiences: (a)
established fish farmers who would like to experiment with duck-
weed as a fish feed, and staff of agricultural extension services in-
volved in fish culture; (b) scientists of aquaculture research
institutes who may initiate pilot operations and applied research
on duckweed; (c) staff of bilateral and multilateral donor agencies
who may promote funding for duckweed research and pilot opera-
tions; and (d} wastewater specialists in governments and donor
agencies who may promote wastewater treatment plants based on
duckweed in conjunction with fish culture.

The information in this technical study comes from many
sources; the contribution of the staff of the Mirzapur experimental
station in Bangladesh and its director Mohammed lkramullah, in
particular, is acknowledged. Paul Skillicorn and William Spira of
the PRISM Group, and William Journey wrote the text. Viet Ngo of
the Lemna Corporation and Richard Middleton of Kalbermatten As-
sociates provided technical material relating to wastewater treat-
ment applications. The draft was reviewed by a Bank technical
committee comprising Messrs. Grimshaw, Khouri, Leeuwrik, van
Santen and Macoun. Professor Thomas Popma of the International
Center for Aquaculture at Auburn University provided technical
support, Professor Guy Alaerts of the International Institute for Hy-
draulic and Environmental Engineering Delft, the Netherlands, re-
viewed the section on Wastewater Treatment, and illustrations
were provided by Ms. S. Gray of Auburn.

Harinder S. Kohli
Director, Technical Department
Europe, Middle East and North Africa Region

viii



Preface

The purpose of this booklet is to present a group of tiny aquatic
plants commonly known as “"duckweeds” as a promising new com-
mercial aquaculture crop. Duckweed species are members of the
taxonomic family Lemnaceae. They are ubiquitous, hardy, and
grow rapidly if their needs are met through sound crop manage-
ment. Aquaculture systems are many times more productive than
terrestrial agriculture and have the potential to increase protein
production at rates similar to increases of terrestrial carbohydrate
crops realized during the Green Revolution. Section 1 presents
basic information on duckweed biology.

This paper summarizes current knowledge, gained from prac-
tical experience from the beginning of 1989 to mid-1991 in an ex-
perimental program in Mirzapur, Bangladesh, where duckweed
cultivation was established and fresh duckweed fed to carp and
tilapia. In the Mirzapur experimental program a farming system
was developed which can sustain dry-weight yields of 13 — 38 met-
ric tons per hectare per year (ton/ha/year), which is a rate exceed-
ing single-crop soybean production six to tenfold. Section 2
discusses duckweed farming issues in detail.

Like most aquatic plants, duckweed species have a high wa-
ter content, but their solid fraction has about the same quantity
and quality of protein as soybean meal. Fresh duckweed plants
appear to be a complete nutritional package for carp and tilapia.
Duckweed-fed fish production does not depend on mechanical
aeration and appears to be significantly more productive and eas-
ier to manage than traditional pond fish culture processes. Sec-
tion 3 addresses the important issues in duckweed-fed fish
production.

The economics of duckweed farming and duckweed-fed fish
production and institutional factors that are likely to affect its wide-
spread adoption as a commercial crop are discussed in Section 4.

Section 5 summarizes the use of duckweed for stripping nu-
trients from wastewater. The bio-accumulation of nutrients and
dissolved solids by duckweed is highly effective. World-wide appli-
cations of duckweed-based technologies for wastewater treatment




and re-use are being implemented in both idustrialized and devel-
oping countries.

Section 6 provides other potential commercial applications of
duckweed: (1) in its dried form as the high protein component of
animal feeds; and (2) as a saline-tolerant aquaculture crop. It also
contains a discussion of key research issues and constraints inhib-
iting the potential for duckweed as a commercial crop.

The paper concludes with a selected bibliography covering im-
portant duckweed-related research. This is an impressive body of
literature covering the entire spectrum from microbiology to poultry
research. The work described here did not attempt to repeat exper-
imentation of earlier researchers, nor did it originate any basic
duckweed production or application concepts. The concepts pre-
sented here do, however, represent the first attempt to synthesize a
complete commercial paradigm for culitivating and using duckweed.




Section 1 - Biology of Duckweed

Duckweed species are small floating aquatic plants found world-
wide and often seen growing in thick, blanket-like mats on still, nutri-
ent-rich fresh and brackish waters. They are monocotyledons
belonging to the botanical family Lemnaceae and are classified as high-
er plants, or macrophytes, although they are often mistaken for algae.
The family consists of four genera, Lemna, Spirodela, Wolffia, and Wolf-
Jfiella, among which about 40 species have been identified so far.

All species occasionally produce tiny, almost invisible flowers
and seeds. but what triggers flowering is unknown. Many species
of duckweed cope with low temperatures by forming a special
starchy “survival” frond known as a turion. With cold weather, the
turion forms and sinks to the bottom of the pond where it remains
dormant until rising temperatures in the spring trigger resumption
of normal growth.

Morphology Duckweed species are the smallest of all flowering
plants. Their structural and functional features have been simplified
by natural selection to only those necessary to survive in an aquatic
environment. An individual duckweed frond has no leaf, stem, or spe-
cialized structures; the entire plant consists of a flat, ovoid frond as
shown in figure 1. Many species may have hair-like rootlets which
function as stability organs.

Species of the genus Spirodela have the largest fronds, measuring
as much as 20 mm across, while those of Wolffia species are 2 mm or
less in diameter. Lemna species are intermediate size at 6 - 8 mm.
Compared with most plants, duckweed fronds have little fiber— as lit-
tle as 5 percent in cultured plants—because they do not need struc-
tural tissue to support leaves or stems. As a result virtually all tissue
is metabolically active and useful as a feed or food product. This im-
portant characteristic contrasts favorably with many terrestrial crops
such as soybeans, rice, or maize, most of whose total biomass is left
behind after the useful parts have been harvested.

Distribution Duckweed species are adapted to a wide variety of
geographic and climatic zones and can be found in all but waterless
deserts and permanently frozen polar regions. Most, however, are
found in moderate climates of tropical and temperate zones. Many




Figure 1. Duckweed, the smallest flowering plants
Genera: A. Spirodela B. Lemma C. Wolffia
D. Wolfiella E. Lemna with Wolffia

species can survive temperature extremes, but grow fastest under
warm, sunny conditions. They are spread by floods and aquatic birds.

Duckweed species have an inherent capability to exploit favora-
ble ecological conditions by growing extremely rapidly. Their wide ge-
ographic distribution indicates a high probability of ample genetic
diversity and good potential to improve their agronomic characteris-
tics through selective breeding. Native species are almost always avail-
able and can be collected and cultivated where water is available,
including moderately saline environments.

Growth conditions The natural habitat of duckweed is floating
freely on the surface of fresh or brackish water sheltered from wind
and wave action by surrounding vegetation. The most favorable cir-
cumstance is water with decaying organic material to provide duck-
weed with a steady supply of growth nutrients and trace elements. A
dense cover of duckweed shuts out light and inhibits competing sub-
merged aquatic plants, including algae.

Duckweed fronds are not anchored in soil, but float freely on the
surface of a body of water. They can be dispersed by fast currents or




pushed toward a bank by wind and wave action. If the plants become
piled up in deep layers the lowest layer will be cut off from light and
will eventually die. Plants pushed from the water onto a bank will also
dry out and die. Disruption of the complete cover on the water’s sur-
face permits the growth of algae and other submerged plants that can
become dominant and inhibit further growth of a duckweed colony.

To cultivate duckweed a farmer needs to organize and main-
tain conditions that mimic the natural environmental niche of
duckweed: a sheltered, pond-like culture plot and a constant sup-
ply of water and nutrients from organic or mineral fertilizers.
Wastewater effluent rich in organic material is a particularly valu-
able asset for cultivating duckweed because it provides a steady
supply of essential nutrients and water.

In this case there is a coincidence of interests between a mu-
nicipal government, which would treat the wastewater if it could af-
ford to do so, and nearby farmers, who can profitably do so.

Production rates Duckweed reproduction is primarily vegeta-
tive. Daughter fronds bud from reproductive pockets on the side of
a mature frond. An individual frond may produce as many as 10
generations of progeny over a period of 10 days to several weeks be-
fore dying. As the frond ages its fiber and mineral content increas-
es, and it reproduces at a slower rate.

Duckweed plants can double their mass in less than two days
under ideal conditions of nutrient availability, sunlight, and tem-
perature. This is faster than almost any other higher plant. Under
experimental conditions their production rate can approach an ex-
trapolated yield of four metric tons/ha/day of fresh plant biomass,
or about 80 metric tons/ha/year of solid material. This pattern
more closely resembles the exponential growth of unicellular algae
than that of higher plants and denotes an unusually high biological
potential.

Average growth rates of unmanaged colonies of duckweed will be
reduced by a variety of stresses: nutrient scarcity or imbalance; tox-
ins; extremes of pH and temperature; crowding by overgrowth of the
colony; and competition from other plants for light and nutrients.

Actual yields of fresh material from commercial-scale culti-
vation of Spirodela, Lemna, and Wolffia species at the Mirzapur




experimental site in Bangladesh range from 0.5 to 1.5 metric
tons/ha/day, which is equivalent to 13 to 38 metric tons/ha/
year of solid material.

Nutritional value Fresh duckweed fronds contain 92 to 94
percent water. Fiber and ash content is higher and protein con-
tent lower in duckweed colonies with slow growth. The solid frac-
tion of a wild colony of duckweed growing on nutrient-poor water
typically ranges from 15 to 25 percent protein and from 15 to 30
percent fiber. Duckweed grown under ideal conditions and har-
vested regularly will have a fiber content of 5 to 15 percent and
a protein content of 35 to 45 percent, depending on the species
involved, as illustrated in figure 2. Data were obtained from
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55 1
50 | Legend :
Z] Lagoon Inlet

- Inlet + 50 m

235153 Enriched Culture

45 7
401
35—1

30 1
25 1
20 7
15
10 -

5 -

0

Protein Fiber Ash Fat

Figure 2. Composition of duckweed from three sources

Source: Mbagwu and Adeniji, 1988




duckweed colonies growing on a wastewater treatment lagoon
and from a duckweed culture enriched with fertilizer.

Duckweed protein has higher concentrations of the essen-
tial amino acids, lysine and methionine, than most plant pro-
teins and more closely resembles animal protein in that respect.
Figure 3 compares the lysine and methionine concentrations of
proteins from several sources with the FAQO standard recom-
mended for human nutrition.

Cultured duckweed also has high concentrations of trace
minerals and pigments, particularly beta carotene and xantho-
phyll, that make duckweed meal an especially valuable supple-
ment for poultry and other animal feeds. The total content of
carotenoids in duckweed meal is 10 times higher than that in
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Figure 3. Comparison of lysine and methionine content of protein
from various sources

Source: Agagwu and Adeniji,. 1988




terrestrial plants; xanthophyll concentrations of over 1,000
parts per million (ppm) were documented in poultry feeding
trials in Peru and are shown in figure 4. This is economically
important because of the relatively high cost of the pigment
supplement in poultry feed.

A monoculture of Nile tilapia and a polyculture of Chinese
and Indian carp species were observed to feed readily on fresh
duckweed in the Mirzapur experimental program. Utilizing
duckweed in its fresh, green state as a fish feed minimizes han-

Legend :

; L / LS anthophyll
L. minor / S S y

W.arrhiza

L. gibba 3

L gibba2 4"
. gibba 2 -
K %

L. gibba 1 // J Ve
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Figure 4. Pigment content of several samples of duckweed growing
wild on wastewater

Source: Skillicorn. et al.. 1990




dling and processing costs. The nutritional requirements of fish
appear to be met completely in ponds receiving only fresh duck-
weed, despite the relatively dilute concentration of nutrients in
the fresh plants. The protein content of duckweed is compared
with several animal feed ingredients in figure 5.
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Figure 5. Protein content of various animal feedstuff ingredients




Section 2 - Duckweed Farming

Duckweed farming is a continuous process requiring intensive
management for optimum production. Daily attention and frequent
harvesting are needed throughout the year to ensure the produc-
tivity and health of the duckweed colonies. Harvested plant bio-
mass must be used daily in its fresh form as fish feed or dried for
use in other animal feeds. However, the high intensity of duckweed
cropping can increase the productivity of both land and labor re-
sources, especially where land is scarce and agricultural labor is
seasonally underemployed.

Land For long term water impoundment and year-round crop-
ping to be practical, land for culture plots dedicated to duckweed farm-
ing should be able to retain water and should be protected against
flooding. Uncultivated marginal land is a good first choice to cultivate
duckweed. Such strips of land may be found along roads and paths
and would not normally be cultivated because of their elevation or
shape. The preferred shape is a channel. as shown in figures 6 and 7.
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Figure 6. Making a duckweed Figure 7. Protecting duckweed
culture pond from wind and wave action




Almost any land is suitable if the soil holds water well, even if it is wa-
terlogged or salinized. One exception may be alkaline soils. Initially
these soils may raise the pH of the water and reduce duckweed growth.
However, with time the pH should reduce to more favorable levels.

Water management Ideally water should be available year-
round. Although some locations may have access to surface water,
most farmers will need to install some form of pumped groundwater
supply. Groundwater, surface water irrigation, or wastewater are all
potential sources of water for duckweed cultivation.

A complete cover of duckweed can reduce the rate of evaporation
by about one-third compared to open water. Annual water loss due to
evapotranspiration is likely to range from 800 to 1,200 mm in the
tropics and semitropics. In general, duckweed can be cultivated wher-
ever irrigation resources can sustain rice production.

In addition to replenishment of water losses, crop water manage-
ment is concerned with buffering extremes of temperature, nutrient
loadings, and pH. The depth of water in the culture plot determines
the rate at which it will warm up in the sun and cool off at night. The
freshening effect of cool groundwater can relieve heat stress quickly,
or dilute a plot with an oversupply of nutrients, high pH, or high am-
monia concentration. Duckweed species will grow in as little as one
centimeter of water, but good practice is to maintain a minimum of
20 cm or more to moderate potential sources of stress and to facili-
tate harvesting.

Acute temperature stress can be managed by spraying water on
the crop, physically immersing the crop, inducing better mixing, or
flooding the plot with cooler water. Shading with vegetation. such as
bamboo and banana trees, or taro plants, can also moderate temper-
ature extremes.

Nutrient sources Hydroponic farming of a continuous crop,
such as duckweed, converts substantial amounts of fertilizer into
plant biomass. As duckweed colonies grow they convert nutrients
and minerals dissolved in the water column into plant tissue. The nu-
trient removal rate is directly proportional to the growth rate. When
plants are harvested, nutrients, and trace minerals are removed from
the system and a dynamic nutrient and mineral sink is established,
thus forming the basis for a highly effective wastewater treatment
technology. To cultivate duckweed farmers will need a dependable




source of either commercial mineral or organic fertilizers throughout
the year, as illustrated in figure 8.

Empirical testing of nutrients for duckweed cultivation, carried
out over the past two years in the Mirzapur experimental program
in Bangladesh, has produced some insight into appropriate fertiliz-
er application schedules.

Nitrogen Amunonium is the preferred form of nitrogen for
duckweed species. The main source of ammonium for wild colonies
of duckweed is from fermentation of organic material by anaerocbic
bacteria. Duckweed plants reportedly utilize all available ammoni-
um before beginning to assimilate nitrate, and appear to grow more
quickly in the presence of ammonium than with nitrate. In contrast
to duckweed unicellular algae prefer nitrate.

Urea contains approximately 45 percent nitrogen and is the
most commonly available and lowest cost nitrogenous fertilizer.
Urea is the most efficient form of nitrogen supply to terrestrial
crops, but its volatility in water and its elevating effect on pH makes
it problematic for hydroponic applications. When applied to water
with a pH above 7.0. nitrogen losses through ammonia volatility

Figure 8. Nutrients for duckweed can come from
fertilizer or organic wastes
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can often exceed 50 percent. For example, urea is applied to the
duckweed crop in Bangladesh at the rate of 20 kilograms per hec-
tare per day (kg/ha/day), which is equivalent to 9.0 kg/ha/day of
nitrogen. Assuming a 50 percent loss before the crop is able to uti-
lize the nitrogen, 4.5 kg/ha/day is then available to support
growth. This is enough nitrogen to sustain a yield of at least 1,000
kg/ha/day of fresh duckweed and is adjusted seasonally as growth
rates accelerate in moderate temperatures.

Ammonium nitrate contains about 38 percent nitrogen and is
marginally more expensive to produce than urea. it contains slight-
ly less nitrogen than urea, but compared with urea, ammonium ni-
trate is significantly more stable in water. It does not undergo any
biochemical conversion process when it is put into water and has
no immediate effect on the water’s pH. The recommended applica-
tion rate for ammonium nitrate to sustain biomass production of
1,000 kg/ha/day in Bangladesh is 10 kg/ha/day.Ammonium ni-
trate can be explosive and it is hygroscopic. However, its chief dis-
advantage is that it is not widely available in many poorer
countries.

Nitric acid can be used as an occasional treatment to lower a
high pH quickly and as a nitrogen fertilizer, but it is expensive and
may not be readily available.

Phosphorus - Triple super phosphate (TSP) is a good source of
both phosphorus and calcium. Phosphorus is essential for rapid
growth and is a major limiting nutrient after nitrogen. For example,
a ratio of TSP to urea of 1 : 5 worked satisfactorily in the Mirzapur
experimental program. Duckweed colonies do not appear to re-
spond to additional TSP above this threshold. and doubling the
supply results in only marginally increased productivity. The major
disadvantage of TSP is that it raises the pH of the culture pond
slightly, but alternative forms of phosphorus are too expensive to
consider.

Potassium Vigorously growing duckweed is a highly efficient
potassium sink, but little is required to maintain rapid growth. Mu-
riated potash (MP) is a commercial source of potassium widely
available in most countries. As with phosphorus, duckweed growth
is not particularly sensitive to potassium once an adequate
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threshold has been reached. A 1 : 5 ratio for MP to urea was found
to be satisfactory in the Mirzapur experimental program.

Trace minerals Duckweed species need many other nutrients
and minerals to support rapid growth. The absolute requirement
for each trace element is extremely small and may seem insignifi-
cant. However, with hydroponic culture, large quantities of plants
are produced in a limited space and the trace minerals available
from soil leaching are soon removed. Under these circumstances,
the farmer is obliged to supply trace minerals to ensure optimum
growth. Fortunately, unrefined sea salt contains all needed trace
minerals. Unlike most plants, duckweed species tolerate relatively
high concentrations of salts, up to almost the mid-range of brack-
ish water, or about 4000 mg/liter total dissolved solids. An ade-
quate rate of sea salt application for cropping in Bangladesh was
determined empirically to be 9.0 kg/ha/day when used with urea
as the nitrogen source.

Organic wastes As detailed in Section 5 a variety of waste or-
ganic material can supply duckweed with growth nutrients. The
most economical sources are wastewater effluents from homes,
food processing plants, or livestock feedlots. Solid materials, such
as manure from livestock, night soil from villages, or food process-
ing wastes, can also be mixed with water and added to a pond to
approximate the nutrient content of raw wastewater. Wastewater
containing untreated nightsoil should undergo primary treatment
to reduce pathogens. This treatment may consist of a few days te-
tention in an anaerobic pond or longer periods in a facultative pond
environment. These ponds should be designed on a site-specific ba-
sis to optimize their treatment effectiveness.

Fertilizer application Nutrients are absorbed through all
surfaces of duckweed fronds. There are at least three methods of
fertilizer application: broadcasting, dissolving in the water column
of the plot, and spraying a fertilizer solution on the duckweed mat.
Efficient crop management strategy seeks to minimize fertilizer
losses, particularly nitrogen, while also maintaining the pH of the
water in the range of six to eight.

Duckweed can survive across a pH range from five to nine, but

grows best in the 6.5 to 7.5 range. When the pH is below 7.0, ammo-
nia can be kept in its ionized state as ammonium ion. which is the
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Table 1. Daily Fertilizer Application Matrix (kg/ha)
Daily production of fresh plants per hectare
Fertilizer 500 kg 600 kg 700 kg 800 kg 900 kg 1,000 kg
Urea 10.00 12.00 14.00 16.00 18.00 20.00
TSP 2.00 2.40 2.80 3.20 3.60 4.00
Muriated potash 2.00 240 2.80 3.20 3.60 4.00
Sea salt 4.50 5.40 6.30 7.20 8.10 9.00

preferred form of nitrogen for the plants. An alkaline pH shifts the
ammonium-ammonia balance toward the unionized state and results
in the liberation of free ammonia gas, which is toxic to duckweed.

Table 1 gives a fertilizer application schedule developed for
duckweed cultivation in the Mirzapur experimental program in
Bangladesh. Recommended urea application rates, because of am-
monia volatility, are approximately double that of ammonium ni-
trate. Replenishment rates given below are based on existing
production rates. It should not be inferred, however, that high fer-
tilizer application will necessarily generate high duckweed produc-
tion. Production may be constrained by many other factors,
including temperature, pH. and the presence of algae.

Fertilizer to support duckweed cropping in the Mirzapur exper-
imental program in Bangladesh costs about $1,800/ha/year based
on these application rates and 1992 fertilizer prices. (See Annex 1
for a breakdown of costs and returns for duckweed cropping.)

Crop management Duckweed species are robust in terms of
survival, but sensitive in terms of thriving. They can survive and re-
cover from extremes of temperature, nutrient loadings. nutrient
balance, and pH. However, for duckweed to thrive these four fac-
tors need to be balanced and maintained within reasonable limits.

Crop management is concerned with when to fertilize, irrigate,
harvest, and buffer; how much to fertilize and to harvest; and with
which nutrients to supply. Good crop management will maintain a
complete and dense cover of duckweed, low dissolved oxygen, and
mid-range pH. The complete crop cover suppresses algae growth,
which minimizes CO, production from algal respiration and its el-
evating effect on pH.
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A dense crop cover also reduces dissolved oxygen in the wa-
ter column and suppresses nitrifying bacteria. An increase in
anaerobic bacteria enhances the denitrification process and
swings the nitrogen balance further in favor of ammonium over
nitrate. This tends to lower pH as ammonium ions are assimilat-
ed by duckweed. The ability to form a mat over the surface of the
water is one of the competitive advantages of duckweed.

An optimum standing crop density is a complete cover,
which still provides enough space to accommodate rapid growth
of the colony. A base Spirodela stocking density of 600 g/m? of
has been shown, in the Mirzapur experimental program, to yield
daily incremental growth of between 50 to 150 g/m?/day. This is
equivalent to a daily crop production rate of 0.5 to 1.5 tons of
fresh duckweed per hectare.

Containment and wind buffering Crop containment to pre-
vent dispersal by water or wind currents is essential to the suc-
cess of any duckweed cultivation. Crop containment is a
function of three basic factors: wind diffusion, pond size. and
floating barrier grid-size. The larger the pond and the greater the
average wind speed, the smaller the recommended grid-size. The
smaller the floating grid-size. the greater the investment costs.
Higher costs may be justified on retrofitted ponds or deep ponds
with large-scale production.

An efficient design balances the three variables to develop a
least-cost system, which is an improved approximation of the ide-
al natural environment. The duckweed crop should cover the sur-
face of the water completely without significant crowding on the
leeward perimeter of each grid unit. Large diameter bamboos,
contained by vertical bamboo guides. served adequately as grid
barriers in Bangladesh, as shown in figures 7 and 9. Sealed PVC
or polyethylene pipes, similarly guided. will last longer than bam-
boo, but are significantly more expensive. A commercially availa-
ble grid system which can incorporate baffles for flow control has
also been developed. This product is designed to accommodate
efficient mechanical harvesting systems.

Duckweed cropping systems should include terrestrial and

other emergent aquatic plants as collateral crops for two impor-
tant reasons: (1) co-cropping increases overall cropping intensity,
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Figure 9. Co-cropping with terrestrial plants mimics duckweed’s
natural environment and increases cropping intensity

and (2) the co-crop plants buffer against high wind and high tem-
peratures. Bamboo, for example, grows well in a wet environment
and has market value as a structural material. Planted along the
perimeter of a duckweed culture plot, bamboo will diffuse the
wind and filter sunlight during hot. dry weather. When the more
moderate and cloudy monsoon season begins, the bamboo crop
can be thinned to allow more light on the duckweed crop and sold
to increase cash flow. Co-cropping is illustrated in figure 9.
Rooted aquatic crops do not have to be as tall as perimeter
crops to buffer against the wind. There are, therefore, more
options from which to choose for such crops. The leaves of taro are
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good as a green vegetable and the tuber competes favorably with
potato in many countries. Planted about one meter apart in the
water column of duckweed culture plots, the “black taro” variety
shades a portion of the pond surface and benefits from nutrients
in the water column. The “giant swamp taro” is reported to grow
well in brackish water. Other candidate crops such as lentils, ba-
nanas, and squash thrive on the levees because water and nutri-
ent constraints are removed. The choice of co-crops should be
based on local market demand and the relative need for wind and
temperature buffering.
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Figure 10. Collecting duckweed seedstock

16



Seeding duckweed Currently, the only source of duckweed
to begin cultivation is from colonies growing wild, as illustrated in
figure 10. Seed stock should be taken from all available native
species of duckweed growing near the planned farmstead or in the
same region. These species will be well adapted to the local cli-
mate and water chemistry. If duckweed is to be cultivated on sa-
linized soil, then the best place to get seed stock is from a brackish
wetland.

Frequently, two or more duckweed species will be found grow-
ing together in wild colonies. Polyculture increases the range of en-
vironmental conditions within which the crop will grow. Seasonal
variations produce changes in species mix and dominance be-
cause different species have different growth optima. It should be
recognized that seed stock taken from different colonies of the
same species will be slightly different genetically from the others
and are likely to be adapted to a slightly different set of environ-
mental conditions.

The collected duckweed seed stock should be put into con-
tainment plots at a density of 600 to 900 g/ m? (wet weight). The
newly seeded crop may require a week or more to recover from the
shock of handling and may grow slowly, if at all, during this peri-
od. The relatively dense cover will prevent significant algae growth
during the recovery time. Too thin a cover will allow algae to com-
pete for nutrients in the water column.

Stress management The mat of duckweed floating on the
surface of a pond heats up in the sun much faster than the water
column below it. The temperature differential several centimeters
below the mat can be as great as 8° C. As surface temperatures
rise above 33° C at the Mirzapur experimental programs, local va-
rieties of duckweed shows signs of heat stress which, if unre-
lieved, can damage the colony.

There are two basic approaches to relieving heat stress: (1)
passive measures such as shading and self-selection by different
species, and (2) active processes such as pond mixing, addition of
cool water, immersion, and spraying of plants. The passive meth-
ods are significantly more efficient from a financial standpoint
since active methods are more labor intensive. Large overhanging
plants, such as bamboo and banana trees, for example, can
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provide marketable products as well as shade for duckweed dur-
ing periods of intense sunlight, high temperature, and wind.

Crowding reduces crop growth rates and increases the aver-
age age of the frond population, which can weaken the resist-
ance of the colony to attack by predators such as aphids, snails,
or fungi. An aquatic fungus of the genus Pithium is known to at-
tack crowded duckweed colonies. Crowding also lowers the nu-
tritional value of the crop by lowering the average protein
content and increasing the proportion of fiber and ash. Control
of crowding by regular harvesting is essential to maintaining the
health of the colony and the quality of the harvested product.

Unicellular algae are the primary competitors of duckweed
for nutrients and are among the few plants that will grow faster.
One of the essential crop management techniques is to maintain
a sufficiently dense crop cover to suppress algae by cutting off
light penetration into the water column. Algae dominance will
result in a swing toward high pH and production of free ammo-
nia, which is toxic to duckweed. While precise mechanisms are
not known, there is evidence to suggest that species of micro-
scopic algae may also reduce duckweed growth by inhibiting nu-
trient uptake.

Harvesting The standing crop density, or the weight of
fresh plant biomass per square meter, will determine the
amount and timing of harvests. The current standing crop den-
sity is compared to a “base” density in order to calculate the
amount to be harvested. As the standing crop’s density increas-
es, crowding begins to inhibit the doubling rate of the colony.
However. higher standing crop density is positively related to
absolute biomass productivity. This is due to the fact that more
fronds will produce more biomass even if each individual frond
experiences a slightly longer doubling time. The positive correla-
tion between crop density and total crop production peaks at
some “optimal” density and gradually declines as increasing
density inhibits cloning. Clearly, optimal standing crop densi-
ties will be site-specific and will need to be defined in detail
through practical experience.

Measurement of standing crop density is done with a cali-
brated, fine mesh screen of 0.25 m? that is used to lift a section
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Figure 11. Growth in excess of the optimal stocking density
should be harvested regularly to promote rapid growth

of the duckweed mat growing on the culture plot. The procedure
is to gently slide the screen beneath the surface and to pick up
exactly the amount of duckweed above the screen, shake it gently
to drain excess water, and weigh the fresh plants, as illustrated
in figure 11. The standing crop density per square meter for that
plot can then be estimated at four times the weight recorded.

Daily harvesting of the incremental growth of the duckweed
plot—averaging approximately 100 g/m?/day—is recommend-
ed, not only to achieve the best production rate, but to maintain
a healthy standing crop. Harvesting can be mechanized or done
by hand with a dip net, as illustrated in figure 12.

Fresh duckweed plants contain 92 to 94 percent water and
can be stored temporarily in a cool, wet place, such as a small
tank or pool. The fresh material will begin to ferment in high
temperatures after a few hours, but will keep for several days, if
kept cool and damp.

Duckweed dried to a whole meal with a residual moisture
content of 10 percent can be stored without deterioration for at
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least five years without special precautions, if protected from
sunlight and changes in humidity. Exposure to direct sunlight
will degrade the pigments and, therefore, the overall nutritional
value, but not the protein. Sealable, opaque plastic bags are rec-
ommended for long-term storage. Protection from humidity, in-
sects, and vermin in an opaque, sealable plastic bag is
recommended as for any feedstuff. (See figure 13.) Passive solar
drying, spreading the fresh material on the bare ground, or on a
grassy pasture, is the simplest form of post-harvest processing.
However. exposure of fresh duckweed to the sun’s ultraviolet
light degrades beta carotene and other pigments, and reduces
their concentrations. Pigment losses of about one-third to one-
half may be expected after two days in the sun.

Dried duckweed is a light, fluffy material whose density must
be greatly increased to be handled efficiently and transported at af-
fordable cost. The dried whole meal can be pelletized in standard
commercial equipment without the need of a binder.

Figure 12. Harvesting by skimming with a dip net
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Figurel3. Drying duckweed in the sun and bagging dried
meal in opaque plastic bags
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Section 3 - Duckweed-Fed
Fish Production

Introduction Carp species are the most widely cultivated fam-
ily of freshwater fish. Their tolerance of wide differences in pond
temperature and chemistry, their ease of management, and their
high growth rates have made them a favorite of fishery development
programs worldwide. Several Chinese and Indian carp varieties are
illustrated in figure 14.

Carp production is a function of three basic variables: (1) avail-
ability of food, {2) fish seed stock, and (3) oxygen. Carp production
can be enormous when constraints on all three variables are lifted
simultaneously. Cage fish production in fast-moving and, there-
fore, oxygen-saturated wastewater streams in Indonesia can sup-
port several times the density of fish compared to still ponds. In
ponds where artificial aeration cannot be supplied, efficient culture
techniques realize up to 8 metric tons/ha/year.

Figure 14. Chinese and Indian carp species
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Polyculture increases the efficiency of carp production by
maintaining top-feeding, mid-feeding, and bottom-feeding carp
species in the same pond to extend productivity throughout all
three zones. Carp polyculture is designed to make maximum use of
all available oxygen and available nutrients.

Importance of oxygen Efficient use of available oxygen is a
key to maximum carp production. It supports the fish and their
food, and it supports the denaturing of toxins, such as ammonia,
which can limit productivity. Even brief periods of anoxia can be
disastrous to the fish crop in a pond that has slipped out of control.
Even without fish kills, frequent oxygen deprivation leaves fish
weakened and susceptible to disease.

The traditional model of carp polyculture is conceptually ele-
gant. and a great deal is known about the nutritional value of sup-
plementary inputs. However, to achieve the highest productivity
from a carp pond still involves a high degree of art. High production
with current techniques requires a delicate and precarious balanc-
ing act between fish density, feed, fertilizer inputs, and the amount
of dissolved oxygen in the pond.

More efficient culture of top-feeders Another limitation of
existing carp polyculture methodology has been underutilization of
plant-eating top-feeders that have the highest production rates
among all carp species. Since current approaches to carp polycul-
ture focus on the use of plant material that is scavenged and of
marginal economic utility, the problem has been both plant selec-
tion and availability. Grass carp consume plant material so rapidly
that available wild stocks of nutritious, fresh material are quickly
depleted in the pond if stocking rates exceed 3 to 4 percent. Duck-
weed farming has the effect of creating a parallel industry to pro-
duce nutritious green fodder for top-feeding carp and other fish
varieties that feed on these nutritious plants.

Review of conventional carp polyculture The Chinese are
credited with developing carp polyculture, a methodology which
evolved from the observation that the three-dimensional space in a
fish pond contains several discrete feeding zones, only a few of
which are accessible by any single fish species. Noting that carp are
selective in their feeding habits led the Chinese to the practice of
combining species with complementary feeding habits to take ad-
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vantage of all the feeding zones and the diversity of natural sources
of fish food in the pond.

Chinese carp polyculture recommends the use of at least four
species of carp: a green plant feeder which feeds at the surface; two
middle-feeders, one for zooplankton and a second for phytoplank-
ton; and one bottom-feeding omnivore. The art of a Chinese carp
polyculture has been to balance species to prevent overpopulation
in feeding zones and the loss of productivity from competition. Mid-
dle-feeding plankton-eaters are usually the largest fraction of the
species mix, accounting for up to 85 percent in some systems.

Fertilization In conventional carp polyculture fertilization is
the primary mechanism for feeding fish. Solid food is put into the
pond to sustain the grass carp. Fertilization takes several forms: di-
rect application of inorganic fertilizers; direct application of manure
and compost, and the indirect fertilization effects of fish fecal matter.

Fertilization stimulates growth of phytoplankton which is, in
turn, consumed by filter-feeding carp. These fish. therefore, can
feed more and grow faster as long as pond oxygen is high. Over-fer-
tilization can, however, quickly destabilize a pond by depletion of
oxygen due to: (1) high densities of phytoplankton which respire at
night and use up oxygen; (2} high densities of fish which respire at
all times, and (3) aerobic bacterial metabolism of excess organic ma-
terial and mineral fertilizers in the pond which also uses up oxygen.

Heavy blooms of phytoplankton may also result in a net pro-
ductivity loss by shading the pond bottom and effectively shutting
down that zone. Photosynthetic activity ceases, temperature gradi-
ents are exaggerated, mixing slows, and the zone becomes increas-
ingly anoxic.

Compost and manures, as well as commercial fertilizers, are
acceptable inputs to carp polyculture. The correct type and quan-
tity of fertilizer to apply depends on pond chemistry as well as on
fish density, and these requirements vary seasonally and with lo-
cality. Managing pond fertility consists of estimating how much a
given amount of fertilizer will contribute to overall biochemical
oxygen demand (BOD) in addition to the BOD contribution of fish
and feed wastes.
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Supplementary feeding Nutritious solid feed costs more than
fertilizer, manures, or compost, and is typically less available. Di-
rect feeding of fish is considered supplementary in the conventional
carp polyculture model because higher fish densities can be main-
tained through supplementary feeding. Such feed is usually high in
carbohydrate because natural food is high in protein and because
carbohydrate is less expensive than protein.

Fish farmers must adjust feed inputs in response to key envi-
ronmental variables. Fish feed consumption varies with fish size
and water temperature. Carp may not feed at all during the coldest
months, but in the summer can eat as much as their own weight
daily and even waste food. Uneaten or poorly digested feed results
not only in lost productivity, but also contributes to oxygen deple-
tion. Several light feedings daily are, therefore, preferred to one
large feeding.

Feeds are usually blended from a variety of vegetable and ani-
mal products. Fish grow best on a balanced diet with a balanced
amino acid profile. The protein constituent of feed is usually de-
rived from a variety of sources. Pelleted feeds for fish simplify feed
management but typically add significantly to operating costs.

Production constraints Intensification of pond fish culture
requires an increase in the density of fish in the pond, provision of
more food to sustain them, and better utilization of available dis-
solved oxygen. A typical semi-intensive system may rely on high-
quality manure and supplementary feeding, but will not have me-
chanical aeration.

Intensification of production demands more capital and labor,
and significantly more sophisticated management skills to handle
increasingly restrictive production constraints. The farmer must
acquire needed inputs in a timely manner. These include the right
species mix of fingerlings, pre-mixed pelleted feeds, sufficient ferti-
lizers of the right type, and technical assistance.

Most farmers do not maintain all the ingredients needed to
prepare a complete feed on-site or the equipment to blend and
pellet it. They must, therefore, have guaranteed primary and
alternative market sources at all times, which is not a simple
management activity.
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In an intensified production system the fish compete for an in-
creasingly uncertain oxygen supply with other fish and with the
other sources of oxygen demand already described. The chief con-
cern of the fish farmer is management of risk associated with the
pond’s oxygen budget: the risks of disease, of depressed growth,
and of fish kills.

Typical carp yields in Asia A well managed, semi-intensive
carp polyculture farm in Asia produces between 2 and 8 metric
tons/ha/year. Carp production in Bangladesh averages approxi-
mately 50 kg/ha/year for all fished inland ponds. Traditional pond
fisheries average 500 kg/ha/year while improved fisheries, practic-
ing some variation of carp polyculture, show average annual yields
of approximately 2.5 metric tons/ha/year. Aeration is needed to
exceed the best yields, but is generally beyond the means of most
carp producers.

Duckweed-fed carp polyculture

Practical objectives The fish production methodology dis-
cussed in this study extends carp polyculture by: (1) making more
efficient use of top-feeding carp varieties that live in the more
highly oxygen-saturated surface zone of ponds; (2} making more
efficient use of bottom-feeders to extract marginal nutrients from
fish fecal matter before they can contribute to pond BOD; and (3)
simplifying pond management to a single input—duckweed. a
floating biomass feed.

A duckweed-fed fish pond appears to provide a complete, bal-
anced diet for those carp that consume it directly, while the feces
of duckweed-feeding species, consumed directly by detritus feed-
ers, or indirectly through fertilization of plankton and other natural
food organisms, provide adequate food for remaining bottom and
mid-feeding carp varieties.

Early results suggest that the duckweed carp polyculture
methodology permits increases in carp polyculture production to
between 10 and 15 metric tons/ha/year in non-aerated ponds,
and it also increases the financial and economic viability of the
production system.

26



Logic of duckweed-fed carp polyculture The logic which led
to experiments with duckweed-fed carp polyculture at the Mirzapur
experimental site in Bangladesh was as follows:

+ If the nutrients could be distributed properly among a mix
of carp species, then duckweed could be a complete nutritional
package for the polyculture.

» If a high percentage of organic nutrients entering the pond
could be converted to fish flesh before they contribute to biochem-
ical oxygen demand, then pond water quality would be better and
greater fish densities could be supported.

¢ If duckweed were a complete nutrient package for the
polyculture, then fertilizer and other feed inputs could be elimi-
nated. simplifying management of the nutrition of the polycul-
ture.

¢ Ifthe first three assumptions were validated, then fish farm-
ers could secure local supplies of complete fish feed through the
farming of duckweed.

Basic hypotheses about duckweed-fed carp polyculture
The departure from conventional polyculture methodology is
exemplified by the switch from fertilizer to feed as the primary in-
put. This would appear to contradict the traditional logic which
suggests that:

FERTILIZER oy pp -> PLANKTONgggy, -> FISH

is more efficient with respect to inputs than:

DUCKWEEDyggp, -> FISH

which would indeed be the case, if there were no oxygen con-
straint. Considering oxygen as a constraint, however, it is useful to
extend the model as follows:

[OXYGEN 4y, 7] FERTILIZER o001 -> 