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Chapter I.  INTRODUCTION 
a).  Duckweed Botany
Duckweeds belong to the monocotyledon family Lemnaceae, a family of floating, aquatic plants.  This family consists of four genera with at least 40 species identified as of 1997 (Les et al., 1997). Duckweeds are among the smallest and simplest flowering plants, consisting of an ovoid frond a few millimeters in diameter and a short root usually less than 1 cm long (Figure 1). The frond represents a fusion of leaves and stems. It represents the maximum reduction of an entire vascular plant (Armstrong, 1997).  Some species of the genus Wolffia are only 2 mm or less in diameter, other Lemna spp. have frond diameters of about 5 to 8 mm.  The largest species of Lemnaceae has fronds measuring up to 20 mm in diameter (Spirodela sp.). The minute flowers are rarely found in most species. Under adverse conditions such as low temperatures or desiccation, modified fronds called turions appear which sink to the bottom of the water body. These turions can resurface at the onset of favorable conditions of light, moisture and temperature to start new generations of duckweed plants (Hillman, 1961; Perry, 1968).

Because flowering in Lemnaceae is rare, reproduction normally occurs by budding from mature fronds. The tolerance of Lemnaceae fronds and turions to desiccation allows a wide dispersal of Lemnaceae species.  This low level of gene flow and infrequent sexual reproduction has produced substantial levels of genetic divergence among populations, despite an absence of morphological differentiation (Cole and Voskuil, 1996). However, asexual reproduction in Lemnaceae allows for rapid reproduction in this family. Occasionally extreme weather events, such as unusually high summer temperatures 

Figure 1. --Three genera of duckweed: Spirodela (the largest frond), Wolffia (the smallest), and Lemna (intermediate in size) (copyright Gerald D. Carr, Dept. of Botany, University of Hawaii).

can cause mass flowering (Bramley, 1996). Usually flowering has to be induced with

plant hormones or photoperiod manipulation (Cleland and Tanaka, 1979). All Lemnaceae flowers are minute and barely discernable without magnification (Landolt, 1986).

Duckweeds are among the fastest growing aquatic angiosperms in the world, frequently doubling their biomass under optimum conditions in two days or less (Culley et al., 1981). Based on growth rates recorded in the literature, duckweeds can grow at least twice as fast as other higher plants  (Hillman, 1978).  Depending on the genus, duckweed daughter fronds are produced vegetatively in pairs (Lemna and Spirodela) or as a daughter frond from the basal end of the mother frond (Wolffia). Each daughter frond repeats the budding history of its clonal parents, resulting in exponential growth (Armstrong, 1997). Lemna, Spirodela and Wolffia, three important genera of Lemnaceae, are all subject to self-shading (intra-specific competition) and  reach a steady state condition where frond death equals frond multiplication. Hence Lemnaceae is subject to density-dependent growth (Ikusima, 1955; Ikusima et al., 1955). Once essential nutrients are depleted or waste products build up the growth rate declines.

When duckweed was cultured in axenic (sterile) conditions using chemically defined media under artificial lights, growth rates were recorded that far exceeded growth rates measured under natural conditions (Hillman, 1961).  Excessively high  light levels, nutrient shortages and the presence of herbivores, parasites and commensals antagonistic to duckweed populations greatly reduce the growth rates of duckweeds in natural environments.  Duckweed growing in wastewater treatment plants, however, is under less pressure from herbivores because the high ammonia and low dissolved oxygen levels prevalent in wastewater may exclude potential grazers such as fish and turtles. Wastewater environments also have abundant supplies of nitrogen and phosphorus as compared to natural aquatic environments.

Duckweed populations are limited mostly by light, nutrients, and temperature  (Hillman, 1961).  Duckweed populations can grow very densely in nutrient-rich environments, so much so that layers of fronds grow one on top of another to form a mat that can be up to 6 cm thick. This thick mat creates an anaerobic environment in the water body on which this mat floats, thus promoting anaerobic digestion and denitrfication of wastewater. Since duckweed floats freely on water surfaces, strong winds can sweep fronds from the water surface. When Lemna is grown in wastewater treatment ponds the floating mat of  fronds  is held in place by  partitions and baffles that  prevent wind from blowing fronds off the surface of the treatment pond. These partitions and baffles are usually made of polyethylene in industrialized countries but may be made of bamboo or other natural materials in developing countries.

b).  Ecological Importance of Duckweed

The genera Lemna, Spirodela and Wolffia of the family Lemnaceae play an important ecological role in lakes, ponds and wetlands. They often are an important source of food for waterfowl (Krull, 1970) and aquatic invertebrates.  The outer margins of duckweed fronds (phyllosphere) support dense populations of diatoms, green algae, rotifers, and bacteria (Coler and Gunner, 1969). Associated with this epiphytic community are an assortment of insects, including beetles, flies, weevils, aphids, and water striders (Scotland, 1940). Some of these insects may become abundant enough to affect the duckweed population. Together with the frond biomass this microfauna enhances the nutritive value of duckweed to grazing animals such as ducks, geese, nutria, turtles, coots, and snails  all  of which have been recorded as feeding on duckweed.

The presence of duckweed in an aquatic environment has both direct and indirect effects on that environment. When duckweed is abundant enough to completely cover a pond, ditch, or canal, this layer of opaque fronds can shade out rooted aquatic macrophytes  (Janes et al. 1996) as well as reduce phytoplankton abundance.  In eutrophic environments such as the polders of Holland, Lemna sp. can form a climax community that prevents Chara sp. and submerged macrophytes from getting established (Portielje and Roijackers, 1994).    Equally  important, a complete cover of duckweed on the water surface can lead to the creation of an anaerobic environment in the water column, which in turn can make that water body inhospitable to fish and aquatic insects (Pokorny and Rejmankova, 1983).  

The presence of duckweed can contribute to the organic matter present in a water body. Layers of Lemna minor L. excrete amino-acids and humic substances into the aquatic environment which can provide nutrients to other organisms such as bacteria, epiphytic algae and indirectly to snails, springtails,  isopods (Asellus sp.) and other microdetrivores (Thomas and Eaton, 1996). Dead and dying duckweed fronds fall to the bottom of the water column where their decay contributes organic matter, nitrogen, phosphorus, and other minerals to the benthos (Laube and Wohler, 1973). In addition cyanobacteria residing in the phyllosphere of duckweed fronds can fix atmospheric nitrogen, providing a nitrogen input in oligotrophic environments (Tran and Tiedje, 1985).  This can be an important source of nutrients in aquatic environments.

Due to its ease of culture and worldwide distribution, a tremendous literature exists on duckweed ecology, physiology, production and systematics. Landolt and Kandeler’s  two monographs on Lemnaceae are the most comprehensive works on Lemnaceae and list virtually all published works up to 1986 (Landolt, 1986;  Landolt and Kandeler, 1987).

Chapter II.   PRACTICAL APPLICATIONS OF DUCKWEED

a). As a new source of livestock feed

The value of duckweed as a source of feed for fish and poultry has been promoted by the World Bank, especially in developing countries (Skillicorn et al., 1993). Research at Louisiana State University demonstrated the value of using dried duckweed fronds as a feed source for dairy cattle and poultry (Culley et al., 1981).  Recent research at Texas Tech University has shown that duckweed species have potential as a feed ingredient for cattle, sheep, and pigs (Johnson, 1998; Moss, 1999).   Duckweed also has potential as a feed ingredient in fish farming (Gaigher et al., 1984). 

A great deal of work has been done on the nutritional value of species of Lemnaceae, especially Lemna, Spirodela and Wolffia.  Duckweed has been fed to pigs, cattle, sheep, chickens, ducks, and fish and can substitute for soybean meal in animal feed rations (Robinette et al., 1980; Haustein et al., 1994; Moss, 1999; Johnson, 1999). Wolffia arrhiza  is collected for human food in Thailand and Laos and is sold at local markets in these countries  (Bhanthumnavin and McGarry, 1971).  Its amino acid composition is more like that of animal protein than plant protein having a high lysine and methionine content, two amino acids normally deficient in plant products (Dewanji, 1993).  Finally, dried duckweed can provide vitamins, minerals, and pigments such as beta carotene in livestock diets, reducing the need to add these compounds to rations and thus saving the feed producer money.

Mature poultry can utilize dried duckweed as a partial substitute for vegetable protein such as soybean meal in cereal grain based diets (Islam et al., 1997).  Diets formulated for pigs can substitute duckweed  for soybean meal (Leng et al., 1995).  Duckweed used at a level of up to 15% in broiler diets can represent an important alternative source of protein for poultry feeds in countries where soybean or fish meal is unavailable (Haustein, 1994). When dried duckweed (Lemna spp) was fed to crossbred meat ducks as a substitute for soybean meal there was no significant difference in the carcass traits between treatments (Bui et al., 1995).

Duckweed has been ensiled with other feed crops such as corn or cassava leaves to produce an alternative diet for pigs raised on small farms in Vietnam (Du, 1998).  The  addition of duckweed (Spirodela sp.) to  corn significantly increased both the pre-ensiled and the post-ensiled protein content of the silage  (Eversull, 1982).  Fresh and decomposed duckweed (Spirodela sp.) have been used as detritus-based feed sources for the Australian crayfish, Cherax quadricarinatus  (Fletcher and Warburton, 1997).

Perhaps the most promising use of duckweed is as a feed for pond fish such as carp and tilapia. Ponds for duckweed production can be located next to fish culture ponds, eliminating the need for expensive drying to produce a dried feed. Nile tilapia and a polyculture of Chinese carps fed readily on fresh duckweed added to their ponds and the nutritional requirements of these cultured fish appear to be completely met by duckweed (Skillicorn et al., 1993). Wolffia arrhiza L. alone supported the growth of two species of Indian carp and four species of Chinese carp as well as one species of barb Puntius javanicus (Bikr.) (Naskar, 1986). The herbivorous grass carp (Aristichthys idella) digests duckweed species such as Lemna and Wolffia quite well and it could by itself support production of this fish (Cassani et al., 1982; Van Dyke and Sutton, 1977).  Duckweed has also been tested as a component in the diet of catfish (Robinette et al., 1980) and tilapia (Hassan and Edwards 1992;   Fasakin et al., 1999) where it was also able to substitute for soybean meal.  A system for combining duckweed and fish culture was developed in Bangladesh for use by small farmers in developing countries by the non-governmental organization PRISM (Skillicorn et al., 1993). This system could sustain a dry-weight production in excess of 20-35 metric tons per hectare per year, a production rate that is 6 to 10 times that of soybean production  (Skillicorn et al. 1993).  Hence, duckweed can become a competitive source of plant protein, especially in tropical countries.

b). As an alternative means of wastewater treatment

Considerable work was done in the 1970's and 1980's on the use of duckweed genera, especially Lemna, as a means of treating wastewater of both agricultural and domestic origin.    As part of a facultative treatment system, duckweed can cover treatment ponds and reduce the growth of algae in these ponds as well as reduce nitrogen in the effluent from these ponds through ammonia uptake and denitrification (Alaerts et al., 1996; Hammouda et al., 1995).   Duckweed  can also be part of constructed wetland systems, either as a component of a wetland receiving wastewater or as plants that polish nutrients from wetland-treated effluents (Ancell, 1998).

Harvesting wastewater-grown duckweed helps to remove surplus nutrients, which might otherwise be released into aquatic environments by wastewater treatment plants (Harvey and Fox, 1973; Oron et al., 1988). Duckweeds, like other plants, take up nutrients from their surrounding environment. This ability has been exploited to remove surplus nutrients from effluents in wastewater treatment systems   (Harvey and Fox, 1973).  The growing plants can then be harvested to remove surplus nitrogen and phosphorus.  Duckweed mixtures can remove nutrients from stormwater ponds. A monoculture of L. minor consistently removed a large amount of ammonia from stormwater while a mixture of L. minor and Spirodela polyrhiza removed the largest amount of phosphorus from stormwater in 8 weeks (Perniel et al., 1998). Recently, Drenner et al. (1997) have described a system for culturing periphyton on eutrophic effluents and raising fish that graze on this wastewater-grown periphyton. In this way, surplus nutrients are concentrated in fish flesh. A similar system could be designed using duckweed as the nutrient-stripping plant (van der Steen et al., 1998). 

Duckweed systems can remove 50 to 60% of major pollutants from  domestic wastewater.  Furthermore duckweed systems evaporate 20% less water compared to other open water wastewater treatment systems (Oron et al., 1986). The reduced evaporation of duckweed-covered surfaces in wastewater treatment is an asset in arid climates.


Guidelines for the use of duckweed to remove ammonia and phosphorus from effluent from an algae culture system were given by Koles et al. (1987). Researchers at the Politecnico di Milano, Italy, have developed models for duckweed-based wastewater treatment plants (Boniardi et al., 1994; Rota et al., 1995). These models will greatly assist in the design and management of duckweed-based wastewater treatment systems. Duckweed-based treatment systems have their limitations. They require large areas of land that may not be available near urban areas. In  temperate  climates duckweed growth slows in the winter. This may restrict the use of such treatment systems in cooler climates. Duckweed-based treatment systems may be most useful in treating secondary effluents from small communities where land costs are low (Bonomo et al., 1997).

Research was conducted at Texas Tech University to utilize duckweed species as part of a system for recycling cattle wastes from feedlots.  Duckweed growing in a series of ponds receiving wastewater from a cattle feedlot concentrated nitrogen, phosphorus and other elements,  both purifying this wastewater and providing an ingredient for cattle feed.  Since the protein content of duckweed was found to be almost as high as that of soybean meal, duckweed production provided both a means of water purification and a source of livestock feed as well  (Allen, 1997; Johnson, 1998; Moss, 1999).

c).  As a means of removing heavy metals from wastewater 

Spirodela polyrrhiza was found to have a large capability for the uptake and accumulation of heavy metals, surpassing that of algae and other angiosperms. For example the zinc concentration in frond tissue  was 2700 times higher than that of its medium (Sharma and Gaur, 1995). Under experimental conditions L. minor proved to be a good accumulator of cadmium, selenium, and  copper and a moderately good accumulator of chromium. The growth rates and ease of harvest make duckweed species useful for phytoremediation of certain heavy elements (Zayed et al., 1998). Duckweed can therefore prove useful in treating effluents from mining operations.

d).    As an inexpensive and accurate way of toxicity testing 

Due to its small size and ease of growth, duckweed species make ideal organisms for toxicity testing (Lakatos et al., 1993).  Duckweed species offer many advantages for the testing of toxic compounds. Duckweed fronds assimilate chemicals directly from their aquatic media into their leaf tissue, allowing for toxicant application in a controlled manner. The growth assay for toxicant assessment is rapid and can be performed without special equipment by counting leaves. Since Lemna and Spirodela are inexpensive to maintain and the fronds are small, multiple treatments are easy to do simultaneously (Greenberg et al., 1992). Duckweed species have been used to test the toxicity of oils (King and Coley, 1985), herbicides (Nitschke et al., 1999), phenol (Barber et al., 1995), and polycyclic aromatic hydrocarbons (Huang et al., 1992) among other toxicants.

A new company in Germany has devised a Lemna toxicity test that has been approved by the European Commission  (LemnaTec, 1999) and the use of duckweed for toxicity testing is mentioned in Standard Methods (1995). Duckweed can be used in both static and the dynamic test procedures (Davis, 1981; Wang, 1990; Taraldsen and Norberg-King, 1990). 

e) Miscellaneous uses
The ease and convenience of culturing duckweed species under both natural and artificial lights makes this species an ideal teaching tool, both at the university and primary school level. An example of an experiment using duckweed that can be performed by elementary school students was published in the Journal of Biological Education by a Japanese teacher and two research workers (Kawakami et al., 1997). Since duckweed is so quick and easy to grow, students can learn how to study concepts  of exponential growth, heavy metal toxicity, photosynthesis, and asexual reproduction. The effect of environmental variables like light and temperature can also be studied using duckweed (Robinson, 1988).

An allelopathic effect of duckweed on mosquito larvae may have public health significance. Extracts of L. minor caused significant mortality in the larvae of Aedes aegypti L., a known vector of human diseases such as malaria.   The presence of L. minor interfered with egg oviposition by Culex pipiens pipiens L. and was lethal to C. p. pipiens  larvae at the first instar stage (Eid et al., 1992). Duckweed may provide a source of mosquito anti-larval compounds that could have commercial significance.

Another miscellaneous use for duckweed is as fertilizer. In developing countries like India and Bangladesh where fertilizer is scarce and expensive for the small farmer,  duckweed collected from local ponds and wetlands can provide a cheap and effective fertilizer for rice and other crops (Ahmad et al., 1990). It also makes an excellent compost and much of the duckweed harvested from Louisiana wastewater treatment ponds is used for this purpose. The chinampa system in Mexico produced fertile soil for corn cultivation, which was partly based on the cultivation of duckweed and other aquatic plants. Finally a new use for duckweed biomass as a cell-structured support material has emerged as a new technology for yeast fermentation. Wolffia arrhiza biomass was extracted with ethanol and loaded with yeast cells. This yeast-impregnated W. arrhiza was placed in a semicontinuous fluid-bed fermenter for the production of beer (Richter et al., 1995). New uses for duckweed species will doubtless arise as more researchers learn to appreciate the versatility and potential of Lemnaceae.

Chapter III.    ECOLOGY AND COMPOSITION OF DUCKWEED FROM LEMNA TECHNOLOGIES  WASTEWATER  TREATMENT PONDS 

a). Ecology of the duckweed layer

When I first visited a wastewater treatment plant that used duckweed as part of the treatment process in September 1995, there was an abundance and diversity of plant and animal life there.   A list of the biota that I  collected from the municipal wastewater  treatment  plants at Sunset, St. Martinville, and Broussard, Louisiana, is given in Table 1. From March 1997 to December 1999 the most abundant plants found in the layer of floating aquatic plants were species of Lemna and to a lesser extent Wolffia. Occasionally Azolla 

species were very abundant, as happened during the late winter and early spring of 1998. However, Azolla was not present in the winter or spring of 1999.  The genera Lemna and Wolffia comprise the primary components of the duckweed layer in Louisiana wastewater treatment ponds, with Azolla and occasionally Limnobium also present in this layer (Table 1).  The dominant species in these treatment ponds are L. obscura and W. globosa. These two species can coexist for extended periods of time in the duckweed layer of Lemna Technologies (2445 Park Avenue, Minneapolis, Minnesota) wastewater treatment ponds in Louisiana.

b).    Duckweed species composition from St. Martinsville and Sunset municipal wastewater treatment ponds

Although I also collected biota from the treatment plant in Broussard, I decided to focus my research on the municipal wastewater treatment ponds in Sunset and St. Martinville, Louisiana, (both plants were designed by Lemna Technologies). These plants were built in the mid-1990’s.  From March 1997 to December 1997, bimonthly samples were taken of the duckweed growing in both of these plants. These samples were taken to determine the species composition of the duckweed present, along with other floating aquatic plants that might be present in this layer. The duckweed layer plays an essential role in the Lemna treatment process by creating an anaerobic layer under which denitrification of the wastewater can take place. Furthermore, nitrogen is removed from the wastewater when the duckweed is harvested. Each time that I sampled the duckweed layers of these two treatment plants I counted the number of fronds of Lemna  and Wolffia spp. along with the amount of Azolla present, and  recorded the presence of other floating macrophytes such as Limnobium.  In more than 2.5 years of sampling the Sunset and St. Martinville plants, I observed only three genera of floating aquatic plants: Lemna, Wolffia and Azolla.  Dr. Elias Landolt of the Geobotanical Institute in  Zurich, Switzerland, identified the duckweed samples that I collected from both the Louisiana treatment ponds  and from the Texas Tech greenhouse  as Lemna obscura and Wolffia globosa.

The biomass of Lemna obscura and Wolffia globosa fronds present in the duckweed  layers of the two wastewater treatment plants at Sunset and St. Martinville, Louisiana, were compared from February 1998 to December 1999 (Figures 2 and 3).  During the summer of 1999 there was a peak in W. globosa abundance in both the Sunset and St. Martinville plants . Cloudy weather conditions in Louisiana during this period may account for the bloom in W. globosa.  During the winter of 1998-1999,  Azolla was also very abundant. Although the absolute numbers of Azolla leaves was small compared to Lemna, the Azolla leaves weigh at least 16 times more than a Lemna frond, so the individual leaf weight of Azolla was much larger than that of Lemna (Table 2).   The fresh weights of  L. obscura and S. punctata were determined by counting individual fronds and multiplying by the mean weight per frond (n= 40 for L. obscura, n=63 for S. punctata) while that of W. globosa was determined by weighing one gram samples and counting the number of W. globosa fronds in randomly selected subsamples. Azolla caroliniana is a clonal plant that grows in the form of ramets, or leaves of variable size. The mean weight of A. caroliniana ramets was determined by averaging the weight of 12 freshly collected ramets. 

c).
Protein content of duckweed from treatment ponds
It is normal practice during the warmer months to harvest the duckweed layer  of  Lemna Technologies-designed treatment plants. In the United States the duckweed is composted and used as fertilizer on lawns and non-edible crops. Because the wastewater grown duckweed has a high protein content, a real potential exists to feed this plant to livestock. Wastewater-grown duckweed is presently being fed to cattle in Bangladesh and to domestic ducks in Vietnam.  The crude protein content of the duckweed mixtures from the wastewater treatment plants was determined by the use of Kjeldahl analysis of dried duckweed samples (Moss, 1999).  In St. Martinville and Sunset the protein content of the dried biomass varied between 17 and 28% (Figure 4), a percentage that compares well with that of soybean meal (40%) and alfalfa meal (18%) (Skillicorn et al., 1993).  At the present time duckweed harvested from the St. Martinville treatment plants is composted for use as crop fertilizer. Since this duckweed was produced in a wastewater treatment plant, federal regulations classify it as a biosolid (sewage sludge) and discourage its use as livestock feed. 
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Catfish
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punctatus

Bluegill
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Lepomis 

macrochirus
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no
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Pimephales 

promelas

Koi carp

yes

yes

Cyprinus 

carpio

Tilapia

yes

yes

Oreochromis 

aurea

Molly

yes

yes

Poecilia 

velifera

Table 23. Results from fish palatability experiment

.


Chapter IV.
DUCKWEED AND INORGANIC FERTILIZERS

            a).
Duckweed growth experiments on inorganic media 

Methods

To  understand better the growth response of duckweed, I cultured Lemna obscura and Spirodela punctata on inorganic media in a greenhouse on the campus of The University of Louisiana at Lafayette and in a growth chamber located at the National Wetlands Research Center (NWRC) of the U.S. Geological Survey, Biological Resources Division, in Lafayette, Louisiana. In these experiments rubber tubs with a surface area of approximately 111-cm2 were filled with tap water and fertilized with Peter’s Professional Water-Soluble Fertilizer (The Scotts Co., 14111 Scottslawn Road, Marysville, OH 43041). This fertilizer has a nitrogen content of 20% by weight. Eight rubber tubs were filled with six liters of tapwater-fertilizer mixture.  Using the recommended dosage of 2.835 g fertilizer

(0.75 g/L) per gallon solution I prepared a stock solution with a total nitrogen concentration of 150 mg/L TN.  The medium in each tub was mixed separately by adding 600 ml stock fertilizer solution to 5.4 liters of tap water per tub.  Each tub then contained 90 mg N. Approximately 1 g of L. gibba or Spirodela punctata was stocked in each tub on October 21, 1997, with a total of four tubs (replicates) for both duckweed species. The L. obscura was collected from the Sunset treatment plant while the Spirodela was collected from Lake Martin, St. Martinville Parish, Louisiana. The two duckweed species were weighed every 5 or 6 days and then placed back into a tub filled with fresh medium.  The biomass increase was measured throughout the course of the experiment , which lasted from October to December 1997.

Table 2.----Individual leaf weight (frond or ramet) and occurrence of three species 

of duckweed along with Azolla caroliniana collected in South Louisiana from wastewater treatment ponds.  All weights are of wet, fresh plant material.

______________________________________________________________________

	Species
	Biomass 
	Occurrence


_______________________________________________________________________

	Lemna obscura

Frond weight
	0.00043g

n = 40
	St. Martinville, Broussard,

Sunset,

	Spirodela punctata

Frond weight
	0.00160g

n = 63
	Lake Martin

	Wolffia globosa

Frond weight
	0.00119g

n ( 1934


	St. Martinville, Broussard,

Sunset,

	Azolla caroliniana

Ramet weight
	0.07074g

n = 12
	St. Martinville, Sunset




________________________________________________________________________

Figure 2.---Proportion of  Lemna and Wolffia biomass in the Sunset Wastewater Treatment Plant from February 1998 to December 1999.  
Figure 3.--- Proportion of  Lemna and Wolffia biomass in the St. Martinville Wastewater Treatment Plant from February 1998 to December 1999.  
Figure 4.---Protein content of duckweed mixtures from Louisiana Lemna Technology treatment ponds. 
Another series of experiments was carried out in a growth chamber in the National Wetlands Research Center in Lafayette, Louisiana. This chamber was programmed for 18 hours light and 6 hours darkness with the daytime temperature of 20o C and a dark temperature of 5o C. Approximately 3.9 mg of L. obscura and 19 mg S. punctata were weighed and stocked in seven separate 8-cm wide glass dishes. This resulted in seven replicate dishes for both L. obscura and S. punctata.  Each dish was filled with 100 ml of Hoagland’s medium (Table 3) and covered with a transparent petri dish. The Hoagland’s medium had a concentration of approximately 350 mg/L of total nitrogen.  This medium was used to culture both Lemna and Spirodela fronds.  The duckweed growing in these dishes was weighed every week and the medium was replaced weekly as well.  The increase in duckweed biomass (fresh weight) was measured and recorded over the course of the experiment.

A final series of experiments was also conducted in the NWRC growth chamber.  In this series of experiments Hoagland’s medium was diluted to final concentrations of 35 mg/L TN (10% of full strength mixture) and 175 mg/L TN (50% of full strength mixture). Lemna obscura and Spirodela punctata were stocked in separate petri dishes. Approximately 6.9 mg of L. obscura were stocked in the tap water control dilution, 25.8 mg were stocked in the one-tenth strength dilution (35 mg/L TN), and 21.7 mg were stocked in the half strength dilution (175 mg/L TN).   Approximately 11.0 mg of S.  punctata were stocked in the tap water control dilution,  12.8 g was stocked in the one-tenth strength dilution (35 mg/L TN), and 11.8 mg were stocked in the half strength dilution (175 mg/L TN).   The two duckweed species were weighed every 5 or 6 days and placed back into dishes with fresh media. Due to space restrictions only one replicate per dilution was used.  The experiment was terminated after 32 days.
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	* Trace elements were premixed and 2 ml of the premix solution added to      998 ml of Hoagland’s medium.

	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


Two equations were used to calculate and compare duckweed growth rates. The first, relative growth rate (RGR), was used by Rejmankova (1975), Ericcson et al. (1981) and Guy et al. (1990), to measure the growth of Lemna species under both laboratory and field conditions. The equation that I used was as follows:

1. Relative growth rate = (loge Final Wt - loge Initial Wt) / days of growth

I used another measure of growth, the percentage weight gain (PWG), to assess the biomass increase of duckweed. The percentage weight gain is defined as the final weight minus initial weight divided by initial weight, this ratio then being divided by the days of growth: 

2. Percentage weight gain =  ((Final Wt – Initial Wt) / Initial Wt) / days of growth


Here weight refers to the wet biomass of recently harvested duckweed fronds. ANOVA F tests were carried out on the results using the PROC GLM mixed model procedure (SAS Institute, Cary, North Carolina).

Results


 In the Lafayette greenhouse experiment S. punctata outgrew L. obscura, when 

it was cultured on Peter’s Water-Soluble Fertilizer in December (Figure 5).  Temperature and light conditions during the winter season allowed S. punctata to increase to 200 g/m2 while L. obscura biomass increased to only 80 g/m2 during the 33 days of the experiment.  The Peter’s fertilizer medium had a total nitrogen concentration of approximately 15 mg/L. 

In a second series of growth chamber experiments, media with a total nitrogen concentration of 350 mg/L (full-strength Hoagland’s mixture) supported much more rapid growth of L. obscura than of S. punctata (Figure 6) over 56 days in the growth chamber. In another experiment comparing L. obscura and S. punctata growth under different TN concentrations full strength Hoagland’s medium (350 mg/L TN) supported rapid growth of L. obscura but not S. punctata (Figure 7).  The fastest L. obscura  growth occurred at a TN concentrations of 175 mg/L (half-strength Hoagland’s medium) and the fastest S. punctata growth also occurred at 175 mg/L TN.  Growth of both duckweed species was minimal at 0 mg/L TN (Table 4). Growth of both S. punctata and L. obscura at 35 mg/L TN was intermediate between that on media with TN values of 15 and 175 mg/L as shown by their RGR and PWG values (Table 4).

.




Discussion

In the conditions under which the experiment was run in the NWRC growth chamber (5o C at night, 20o C during the daylight cycle), L. obscura grew faster than S. punctata.  From these preliminary results, I concluded that the growth response of L. obscura and S. punctata fronds was quite sensitive to the environment and that L. obscura could grow 

faster than S. punctata when Hoagland’s medium was used to culture duckweed  (Figures 6 and 7).   However, S. punctata grew faster than L. obscura when Peter’s Liquid Fertilizer was used as the growth medium under the low light and temperature conditions present inside a greenhouse in winter. 

A summary of my Lafayette greenhouse and growth chamber experiments is given in Table 4.   Although the results from my Lafayette experiments were not statistically significant they do suggest that both L. obscura and S. punctata grew fastest on inorganic media with a TN concentration of approximately 175 mg/L and slowest at 0 mg/L.   This result implies that there is an optimal level of total nitrogen in the media used to grow duckweed that would maximize biomass growth. This optimal level is different for different duckweed species.  To investigate the relationship between TN of the duckweed medium 
and the growth response of this duckweed, more experiments were designed and carried out to determine what effects the medium’s nitrogen content had on duckweed growth.

[image: image2.wmf]Table 17---Outdoor light level results for 

Lemna obscura 

and 

Wolffia globosa

 during September 1999.

Values are means  plus or minus the standard error.

Species

((FW-IW/IW)/days of growth

n=6

0.153

a  

+

0.091

0.503

a  

+

0.021

n=6

0.187

ab

+

0.009

0.656

ab

+

0.052

n=6

0.207

bc

+

0.003

0.780

bc

+

0.034

n=6

0.229

c 

 

+

0.010

0.895

c 

 

+

0.100

n=5

0.014

b 

+

0.022

0.039

b 

+

0.038

n=6

0.025

b 

+

0.012

0.059

b 

+

0.031

n=6

0.015

b 

+

0.015

0.039

b 

+

0.032

n=5

-0.021

a 

+

0.025

-0.019

a  

+

0.041

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

135.8

135.8

28.9

33.2

76.0

Wolffia globosa

a  

Means with the same letter are not significantly different.

Percentage Weight Gain

Relative Growth Rate

(log FW- log IW)/days of growth

radiation

(W/m

2

)

28.9

33.2

76.0

Lemna obscura


Chapter V.  DUCKWEED AND ORGANIC FERTILIZERS


I.
Duckweed growth on organic media in a growth chamber

Research was carried out at Texas Tech University to utilize duckweed species as part of a system for recycling cattle wastes from feedlots (Allen, 1997).  Large feedlots where thousands of cattle are fattened before slaughter produce huge quantities of cattle manure and other wastes. Disposing of this waste material properly is essential because runoff from this waste can contaminate the groundwater of the South Plains of North Texas, which is the primary source of water for agriculture and domestic use in this area. The use 

of constructed wetlands in which duckweed is an important component can help recycle this cattle waste without contaminating groundwater resources in the region (Ancell, 1998).

Duckweed growing in a series of ponds receiving wastewater from cattle feedlots can concentrate nitrogen, phosphorus and other elements. Since the protein content of duckweed is almost as high as that of soybean meal, duckweed production can provide both an economical means of water purification and a source of livestock feed as well  (Fedler and Parker, 1996; Allen, 1997; Johnson, 1998; Moss, 1999).  One part of my 
research in Texas was designed to investigate the effect organic media  (wastewater from cattle feedlots) had on the growth response of duckweed and to see if this response was similar to that shown when duckweed grew on an inorganic medium (Hoagland’s medium).

Figure 5.---Duckweed biomass in a Lafayette, Louisiana, greenhouse from October to December, 1997. Duckweed growing on an inorganic media (Peter’s Water -Soluble Fertilizer) with a TN concentration of 15 mg/L.  Values are means plus or minus the standard error. N=4.

Figure 6.---Duckweed biomass in the NWRC growth chamber.  Duckweed growing 

on an inorganic medium (Hoagland’s medium) with a TN concentration of 350 mg/L. Values are means plus or minus the standard error.  N=7.

Figure 7--- Lemna and Spirodela  biomass  in the NWRC growth chamber. Duckweed growing on dilutions of an inorganic (Hoagland’s) medium.  TN concentrations were 0, 35, and 175 mg/L.  N=1.

The organic medium used was anaerobically digested cattle manure (ADCM). This waste material collects in ponds located within a feedlot.  Rain falling on the feedlot drains into these ponds and carries with it large quantities of organic material derived from exposed cattle manure present in the feedlot.  Anaerobic digestion takes place in these ponds.  These runoff ponds function as facultative wastewater treatment lagoons where both aerobic and anaerobic treatment takes place. The resulting ADCM is a liquid, which can be pumped into tanks and stored for later use.

The nitrogen content of the medium, light intensity and aeration are the three most important physical factors under the control of a duckweed producer.   An important consideration in the use of anaerobically digested cattle manure (ADCM) for duckweed production is to determine the optimum nitrogen concentration level of this wastewater. Oron et al. (1988) have shown that the amount of total nitrogen in the media in which duckweed grows has a direct effect on the protein content of this duckweed. Therefore in addition to measuring the media’s nitrogen content I also analyzed the nitrogen content of the harvested duckweed using the Kjeldahl method (Moss, 1999). 

The experiments that follow were designed to determine the optimum level of nitrogen in the medium that maximized duckweed growth. Further experiments determined the level of light intensity that maximized duckweed growth while the aeration experiment was designed to determine whether or not aeration promoted duckweed growth.  These experiments provided information on how a duckweed producer could maximize duckweed production and design systems that economically treat wastewater and produce livestock feed.

a) Duckweed growth in growth chambers

These experiments were designed to isolate those variables that can affect duckweed growth.  These variables include temperature, light level, and composition of the medium.  To minimize the variability present under greenhouse or field conditions experiments were carried out in a growth chamber in the Department of Biological Sciences of Texas Tech University. Since light and temperature were controlled in growth chambers I varied the nitrogen content of the medium to see what affect nitrogen had when other variables were fixed.   This chamber was programmed to have summer conditions. The summer conditions included 16 hours daylight and 8 hours darkness, a temperature of 28o C when the lights were on and 20o C when the lights were off.

Methods

Four concentrations of ADCM along with a tapwater control were tested to determine the concentration that maximizes duckweed growth. To prepare organic media with different total nitrogen concentrations I diluted the raw ADCM by adding tap water. Five different mixtures were prepared with the following five dilutions: 0%, 1%, 3%, 6%, and 12%  ADCM. The total nitrogen  (TN) values of these dilutions were as follows: 3.8 mg/L  (1%ADCM), 10.1 mg/L (3% ADCM), 18.7 mg/L (6% ADCM), and 35.8 (12% ADCM).  These values were derived from a regression equation calculated from TN analyses of ADCM dilutions (0 to 17% ADCM) in ADCM-tap water mixtures (Figure 8). 

Each ADCM mixture was prepared in a large container and 100 ml of this mixture was poured into four 250-ml beakers. Each beaker had a diameter of 7 cm and a depth of 8.5 cm with a surface area of 38.48 cm2.  Beakers were placed in both the upper and lower portions of the growth chamber.  Each beaker was covered with a plastic dish to reduce evaporation. Light levels at the top of the chamber were 34.8 W/m2 while at the bottom of the chamber light levels were 4.0 W/m2. The temperature of the chamber was automatically maintained at 28o C when the chamber lights were on. Approximately 0.02 to 0.05 g of fresh Lemna, Spirodela and Wolffia fronds were stocked in each beaker with the diluted ADCM mixtures.  The fresh (wet) biomass of L. obscura and S. punctata fronds were harvested after 7 and 15 days. After each harvest the fronds were shaken to remove surplus water, weighed and replaced in their respective beakers.  Each TN concentration level was replicated 4 times and the growth responses were analyzed using ANOVA.  Duncan’s multiple range test was used to compare means.  W. globosa was harvested sequentially from the four replicate beakers over a 17 day period since once harvested the W. globosa could not be returned to the beaker intact.   

Results

Figures 9 through 14 and Tables 5 and 6 illustrate the growth responses of Spirodela, Lemna and Wolffia to high (34.8 W/m2 at the top) and low (4 W/m2 at the bottom) light intensities in the Texas Tech growth chamber. At the top of the growth chamber S. punctata growing on ADCM with a TN of 35.8 mg/L had the highest RGR and PWG values while S. punctata growing on tap water (0%mgL TN) had the lowest values (Figure 9 and Table 5).  Lemna  obscura  cultured  under these high light intensities had significantly higher PWG values at a TN level of  10.1 to 18.7 mg/L  and the lowest values at 0 mg/L TN (Figures 11 and Table 5). The RGR’s, however, were not significantly different, although it appeared that the RGR for L.  obscura was highest at 10.1 mg/L and lowest at 0 mg/L (Table 5). No significant differences in the RGR’s or PWG’s of W. globosa were shown when Wolffia was grown in ADCM mixtures at the top of the growth chamber.  Wolffia globosa appeared to grow fastest on a ADCM mixture with a TN level of 18.7 mg/L (Figure 13 and Table 5).

At the low light intensities present at the bottom of the growth chamber the RGR of S. punctata was highest at a TN level of 35.8 mg/L (Table 6). The PWG of S. punctata  at 35.8 mg/L TN appeared to be the highest among all the TN levels tested (Table 6).  There was no significant difference in the RGR’s or PWG’s of L. obscura grown at low light levels although it appeared that the highest RGR values were found at the 35.8 mg/L TN level (Figure 12). Neither was there any significant difference in the RGR’s or PWG’s of W. globosa grown at low light levels although it appeared that the highest Wolffia PWG and RGR values were found at the 0 mg/L and 35.8 mg/L TN level  (Table 6 and Figure 14).

At the light intensities present in the growth chamber (4 and 34.8 W/m2) Wolffia grew fastest at both high and low intensities while Spirodela grew slowest. Lemna growth rates were between those of these two species under the conditions tested (high pH, high mineral content and high TN).

Figure 8.---Linear regression between  TN content and percent ADCM in tap water - ADCM mixtures. N=12.

[image: image3.wmf]Table 27.

Average daily production (g/m

2

) of 

Lemna minor

 in flow-through cells receiving anaerobically digested cattle

manure at four concentrations of total nitrogen (TN). Combined means and standard errors are averaged over four trials.

mg/L TN

SE

21-Aug

27-Aug

3-Sep

Sep. 16

0

17.9

20.9

17.7

9.9

16.6

 +

2.4

8.9

82.4

45.7

42.5

62.6

58.3

 +

9.2

13.9

74.5

75.7

28.4

45.2

56.0

 +

11.6

28.5

57.8

54.6

20.0

40.5

43.2

 +

8.6

8-Oct

16-Oct

25-Oct

8-Nov

0

13.6

25.1

10.2

2.5

12.8

 +

4.7

3.9

6.4

18.5

3.7

3.5

8.0

 +

3.5

13.9

36.8

21.8

8.1

4.4

17.8

 +

7.4

54.6

15.7

6.3

1.0

-0.7

5.6

 +

3.7

Trial dates

         Combined

         Mean


[image: image4.wmf]Table 22.---Gowth in greenhouse of 

Wolffia globosa
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Lemna obscura
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(

L. obscura 

absent) at nine levels of TN.

Values are plus or mins the standard error.

Species

Interspecific

mg/L TN

Competition

((FW-IW/IW)/days of growth

0.0

present

n=3

0.030

a

 +

0.111

0.028

a

 +

0.103

absent

n=3

0.063

a

 +

0.053

0.081

a

 +

0.071

4.4

present

n=3

0.192

a

 +

0.045

0.472

a

 +

0.029

absent

n=3

0.150

a

 +

0.051

0.464

a

 +

0.214

6.7

present

n=9

0.161

a

 +

0.008

0.468

a

 +

0.049

absent

n=9

0.144

a

 +

0.010

0.388

a

 +

0.037

10.1

present

n=6

0.170

a

 +

0.039

0.349

a

 +

0.077

absent

n=6

0.137

a

 +

0.034

0.248

a

 +

0.065

11.8

present

n=48

0.192

a

 +

0.007

0.448

a

 +

0.026

absent

n=24

0.201

a

 +

0.013

0.444

a

 +

0.045

17.0

present

n=9

0.133

a

 +

0.018

0.407

a

 +

0.065

absent

n=9

0.135

a

 +

0.009

0.375

a

 +

0.034

18.7

present

n=18

0.144

a

 +

0.011

0.376

a

 +

0.048

absent

N=6

0.152

a

 +

0.035

0.359

a

 +

0.111

32.9

present

n=15

0.109

a

 +

0.014

0.232

a

 +

0.040

absent

n=3

0.048

a

 +

0.031

0.074

a

 +

0.053

35.8

present

n=6

0.156

a

 +

0.028

0.390

a

 +

0.048

absent

n=6

0.125

a

 +

0.039

0.343

a

 +

0.177

Wolffia globosa

Percentage Weight Gain

Relative Growth Rate

(log FW- log IW)/days of growth


[image: image5.wmf]Table 8---Greenhouse growth responses for 

Wolffia globosa

 in April 1999.

  Mean light intensity = 134.4 W/m

2

Values are means of  six replicates plus or minus the standard error.

Species

mg/L TN

0.0

n=9

0.11

a 

 +

0.03

0.138

a 

 +

0.062

4.4

n=18

0.17

bc 

+

0.04

0.254

b 

 

+

0.088

11.8

n=18

0.17

bc 

+

0.04

0.266

b

  

+

0.098

20.7

n=18

0.20

c

  

+

0.03

0.344

c

  

+

0.079

35.8

n=9

0.13

ab 

+

0.08

0.201

ab 

+

0.131

61.4

n=9

0.10

a 

 +

0.06

0.136

a 

 +

0.098

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

Wolffia globosa

a  

Means with the same letter are not significantly different.

Percentage Weight Gain

((FW-IW/IW)/days of growth

(log FW- log IW)/days of growth

         Relative Growth Rate


Discussion

The three dominant duckweed genera (Lemna, Wolffia and Spirodela), will all grow on organic (for example wastewater) as well as inorganic media (for example Hoagland’s medium).  All three species grow faster on organic as opposed to inorganic media (Culley et al., 1981;  Landolt and Kandeler, 1987) with equivalent amounts of nitrogen and phosphorus. This may be due to the ability of duckweed species to take up organic molecules directly form the media (Frick, 1994).  Even inorganic media supplemented with glucose supported a faster growth of duckweed than a pure inorganic medium did (Hillman, 1961).

Spirodela  punctata grew fastest at the higher concentrations (18.7, and 35.8 mg/L)  at both the high (top of growth chamber) and low (bottom of growth chamber) light intensities tested. Lemna obscura also grew fastest at these TN levels (Tables 5 and 6).  Both of these duckweed species grew slowest on tapwater although this difference was not always statistically significant (Tables 5 and 6).  At the top of the growth chamber, W. globosa  appeared to show a growth response similar to that of S. punctata and L. obscura, i.e. it appeared to have the fastest growth rate at a TN level of 18.7 mg/L TN.   At the bottom of  the  chamber,  however,   there appeared to be little difference in the growth response shown by W. globosa,  although Wolffia appeared to have the highest PWG growing on tapwater with a TN level of 0 mg/L (Table 6).  These results were not statistically significant, perhaps due to the small sample sizes used in these growth experiments (n=4).   To  summarize,  Wolffia and Lemna grew fastest at higher TN levels (10.1 to 35.8 mg/L) at both low and high light intensities while Wolffia appeared to grow fastest at 18.7 mg/L under bright light and apparently did not respond to changing TN levels under dim light (Tables 5 and 6).  These duckweed species need to be tested again under more natural conditions, such as those present in a greenhouse.

b).  Greenhouse experiments using organic media

Methods

To determine the optimum level of media nitrogen concentration, light intensity and aeration under more realistic conditions than those of a growth chamber,  a series of experiments were carried out in a greenhouse on the campus of Texas Tech University.  This was done by conducting a series of experiments in fiberglass tanks filled with dilutions of ADCM.   To determine the optimum dilution of ADCM for the growth of duckweed as well as producing duckweed biomass with a high protein content, a system for growing duckweed in 3.04 m (10-ft) fiberglass tanks was constructed in a greenhouse on the Texas Tech campus. Each 260-L tank had a surface area of 0.93 m2 (Figure 15).  Nine floating squares (466-cm2 each) constructed of polyvinyl chloride (PVC) were placed in each tank.  Each trough was filled with tap water and ADCM mixtures with varying concentrations of total nitrogen.  Equal weights of L. obscura, W. globosa and mixed W. globosa plus L. obscura fronds were stocked into each PVC square.  The total amount of duckweed stocked in each square was approximately 3 g each of the Lemna, Wolffia and Lemna-Wolffia combination. Each of these three combinations was replicated three times in each tank. The experiments were undertaken in February, April, May and June 1999.  Each experiment lasted 6 to 7 days.  The duckweed species stocked in each square and the TN concentration in each tank were randomly assigned.


At the end of each experimental run the fresh duckweed biomass was harvested from each trough, weighed, and then dried.   All the L. obscura and W. globosa harvested from three replicate squares in each tank were pooled together to provide sufficient material for Kjeldahl analysis of the duckweed fronds.    Water samples were collected from each tank at the beginning and end of each experiment and analyzed for their total nitrogen, nitrate nitrogen and ammonia nitrogen.  Hach methods and chemicals  (Hach Co., 5600 Lindbergh Drive, Loveland, CO 80539) were used for analyzing all water samples. 

ADCM concentration levels were stocked randomly in each of the nine tanks.   Results were analyzed statistically using a split plot design in which each tank represented a block in which the treatment replicates were randomly distributed.  ANOVA on the results were performed using SAS (SAS Institute, Cary, North Carolina).  The duckweed species, concentration of ADCM, tanks, and replicates were treated as independent variables.  Duncan’s and Tukey’s multiple range tests were used to separate treatment variable means 

that were significantly different. The same two growth parameters (RGR and PWG) used earlier to evaluate duckweed growth in the growth chamber were used to evaluate duckweed growth in the nine fiberglass greenhouse tanks.
Figure 9.---Growth of S. punctata  on ADCM mixtures with concentrations of  0, 4.4, 10.1, 18.7,and 35.8 mg/L TN when exposed to high light intensities at the top of the growth chamber (34.8 W/m2). Values are means plus or minus the standard error.

N=4

Figure 10---Growth of S. punctata  on ADCM mixtures with concentrations of  0, 4.4, 10.1, 18.7,and 35.8 mg/L TN when exposed to low light intensities at the bottom of the growth chamber (4 W/m2). Values are means plus or minus the standard error. N=4

Figure 11.---Growth of L. obscura  on ADCM mixtures with concentrations of  0, 4.4, 10.1, 18.7,and 35.8 mg/L TN when exposed to high light intensities at the top of the growth chamber (34.8 W/m2). Values are means plus or minus the standard error.

 N=4

Figure 12.---Growth of L. obscura  on ADCM mixtures with concentrations of  0, 4.4, 10.1, 18.7,and 35.8 mg/L TN when exposed to low light intensities at the bottom of the growth chamber (4 W/m2). Values are means plus or minus the standard error.  N=4

Figure 13---Growth of W. globosa on ADCM mixtures with concentrations of  0, 4.4, 10.1, 18.7, and 35.8 mg/L TN when exposed to high light intensities at the top of the growth chamber (34.8 W/m2). Values are biomass changes over length of experiment.

N=1.

Figure 14---Growth of W. globosa on ADCM mixtures with concentrations of  0, 4.4, 10.1, 18.7, and 35.8 mg/L TN when exposed to low light intensities at the bottom of the growth chamber (4 W/m2). Values are biomass changes over length of experiment.  N=1.





Results

In February 1999 L. obscura and W. globosa were cultured on ADCM mixtures with the following concentrations of total nitrogen: 11.8, 19.3 and 33.0 g/L TN (Table 7).  There were  no significant differences in either the relative growth rate (RGR’s) or percentage weight gains (PWG’s) of L. obscura.  In February W. globosa grew significantly faster at the lowest concentration level used (11.8 mg/L). 

In April 1999, I stocked Spirodela punctata and W. globosa in tanks with ADCM mixtures having TN   concentrations  of 0,  4.4, 11.8, 20.7, 35.8 and 61.4 mg/L TN.  All the S. punctata died before the end of the experimental period (7 days). The W. globosa  in 

media with a TN concentration of 20.7 mg/L  grew significantly  faster with  the highest  RGR and PWG  of all the mixtures tested (Table 8).


In May 1999, L. obscura and W. globosa were cultured on ADCM mixtures with the following concentrations of total nitrogen: 6.7, 11.8 and 17 mg/L TN (Table 9).  Lemna obscura again showed no significant differences in RGR and PWG among the three nitrogen levels tested. In June 1999, L. obscura grew significantly faster at the middle range of ADCM mixtures used (11.8 and 18.7 mg/L).  In particular L. obscura had the highest PWG at 18.7 mg/L and the highest RGR at 11.8 mg/L ADCM (Table 10).  Wolffia globosa  also grew significantly faster on a medium with a TN concentration of 5.2 mg/L.  The ADCM mixture with a TN concentration of 5.2 mg/L produced W. obscura with the highest RGR and PWG  (Table 10). 

[image: image6.wmf]Table 5.---Growth chamber results for

 Lemna obscura, Spirodela punctata

 and 

Wolffia globosa

 at high light intensities 

(34.8 W/m

2

).

   Values are means plus or minus the standard error

Species

mg/L TN

  Relative Growth Rate

  Percentage Weight Gain

(log FW- log IW)/days of growth

((FW-IW/IW)/days of growth

Spirodela punctata

0.0

n=5

0.020

a  

+

0.005

0.020

a  

+

0.008

4.4

n=8

0.053

a  

+

0.004

0.078

a  

+

0.008

10.1

n=8

0.084

ab

+

0.009

0.162

ab

+

0.027

18.7

n=8

0.097

bc

+

0.026

0.241

bc

+

0.069

35.8

n=7

0.123

c  

+

0.017

0.345

c  

+

0.091

Lemna obscura

0.0

n=8

0.143

a  

+

0.073

0.174

a  

+

0.064

4.4

n=8

0.160

a  

+

0.035

0.296

ab

+

0.046

10.1

n=8

0.247

a  

+

0.075

0.567

c  

+

0.061

18.7

n=8

0.242

a  

+

0.071

0.564

c  

+

0.079

35.8

n=8

0.172

a  

+

0.031

0.382

bc

+

0.056

Wolffia globosa

0.0

n=4

0.282

a  

+

0.139

0.873

a  

+

0.486

4.4

n=4

0.210

a  

+

0.117

0.642

a  

+

0.281

10.1

n=4

0.303

a  

+

0.153

1.083

a  

+

0.665

18.7

n=4

0.354

a  

+

0.193

1.630

a  

+

1.139

35.8

n=4

0.273

a  

+

0.125

0.800

a  

+

0.389

a  

Means with the same letter are not significantly different.

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate
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RGR, PWG and mean daily gain (g/m

2

) of 

Lemna minor

 in flow-through cells receiving anaerobically digested cattle

manure at four concentrations of total nitrogen (TN). Values are means plus or minus standard errors.

mg/L TN

(g/m2)

RGR

PWG

0

16.6

 

+

2.4

0.16

 

+

0.01

0.31

 

+

0.03

8.9

58.3

 

+

9.2

0.22

 

+

0.02

0.57

 

+

0.09

 

+

 

+

 

+

13.9

56.0

 

+

11.6

0.21

 

+

0.02

0.51

 

+

0.05

28.5

43.2

 

+

8.6

0.18

 

+

0.02

0.38

 

+

0.07

0

12.8

 

+

4.7

0.11

 

+

0.04

0.19

 

+

0.07

3.9

8.0

 

+

3.5

0.12

 

+

0.04

0.22

 

+

0.08

 

+

 

+

13.9

17.8

 

+

7.4

0.13

 

+

0.05

0.26

 

+

0.12

54.6

5.6

 

+

3.7

0.07

 

+

0.05

0.13

 

+

0.08

Mean daily gain


[image: image8.wmf]Table 20.---Monthly greenhouse competition results for 

Lemna obscura

 and 

Wolffia globosa

 during the spring of 1999.

Values are means  plus or minus the standard error.

Species

Interspecific

Competition

((FW-IW/IW)/days of growth

February

present

n=28

0.242

b

 +

0.009

1.222

b

 +

0.111

absent

n=27

0.211

a

 +

0.011

0.927

a

 +

0.090

March

present

n=36

0.252

b

 +

0.012

0.811

b

 +

0.108

absent

n=24

0.203

a

 +

0.006

0.463

a

 +

0.028

May

present

n=27

0.254

b

 +

0.009

1.407

b

 +

0.010

absent

n=28

0.224

a

 +

0.010

1.045

a

 +

0.070

June

present

n=27

0.226

a

 +

0.018

0.996

a

 +

0.148

absent

n=26

0.214

a

 +

0.013

0.804

a

 +

0.100

February

present

n=31

0.164

a

 +

0.011

0.471

a

 +

0.047

absent

n=23

0.139

a

 +

0.006

0.394

a

 +

0.027

March

present

n=33

0.209

a

 +

0.008

0.471

a

 +

0.029

absent

n=21

0.202

a

 +

0.015

0.423

a

 +

0.042

May

present

n=27

0.157

a

 +

0.009

0.503

b

 +

0.046

absent

n=26

0.141

a

 +

0.005

0.381

a

 +

0.019

June

present

n=26

0.151

a

 +

0.022

0.366

a

 +

0.048

absent

n=28

0.127

a

 +

0.015

0.290

a

 +

0.053

Lemna obscura

Wolffia globosa

Percentage Weight Gain

Relative Growth Rate

(log FW- log IW)/days of growth



To determine the optimal level of ADCM concentration for maximizing protein production, I measured the protein content of the Lemna and Wolffia produced at each ADCM treatment level and corrected for the percentage dry matter in each species (Bergmann et al., 1999). The formula used was as follows:

3. Total Protein Production =  (Fresh Weight Gain) (%Dry Weight) (%Frond Protein)
In this way, I corrected for the varying amounts of moisture in the duckweed harvested from each ADCM treatment.  Results for February, April, May and June are similar for those of the biomass-based growth rates (RGR and PWG). In February total protein production 

appeared to be greatest at a TN concentration of 19.3 mg/L TN for L. obscura while for W. obscura  the 11.8 and 19.3 mg/L TN  concentration levels appeared to produce the greatest total protein production (Table 11). However, these results were not statistically significant.

In April 1999, W. globosa cultured on ADCM mixtures with a 4.4 mg/L TN concentration appeared to produce fronds with the greatest protein content. This was caused by the high protein content of Wolffia grown on this medium. During this April experiment, Wolffia showed an inverse negative correlation between its protein content and the TN concentration in which it grew (Table 12). 


In May 1999, L. obscura grown on a 11.8 mg/L TN ADCM medium appeared to produce fronds with the highest protein percentage and greatest total protein production while the 17.0 mg/L TN ADCM medium appeared to produce the greatest total protein production from W. globosa fronds. (Table 13).  In June L. obscura grown on a 11.8 mg/L TN ADCM medium appeared to produce the greatest daily protein production while the 11.8 mg/L TN ADCM medium also appeared to produce the greatest total protein production for W. globosa (Table 14).  My results show that different seasonal temperature and light
[image: image9.wmf]chambers.

Date

Light level

Species

Regression Equation

R

2

 value

April-99

34.8 W/m

2

Spirodela punctata

Y=-9E-05X

2

+0.006X+0.0247

0.9747

May-99

34.8 W/m

2

Wolffia globosa

Y=-0.0002X

2

+0.0084X+0.2399

0.3884

July-99

34.8 W/m

2

Lemna obscura

Y=-.0003x+0.0118X+0.136

0.879

April-99

4 W/m

2

Spirodela punctata

Y=-6E-05X

2

+0.004X+0.0213

0.9366

May-99

4 W/m

2

Wolffia globosa

Y=4E-05X

2

+0.0013X+0.3891

0.2906

July-99

4 W/m

2

Lemna obscura

Y=-7E-05X

2

+0.0043X+0.0366

0.7947

Top of Growth Chamber

Bottom of Growth Chamber

Table 29.---Regression equations and R

2

 values of three duckweed species grown in environmental growth 


[image: image10.wmf]Table 6.---Growth chamber results for Lemna obscura, Spirodela punctata and Wolffia globosa at low light intensities (4 W/m2)

Values are means of four replicates plus or minus the standard errors.

Species

mg/L TN

((FW-IW/IW)/IW)/m

2

/days of growth

0.0

n=4

0.016

a   

+

0.011

0.022

a   

+

0.017

4.4

n=8

0.042

ab 

+

0.005

0.060

ab 

+

0.008

10.1

n=8

0.062

bc 

+

0.008

0.112

ab 

+

0.027

18.7

n=8

0.065

bc 

+

0.010

0.119

ab 

+

0.026

35.8

n=7

0.082

c   

+

0.021

0.210

b   

+

0.102

0.0

n=8

0.030

a  

+

0.003

0.038

a  

+

0.004

4.4

n=8

0.055

a  

+

0.006

0.088

a  

+

0.013

10.1

n=8

0.090

a  

+

0.038

0.389

a  

+

0.305

18.7

n=8

0.075

a  

+

0.011

0.148

a  

+

0.039

35.8

n=8

0.096

a  

+

0.007

0.220

a  

+

0.031

0.0

n=4

0.393

a  

+

0.221

1.278

a  

+

0.774

4.4

n=4

0.385

a  

+

0.208

1.216

a  

+

0.672

10.1

n=4

0.365

a  

+

0.190

1.069

a  

+

0.551

18.7

n=4

0.390

a  

+

0.219

1.253

a  

+

0.754

35.8

n=4

0.391

a  

+

0.224

1.269

a  

+

0.798

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

Relative Growth Rate

Percentage Weight Gain

Wolffia globosa

    a  

Means with the same letter are not significantly different.

(log FW- log IW)/m

2

/days of growth

Lemna obscura

Spirodela punctata


[image: image11.wmf]Table 7. Greenhouse growth responses for 

Lemna obscura

 and 

Wolffia globosa

 in February 1999.

Values are means plus or minus the standard error.

Mean light intensity = 95.6 W/m

2

Species

mg/L TN

11.8

n=27

0.231

a

 +

0.013

1.182

a

 +

0.148

19.3

n=27

0.239

a

 +

0.013

1.410

a

 +

0.285

33.0

n=25

0.221

a

 +

0.012

0.967

a

 +

0.160

11.8

n=19

0.161

b

 

+

0.011

0.432

 b

+

0.047

19.3

n=18

0.144

a

 +

0.011

0.354

ab

+

0.045

33.0

n=18

0.096

a

 +

0.013

0.193

a 

+

0.034

a

 Means with the same letter are not significantly different.

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

((FW-IW/IW)/days of growth

Percent Weight Gain

Wolffia globosa

Lemna obscura

Relative Growth Rate

(log FW- log IW)/days of growth


[image: image12.wmf]Table 30.---Multiple regression analysis of 1999 greenhouse experimental results.

Lemna obscura

R

2

 value

N=22

0.81

F(2,19) = 39.922

P< 0.0001

Wolffia globosa

N=32

0.27

F(2,19) = 5.2530

P<.01130

RGR = Relative Growth Rate

TN = Total Nitrogen in mg/L

Date = Julian Date (1 to 365)

Regression Equation

RGR = 0.34974 - 0.00943*Date - 0.00187*TN + error

RGR = 0.93892- 0.00302*Date - 0.00268*TN + error


conditions can affect the growth and protein content of Lemna and Wolffia fronds along with the nitrogen content of the media in which these duckweed species grow.

Discussion


The results from my growth chamber experiments have shown that the growth responses of L. obscura and W. obscura will be strongly affected by the nitrogen concentration of the medium. In particular at the higher light intensities present at the top of the growth chamber the fastest growth of L.  obscura was a TN level of 10.1 to 18.7 mg/L while S. punctata grew fastest at 35.8 mg/L TN. Although there was no significant difference in W. globosa growth at the ADCM concentrations tested W. globosa  appeared  to have the highest RGR at 35.8 mg/L. During the months in which the greenhouse experiments were carried out (February to June) the mean greenhouse light intensities were consistently higher than the 35 W/m2 level present at the top of the growth chamber.
In the greenhouse, the TN level producing the fastest growth response for L. obscura varied from 11.8 mg/L in May to 19.3 mg/L in February.  The TN for June giving the maximum growth response  was 18.7 mg/L, very close to that of February. This is close to the maximum growth response of L. obscura growing in the top of the growth chamber (10.1 to 18.7 mg/L).  The TN level producing the fastest growth response for greenhouse grown W. globosa varied from 4.4 mg/L in April  to 18.7 mg/L in June.  The TN level for May giving the maximum growth response was 17 mg/L, very close to that of June 21.  Although the results were not statistically significant the PWG and RGR of W. globosa growing in the bottom of the growth chamber were as high as or higher than those shown by W. globosa growing in the greenhouse. This observation was explored in greater depth in the light level experiments.

Figure 15- Photograph of experimental greenhouse tank arrangement for competition, aeration, light level, and optimum TN concentration level experiments.

Luond (1980) observed that the optimum TN value for Lemna and Spirodela growing on artificial media to be between 14 and 350 mg/L under growth chamber light conditions.  Bergman et al. (2000), on the other hand, did not notice a great sensitivity of Spirodela  or Lemna growth rates to different TN concentrations of diluted pig manure. The composition of the duckweed growth media  (pH, mineral content, macro- and micronutrient content) as well as the physical factors of light and temperature  must all be taken into account in recommending an optimum nitrogen level to maximize duckweed growth. 

c). Effect of aeration on duckweed growth

Methods

A common practice in wastewater treatment is the use of aeration to increase dissolved oxygen levels in wastewater.  The use of aeration increases the amount of oxygen available to aerobic bacteria that can oxidize ammonia to nitrate and reduce the biological oxygen demand of the organic material present in the wastewater. To test the effect of aeration on the growth of duckweed on ADCM, I stocked nine tanks with an ADCM mixture having a concentration of 11.8 mg/L nitrogen. Each tank had nine floating PVC squares in which I stocked approximately 3 g of L. obscura, W. globosa or a 50:50 mixture by weight of both L. obscura and W. globosa. The experiment was run for 7 days in March 1999.  Out of the nine tanks used, 4 tanks had aeration provided by a blower-driven air tubing leading to three airstones per tank. After a growth period of 7 days the fresh duckweed biomass was harvested from each square and weighed. 


Results of this experiment were analyzed statistically using ANOVA, with species, concentration of ADCM, tanks, and replicates as independent variables.  Duncan’s multiple range tests were used to separate treatment means that were significantly different. The same two growth parameters (RGR and PWG) used earlier to evaluate duckweed growth in the growth chamber were used as response variables to evaluate duckweed growth in the nine fiberglass greenhouse tanks. 

     Results

There was no significant difference in the RGR or PWG of either L. obscura and W. globosa exposed to aeration when compared to the growth of these two species not exposed to aeration (Table 15).  Similarly, no significant increase in growth occurred when S. polyrhiza was exposed to aeration in Louisiana  (Said, 1978). Therefore the use of aeration for the purpose of increasing growth in practical duckweed production system was not justified under my experimental conditions (high  temperatures, high pH and high mineral content).

    Discussion

Although aeration had no stimulatory effect on the growth of L. obscura and W. globosa under the experimental conditions used in my 1999 greenhouse experiments, aeration does contribute to the decomposition of organic matter in wastewater. This decomposition of wastewater may release compounds such as amino acids and simple carbohydrates that by themselves can stimulate the growth of duckweed (Frick, 1994).  

Further work needs to be undertaken on the potential benefits aeration might have on aquatic plant growth. This work must be undertaken for much longer time periods than the 1 week in which my aeration experiments were carried out.

[image: image13.wmf]Table 21.---Growth in greenhouse of

 Lemna obscura

 in competition with 

Wolffia globos

a  (present) or without competition 

(W. globosa absent) at nine levels of TN.   Values are means plus or minus the standard error.

Species

Interspecific

Relative Growth Rate

Percentage Weight Gain

mg/L TN

Competition

(log FW- log IW)/days of growth

((FW-IW/IW)/days of growth

Lemna obscura

0.0

present

n=3

0.097

a 

+

0.077

0.165

a 

+

0.103

absent

n=3

0.152

a 

+

0.098

0.263

a 

+

0.046

4.4

present

n=5

0.266

a 

+

0.054

1.248

a 

+

0.398

absent

n=6

0.249

a 

+

0.043

0.807

a 

+

0.206

6.7

present

n=9

0.257

a 

+

0.020

1.485

a 

+

0.020

absent

n=9

0.217

a 

+

0.018

0.954

a 

+

0.121

10.1

present

n=6

0.276

a 

+

0.011

1.430

a 

+

0.385

absent

n=6

0.231

a 

+

0.017

0.851

a 

+

0.158

11.8

present

n=67

0.249

b 

+

0.008

1.021

b 

+

0.008

absent

n=39

0.206

a 

+

0.007

0.630

a 

+

0.056

17.0

present

n=9

0.241

a 

+

0.017

1.247

a 

+

0.141

absent

n=9

0.241

a 

+

0.009

1.170

a 

+

0.096

18.7

present

n=6

0.231

a 

+

0.019

0.885

a 

+

0.157

absent

n=6

0.217

a 

+

0.013

0.788

a 

+

0.157

32.9

present

n=17

0.229

a 

+

0.016

1.076

a 

+

0.222

absent

n=8

0.205

a 

+

0.017

0.735

a 

+

0.150

35.8

present

n=7

0.205

a

 +

0.036

0.895

a

 +

0.278

absent

n=5

0.183

a

 +

0.019

1.087

a

 +

0.347


d). Effect of light intensity on duckweed growth

To determine the effect of light intensity on the growth of duckweed on ADCM, I carried out a series of experiments in the Texas Tech greenhouse in which the light levels 

were controlled using layers of nylon screening while the TN concentration of the media remained unchanged. The results of these experiments provided data on the optimum light levels needed to maximize the growth of L. obscura and W. globosa.

Methods

To investigate the effect of sunlight at different intensities on duckweed growth, I conducted an experiment in the Texas Tech greenhouse from May 31 to June 11, 1999.  To test the effect of light intensity on the growth of duckweed growing on ADCM media,  I stocked nine tanks with ADCM mixtures of 17 mg/L TN.  Three of these tanks were covered with one layer of nylon netting, three were covered with two layers of netting while three tanks were left uncovered.  Each tank had nine floating PVC squares in which I stocked approximately 3 grams of L. obscura, W. globosa or a 50:50 mixture by weight of both L. obscura and W. globosa.  Out of the nine PVC squares stocked I harvested three squares after 3 days, three more squares 3 days later and the last three squares 9 days after the initial duckweed stocking. Each group of three squares had L. obscura, W. globosa or an equal mixture of both species. At the end of the experiment the duckweed was harvested from each square, shaken to remove excess water, and weighed. 

Light intensity in the greenhouse was measured with the use of a quantum sensor and expressed as watts per meter2 (W/m2).  Intensity values were approximately 64.4 W/m2 just above the uncovered tanks, 36.2 W/m2 under one layer of netting, and 18.9 W/m2 under two layers of netting.  These values are close to the light intensity range at the top of the growth chamber  (34.8 W/m2). These light intensity values were measured at 10:30 AM several times during the month of June and averaged over the time period of the experiment.

Another light level experiment was carried out in two 6-ft diameter steel tanks located outside the greenhouse from September 21-27, 1999.  Twelve 9-inch diameter nylon cages were placed on the circumference of each tank and these cages were then covered with nylon netting. Of these twelve cages three were left uncovered, three had one layer of netting, three were covered with two layers of netting and three cages had three layers of netting. Each cage was stocked with equal weights of L. obscura and W. globosa and the duckweed was harvested and weighed at the end of the experimental period.  The uncovered  cages had light intensity values of approximately 135.8 W/m2, the cages with one layer of netting had an intensity value of 76 W/m2, those with two layers had an intensity value of 33.2 W/m2 while those cages with three layers of netting had an intensity value of 28.9 W/m2. These light intensity values were measured at 10:30 AM on August 27, 1999. The tanks were filled with water from a recirculating system for the production of fish and aquatic plants. The total nitrogen concentration of water in one tank was approximately 1 mg/L while that of the other tank was 0.5 mg/L. 

Results

In the greenhouse experiment carried out in June 1999,  L. obscura growing under one layer of netting (36.1 W/m2) had significantly the highest RGR and PWG values of all three light levels tested (Table 16). However there was no significant difference in growth response parameters between L.  obscura growing in uncovered tanks (64.4 W/m2) and in tanks with one layer of netting  (36.1 W/m2). Wolffia globosa  growing under two layers of netting (18.9 W/m2) appeared to have the highest PWG and PWG.  The RGR of W. globosa growing under two layers of netting was significantly greater than that of W. globosa growing under higher light intensities (36.1 and 64.4 W/m2). The PWG values of W. globosa growing at these three light levels were not significantly different, even though W. globosa growing at 18.9 W/m2 appeared to have the highest PWG (Table 16). 

When the relative growth rates (RGR’s) of L. obscura  and W. globosa were graphed against light intensity (Figure 16),  Lemna growth increased from 19 W/m2 to 36 W/m2 after which it seemed to level off at an RGR of 0.25. Wolffia, on the other hand, steadily decreased its RGR from 0.25 to 0.20 as the light intensity increased from 19 to 64 W/m2. 

In the experiment carried out in September 1999 in the two outdoor tanks,  L.  obscura growing uncovered (135.8 W/m2) had the highest RGR and  PWG of all the light levels tested (Table 17). Wolffia globosa growing outdoors at low nitrogen concentrations suffered a significant decrease in weight when uncovered (135.8 W/m2) as compared to covered populations (28.9 to 76.0 8 W/m2) and grew slower than Wolffia growing under lower light intensities in the greenhouse (Tables 16 and 17). 

Duckweed from the June 1999 light level experiments were collected, dried, and analyzed for their nitrogen and protein content (Table 18).   The L. obscura grown under one layer of netting (36 W/m2) appeared to produce the greatest yield of protein  while W. globosa appeared to produce the greatest yield of protein in tanks with two layers of  net covering  (19 W/m2). However,  in the outdoor tanks W. globosa growing in uncovered and single net covered cages actually decreased in weight.  In the outdoors-light experiment growth of W. globosa was inhibited by direct sunlight.  Results from both the greenhouse  and outdoor tank experiments appeared to show that L. obscura grew faster as light intensity increased while W. globosa appeared to grow fastest at a light intensity of 

33.2 8 W/m2 in outdoor tanks and 18.9 W/m2 in greenhouse tanks, and decreased in growth as light intensities increased above these levels (Tables 16 and 17).


Discussion

The  physical  factors of nutrient level, light and aeration can be controlled by a duckweed producer to either maximize duckweed yield or nutrient recovery from wastewater. The experiments conducted in the growth chamber and greenhouse indicate that the optimum levels of TN in ADCM should be in the range of 10 to 20 mg/L for both L. obscura  and W. globosa grown under the alkaline pH and high mineral contents of tap water used in these experiments.  The optimum light intensity for L. obscura based on greenhouse production was 64 W/m2 or higher while that for W. globosa was18.9 W/m2  or lower to maximize biomass production. Aeration was not shown to have a significant effect on the production of either duckweed species.





To maximize duckweed production, the producer needs to keep the TN level between 10 and 20 mg/L. If the goal of the producer is to maximize production of Lemna than ponds should not be covered. However to maximize Wolffia  production ponds should be covered.  Aeration does not appear to be economically justified for duckweed production.

[image: image14.wmf]Table 19.---Pooled greenhouse competition results for 

Lemna obscura

 and

 Wolffia globosa

 during the spring of 1999.

Values are means  plus or minus the standard error.

Species

Interspecific

Competition

((FW-IW/IW)/days of growth

present

n=118

0.245

b 

+

0.006

1.087

b 

+

0.076

absent

n=105

0.213

a

 

+

0.005

0.822

a

 

+

0.042

present

n=117

0.172

b 

+

0.006

0.455

b 

+

0.019

absent

n=98

0.150

a

 

+

0.007

0.367

a

 

+

0.025

Lemna obscura

Wolffia globosa

Percentage Weight Gain

Relative Growth Rate

(log FW- log IW)/days of growth


[image: image15.wmf]Table 12----.Percent protein in duckweed grown during April 1999.  Values are means.

Species

mg/L TN

Wolffia globosa

4.4

16.10

3.09

24.57

0.122

12.3

16.10

3.14

20.22

0.102

20.7

21.20

3.16

15.12

0.101

35.8

12.70

3.18

19.30

0.078

61.4

7.90

3.09

13.37

0.033

Daily Protein Production (g/m

2

)

Protein content (%) 

Daily Weight Gain (g/m

2

)

Percent Dry Weight


[image: image16.wmf]Fish Species

Lemna

Wolffia

obscura

globosa

consumed by fish

Catfish

no

no

Ictalurus 

punctatus

Bluegill

no

no

Lepomis 

macrochirus

Fathead minnow

no

yes

Pimephales 

promelas

Koi carp

yes

yes

Cyprinus 

carpio

Tilapia

yes

yes

Oreochromis 

aurea

Molly

yes

yes

Poecilia 

velifera

Table 23. Results from fish palatability experiment

.


Figure 16.---Light effects on the growth of Lemna obscura and Wolffia globosa in greenhouse tanks, June 1999.  Values are means plus or minus the standard error.  Lemna N=20, Wolffia N=18.

Chapter VI.  DUCKWEED COMPETITION EXPERIMENTS

a).
Concepts of competition theory

Natural plant and animal communities are usually mixtures of species.  Even when one plant dominates a site (as in a farmer's field) a continuous invasion by other species occurs (Harper, 1977). We frequently observe many ecologically similar species coexisting in nature using many of the same resources. For example closely related trees grow in the same habitat, all needing sunlight, water, and nutrients, while eight species of predatory snails inhabit the shallow waters of Florida’s Gulf Coast  (Ricklefs, 1990).  

By contrast, closely related species rarely coexist in the laboratory. If two species are forced to live off the same resource, usually one persists and the other becomes extinct. The results of laboratory competition experiments led to the formulation of the competitive exclusion principle, also called Gause’s principle, which states that two species cannot coexist on the same limiting resource (Ricklefs, 1990).  In natural environments species avoid competition by partitioning resources and habitats, a response that species confined in simplified natural environments cannot make. In addition the presence of predators can allow the coexistence of competing species one of which would be eliminated if cultured together in an artificial environment. It seems that only in laboratory situations, where species are forced to exploit a single resource, and where predation is excluded, is competition so intense that only one species population can survive (Ricklefs, 1990).

 Interactions between plants can be categorized as mutually beneficial (mutualism), mutually harmful (competition), or detrimental to one plant but not to the other (parasitism and commensalism). Grace and Tilman (1990) classify competition into two categories: direct and apparent. Direct competition is the direct negative interaction between two organisms. In this category they also include competition for shared resources (light, nutrients, etc.). Apparent competition includes indirect interaction due to attack by a common enemy (for example a herbivore grazing on plants) as well as an indirect interaction through competition by two species with a third species. In this last case the third species can affect one of the two species more than the other, thereby indirectly benefiting the more resistant species.


 My experiments were designed to test whether competition occurred between Wolffia globosa and Lemna obscura when grown together in 260-liter greenhouse experimental tanks. Any change in the growth rates of L. obscura or W.  globosa growing in pure as opposed to mixed cultures would therefore have to be the result of direct interaction between these two species. These interaction tests were run under a variety of different physical conditions, including variation in light level, media nitrogen content and the presence or absence of aeration, since these different physical factors will affect the growth rate of these two species growing alone as well as in mixed cultures.

b).  Preliminary Duckweed Competition Experiments in Lafayette, Louisiana

In the summer of 1997, I cultured L. obscura, Azolla caroliniana and Spirodela. punctata  together in 12- X 9- X 6-cm rubber boxes filled with water from Lake Martin in St. Martin Parish, Louisiana.  Dense populations of S. punctata were present there during the study period.  Lake Martin hosts a large concentration of waterfowl that nest in the lake in the winter and early spring. Waterfowl deposit large amounts of manure that fertilize the lake, encouraging the growth of duckweed and other aquatic plants.   A preliminary growth trial of Azolla caroliniana, L. obscura and S. punctata cultured together in a greenhouse on The University of Louisiana at Lafayette campus using Lake Martin water as the medium showed that after 1 month’s growth L. obscura was the most abundant species present (Figure 17). The water from Lake Martin had a TN concentration of approximately 4 mg/L. Most of this total nitrogen content was derived from ammonia. This brief experiment suggests that one species of aquatic plant can supplant another growing in the same environment.  Other researchers growing the same duckweed genera together (Clatworthy and Harper, 1962) made similar observations.

c).
1999 Greenhouse Experiments
To compare the effect the presence of a competing duckweed species had on L. obscura and W. globosa growing on ADCM in 260 L fiberglass tanks I compared the growth rates of each species growing separately in pure cultures and together in mixed cultures.  Each fiberglass tank was stocked with the same concentration of ADCM and had PVC squares with both pure and mixed cultures of Lemna and Wolffia.  By calculating the two response variables used earlier (RGR and PWG), I compared the effect the presence of the competing species had on the growth rates of Lemna and Wolffia to those growing alone in pure cultures. In this way I could measure whether competition or any other biological interaction was present. This was done by classifying each PVC square stocked with duckweed as either pure (either Lemna or Wolffia) or mixed (equal weights of both Lemna and Wolffia stocked together).  The growth rate of duckweed in any square could then be compared with the growth rate of the same species in a square containing the competing species. 

Figure 17.     Duckweed competition trial on Lake Martin water in Lafayette, Louisiana.  Values are means plus or minus the standard error.  TN 4 mg/L, N=1. 





Methods

To determine whether interspecific competition affects the growth rates of  L. obscura and W. globosa when grown together, the same system for growing duckweed in 3.04-m (10-ft) fiberglass tanks used earlier was used again (chapter V).   Nine floating squares (466-cm2 each) constructed of polyvinyl chloride were placed in each tank.  Each trough was filled with ADCM diluted to the following concentrations of total nitrogen: 0, 4.4, 6.7, 10.1, 11.8, 17, 18.7, 32.9 and 35.8 mg/l TN.  Equal weights of L. obscura, W. globosa and mixed W. globosa plus L. obscura fronds were stocked into each PVC square.  The total amount of duckweed stocked in each square was approximately 3 g.  Each of the above three combinations was replicated three times in each tank. To determine the effect of seasonal factors, this entire experiment was repeated in February, March, May, and June 1999.  Each experiment lasted 6 or 7 days.  The duckweed species stocked in each square and the ADCM  concentration in each tank were randomly assigned.  At the end of each experimental run the fresh duckweed was harvested from each trough and weighed after any excess water was shaken off. 
ADCM-wastewater concentration levels were stocked randomly in each of the nine tanks. Data comparing these two duckweed species growing alone and in pure cultures were analyzed statistically using ANOVA.  In addition Wilcoxon nonparametric tests were used to compare the growth rates of both duckweed species growing alone and in mixed cultures. Analysis of variance was performed using species, ADCM TN values, date of the experiment and whether each duckweed species was grown in pure or mixed culture.  Duncan’s multiple range tests were used to separate treatment variable means that were significantly different. The same two equations used earlier to evaluate duckweed growth in the growth chamber were used as response variables to evaluate duckweed growth in the nine fiberglass greenhouse tanks. 





Results


When the results of four greenhouse experiments in which L. obscura and W. globosa, stocked in pure and mixed cultures, were combined and the two growth response variables (PWG and RGR) compared, it was observed that L. obscura growing mixed with W. globosa grew significantly faster than pure cultures of L. obscura (Table 19). Wolffia globosa also grew significantly  faster in  mixed cultures as compared to pure cultures (Table 19).  This observation was confirmed by the nonparametric Wilcoxon test.  When the growth rates of both species were separated by date (February, March, May, and June), significant differences in growth rates were observed in some months but not in others (Table 20).  In particular, L. obscura grew faster in the presence of W. globosa in every month except June. Wolffia globosa, on the other hand, grew significantly faster in mixed cultures only in May  (Table 20). In June there was no significant difference in L. obscura growth between pure and mixed cultures. 

When the effect of nitrogen content on competition between these two duckweed species is examined (Tables 21 and 22), L. obscura grew significantly faster in mixed culture only at a TN concentration of 0.035 mg/L (Table 21). Wolffia  globosa  did not show a significant difference between growth rates from mixed and pure cultures  at any of the nine concentrations tested (Table 22). The absence of significant results may be the result of the small sample sizes at most of the ADCM dilution  levels.
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Discussion

Several articles have appeared describing competition between various species of Spirodela, Lemna, Wolffia and Salvinia  (So, 1987; McIlraith, 1988; Rejmankova, 1975;  Agami and Reddy, 1989). The results were inconsistent - although the genus Lemna outgrew other duckweed genera when cultured in artificial media (Clatworthy and Harper, 1962).  The water fern Salvinia rotundifolia grew faster than Spirodela polyrrhiza  (Agami and Reddy, 1989).  However another water fern, Azolla caroliniana, did not outgrow either Lemna or Wolffia in Louisiana wastewater treatment ponds (Figures 2 and 17).  Although interspecific competition is an important evolutionary force under natural conditions, no evidence of this phenomenon was observed in my greenhouse experiments.  Instead of a negative interaction between W. globosa and L. obscura,  a positive interaction was shown (Tables 19, 20, 21 and 22).  The presence of W. globosa actually increased Lemna growth as compared to Lemna growth in pure cultures. Wolffia  globosa  also showed a positive growth response to the presence of L. obscura, although this response was not as strong as that shown by W. globosa   This is in contrast to the results from the literature, which show interspecific competition between Lemna, Spirodela and to a lesser extent Wolffia species with Lemna usually outgrowing any other species growing beside it (Ikusima et al.; 1955, Clatworthy and Harper, 1962; So, 1987).
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[image: image19.wmf]Table 18----Percent protein in duckweed grown during June 1999 light experiment.  Values are means.
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This positive effect of another duckweed species may be the result of symbiosis between W. globosa and L. obscura. If this symbiosis is present it benefits L. obscura more than W. globosa since the amount of growth increase was greater in Lemna and Wolffia (Tables 19 and 20).   Harper (1977) also mentioned an example where four species of Avena (oats) grew better in mixed cultures than in their corresponding pure cultures. He attributed this response to the complementary nature of each species root systems when grown together.

The mixed culture of W. globosa and L. obscura may also be an example of complementary growth.  Lemna obscura fronds are an order of magnitude larger than W. globosa fronds. Wolffia globosa fronds fit snuggly between gaps present between  L. obscura  fronds thereby reducing potential competition for space between these two species. Furthermore as was seen in the growth chamber experiments (Tables 5 and 6)  Wolffia  grows well in dim light (4 W/m2) allowing it to grow in the shaded spaces between  Lemna fronds. These physical factors may be sufficient to explain the positive interaction of Wolffia and Lemna when grown together in the unique environment of ADCM mixtures. More experiments need to be undertaken to determine the cause of this positive interaction between these two duckweed species.
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VII.
DUCKWEED HERBIVORY EXPERIMENTS

a)
Concepts of herbivory theory

Grazing has been shown to alter the floral composition of pastures due to the selective food preferences of herbivores.  The effects of herbivory are likely to be most conspicuous when grazed plants are competing with other plants for resources, thus any reduction in the competitive ability of grazed plants may be sufficient to shift the balance of competition in favor of other species (Cottam, 1986). A classic example of the effects of grazing was made 75 years ago when Tansley and Adamson (1925) placed exclosures on the floristically rich chalk grassland of Britain. The exclosures kept out rabbits from this grassland. Within 6 years the diverse grassland community changed into a simpler community dominated by Zostera erecta. Over longer periods of time rabbit exclusion allowed the natural re-establishment of woody species in a succession towards scrub woodland (Hope-Simpson, 1940). When myxomatosis rapidly destroyed much of the rabbit 

population in Great Britain, the exclosure effect was displayed on a large scale. These events show that the floristic diversity of British chalk grasslands owes its existence to the selective grazing of potentially dominant grasses by rabbits  (Harper, 1977).


My herbivory experiments were designed to investigate what effects, if any, fish grazing can have on the growth and competition of duckweed populations, especially L. obscura and W. globosa.  Duckweed growing in wastewater treatment ponds can be exposed to grazing by air-breathing herbivores such as turtles, coots and nutria (personal observation).   Since L. obscura and W. globosa are the dominant duckweed species in Louisiana wastewater treatment ponds, selective grazing on one of these species may affect the ability of the treatment pond to break down organic matter and achieve treatment objectives. 

b) Duckweed Grazing Experiments


In natural ponds and wastewater treatment lagoons fish, nutria, coots, gallinules, and turtles regularly consume duckweed and other floating aquatic plants (personal observation).  In tropical areas, many fish species consume floating aquatic plants and can enter wastewater treatment plants to feed on duckweed and can even reproduce in such ponds. Various species of Sarotherodon  (tilapia), Puntius (barbs), Anabas (climbing perch) and Clarius (walking catfish) can live and reproduce in wastewater treatment ponds in Asia.  Therefore these fish may have an effect on duckweed populations in ponds used for wastewater treatment.


To test the effects of grazing on mixtures of L. obscura and W. globosa, I selected fish as the herbivore for my experiments since fish were the most practical herbivore to use under the conditions present in the Texas Tech greenhouse.  Heavy grazing by vertebrate herbivores can change the composition of wastewater treatment wetlands and therefore affect the efficiency of their nutrient recovery activity.






Methods

Before testing the effects of grazing on duckweed growth a suitable herbivore must be chosen.  This  was done by carrying out a palatability experiment in which twenty-seven 3-m long fiberglass tanks (located in the same greenhouse where the previous duckweed experiments were carried out) were divided in half by porous screens that allow wastewater to flow through but confine fish into one end of each tank. Measured amounts of duckweed were stocked in both ends of each tank containing two fish of each of the six  species tested (Table 23) . After 1 to 2 weeks of growth the fish and duckweed were harvested and weighed to compare the grazed end of each tank with the ungrazed end. Those fish species that grew fastest and consumed both Lemna and Wolffia were used (fathead minnows, koi carp, tilapia, and mollies).  The fish species chosen were mollies (Poecilia velifera), koi carp (Cyprinus carpio), and tilapia (Oreochrmis aurea). Two fish of each species was stocked in the net cage or 3-m long fiberglass tank. This stocking rate was sufficient to keep up with the growth of the duckweed population but not so great as to consume the duckweed to quickly.

The actual herbivory experiments were carried out both outside the greenhouse in two 1.83-m diameter fiberglass tanks and inside the greenhouse in nine 3-meter long fiberglass tanks.   The outside tanks were filled with water from the greenhouse recirculating system in which hundreds of tilapia, catfish and bluegill sunfish were cultured and fed three times weekly. The TN levels of the recirculating system water were maintained at 1 mg/L or less to avoid stressing the fish. These outdoor experiments were conducted in August and September 1999. Twelve 22.9-cm diameter nylon cages were placed on the circumference of each tank and these cages were then covered with nylon netting. Each cage was stocked with equal weights of Lemna and Wolffia so that each cage surface contained approximately 4 to 6 g of the duckweed mixture.  Of these 12 cages, 6 were stocked with two fishes while the other six had no fish. The duckweed mixture was harvested and weighed at the end of the experimental period.   I stocked Mollies and fathead minnows in the first experimental run but due to the escape of the minnows I used mollies as the herbivore in the next two runs while Koi carp were used in the last outdoor grazing trial.
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Table 10.---Greenhouse results for
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during June 1999.
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To further investigate the effect of fish herbivory on L. obscura and W. globosa growth I conducted three herbivory experiments from September 9 to October 4, 1999 in the Texas Tech greenhouse.  I filled nine 3-m fiberglass tanks with water from the greenhouse recirculating system.   Each tank had nine floating PVC squares in which I stocked approximately 3 g of L. obscura, W. globosa or a 50:50 mixture by weight of both L. obscura and W. globosa.  Out of the total number of nine tanks, four tanks had one tilapia or carp per tank while the remaining five tanks had no fish.  Fish were stocked randomly in each of the nine tanks and twelve floating net cages.  The fish were free to graze duckweed from any of the nine squares and they were not fed during the course of the experiment. The fish were allowed to graze for 3 to 4 days after which time the fish were removed and the duckweed harvested.  At the end of the experiment the duckweed was harvested from each square, shaken and weighed. 


Results were analyzed statistically using ANOVA. Species, presence or absence of grazing, and tanks were treated as independent variables.   For the greenhouse experiments, results of three trial runs were pooled since there was no significant difference among the results of these trials. Trial runs of four outdoor experiments were pooled for the same reason.  Duncan’s multiple range tests were used to separate treatment variable means that were significantly different.  Relative growth rate (RGR) and PWG were to used to evaluate duckweed growth rates. Using these two growth parameters allowed me to compare the herbivory results with those of previous experiments.





Results            


The weight change of grazed and ungrazed populations of L. obscura and W. globosa growing in twelve floating cages in two outdoor tanks is shown in Table 24. In these tanks grazing by both mollies and koi carp decreased the growth of Lemna populations when compared to ungrazed populations (Figure 18) and under the same conditions W. globosa populations exposed to grazing by mollies and koi carp decreased in biomass compared to their ungrazed control populations (Figure 19).  Although it appeared that Lemna grew faster when ungrazed,  this increase was not statistically significant (Table 24).  Wolffia globosa had significantly higher RGR and PWG values when left ungrazed although both values were negative (Table 24).  Both grazed and ungrazed Wolffia populations decreased in biomass, possibly due to the low TN concentration of water in these outdoor tanks (0.5 –1.0 mg/L) (Figure 19). 


Tables 25 and 26 compare the weight change between grazed and ungrazed populations of L. obscura and W. globosa growing in nine 3-m long greenhouse tanks filled with recirculating water from the greenhouse fish production system.  This recirculating water had approximately 1 mg/L TN.  Fish grazing significantly reduced the daily RGR and PWG of both L. obscura and W. globosa growing in the greenhouse tanks (Table 25).  Fish grazing significantly reduced the RGR and PWG of both duckweed species in both pure and mixed cultures (Table 26).  Grazing by koi carp and tilapia reduced L. obscura growth when compared with ungrazed Lemna populations (Figure 20).  Grazing by tilapia and koi 

carp decreased the amount of Wolffia present in these greenhouse tanks when compared with the ungrazed populations while Wolffia  increased in biomass when left ungrazed (Figure 21).
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[image: image23.wmf]Table 14----Percent protein in duckweed grown during June 1999. Values are means.
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Discussion


The results of both the outdoor and greenhouse experiments showed that the growth responses of L. obscura and W. globosa were affected by the presence of fish both in the outdoor tank and in the greenhouse tanks (Table 24, 25 and 26). In these experiments grazing reduced or even eliminated Wolffia while Lemna decreased much less or even continued to grow (Figures 18-21).  Grazing overwhelmed any interactions occurring between L. obscura and W. globosa in the autumn 1999 greenhouse experiments, as shown by the significantly faster growth of both L. obscura and W. globosa  left ungrazed compared to ungrazed populations in both pure and mixed cultures (Table 25).


All three fish species used in these experiments selectively grazed on Wolffia when they were offered mixtures of L. obscura and W. globosa.  Therefore grazing could reduce 

the abundance of Wolffia species when Wolffia is present in mixed populations of other duckweed species. This preference for Wolffia by herbivores in turn can affect the ability of 

the duckweed layer to take up nitrogen and decompose organic matter in duckweed treatment ponds. Furthermore by changing the species composition of duckweed layers grazing can affect the protein content and hence the nutritive value of duckweed grown in treatment ponds. These results show that grazing by herbivores can significantly affect the species composition of mixed Lemna-Wolffia populations (Table 25).
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Figure 18---Biomass change of Lemna obscura when exposed to fish grazing in outdoor tanks. Each pair of bars represents one experimental run.  Values are 

means plus or minus the standard error.  N=47

Figure 19---Biomass change of Wolffia globosa when exposed to fish grazing in outdoor tanks. Each pair of bars represents one experimental run.  Values are means plus or minus the standard error.   N=47

Figure 20---Biomass change of L. obscura when exposed to fish grazing in greenhouse tanks. Each pair of bars represents one experimental run. Values 

are means plus or minus the standard error. N=79  

Figure 21---Biomass change of W. globosa when exposed to fish grazing in greenhouse tanks.  Each pair of bars represents one experimental run.  Values are means plus or minus the standard error. N=79  

VIII.
 MODELING DUCKWEED GROWTH 

a).  Benefits of Modeling Biological Systems

Traditionally, biology has advanced by examining living organisms; gathering data on their growth, taxonomy, behavior, physiology, ecology, etc.; formulating hypotheses and theories based on these observations; and devising experiments to either confirm or refute these theories and hypotheses. One particular example of this approach is the use of mathematical models to explain and predict the growth, reproduction and interrelationships of plants and animals. When I refer to models, I mean the selection and testing of mathematical relationships (equations) to describe the behavior of an organism or population of organisms. In the case of duckweed production my models will describe and predict the growth rate and nitrogen content of duckweed fronds growing on wastewater media.

When modeling biological systems, it is important to find simple cause and effect relationships for small parts of the system, and then combine these simpler components into a larger, more complex, system. In the case of duckweed, we have a population of individual fronds (leaves) that can reproduce and divide to produce daughter fronds. The rate at which this occurs is affected by temperature, availability of nutrients in the medium, and light intensity. Each duckweed species will behave differently under the same conditions of light, temperature and nutrient availability and each species will grow best under different levels of these same three factors.   The growth behavior of individual species can be studied under controlled conditions (such as those present in a growth chamber) and mathematical relationships derived from this behavior can then be applied to the more natural conditions present in a greenhouse or field environment.

To understand the dynamics of duckweed growth, the following procedures were used to develop a mathematical model of duckweed population dynamics:

1.   Lemna obscura growth measured as the daily gain in wet weight per square meter was calculated from wastewater experiments run between August 15 and September 16, 1998.  The RGR and PWG values were also calculated. These Lemna growth responses were estimated for different concentrations of TN in the media while the temperature and solar radiation were recorded during each of the experimental growth trial (August to November 1998). 

2. An initial model was developed to predict the growth response of
L. obscura at different TN concentrations using a program for model evaluation and research verification (MERV), a computer program developed by Gregory and Fedler (1986). This program was used to calculate the coefficients of the model and to provide statistics on how well the model fits the data.

 
3.   Corrections for temperature and solar radiation were then applied to the model to account for the effects of these parameters on the growth of duckweed during the initial experimental period (August–September 1999). Growth response data from the second experimental period (October to November) were then compared with the values predicted by the model. The program MERV was then run again to find the goodness of fit of the model equation to the data by comparing the measured values to the predicted values.

b).
Model Development Experiments 

Methods

A system for growing duckweed in 3.04-m (10-ft) vinyl troughs was constructed in a greenhouse on the Texas Tech campus in Lubbock, Texas. These troughs were arranged in-groups of four with pipe connections between each trough.  Each trough was supplied with a steady flow of tap water and ADCM mixture contained in a fiberglass head tank at a flow rate of approximately 0.6 liters per hour.  One head container was provided for each of the four troughs (Figure 22).  The wastewater mixture drained from the head tank to the first trough in the series.  The mixture then flowed by gravity to the remaining three troughs before draining into a large receiving container.  Approximately 17.5 + 2 g of fresh, wet L.  obscura  plants  were stocked into each of the four troughs. Small standpipes prevented the duckweed from passing between troughs. Originally I adjusted the flow rate from each head tank using stopcock valves so that 1 L/hour was delivered from each head tank (Figure 22). However, due to regular clogging of each stopcock valve the flow rate in each system varied from 1 L/hour in the first four troughs of the system (tap water at 0 mg/L TN), 0.36 L/hour in the second four troughs of the system (8.3 mg/L TN),  0.44 L/hour in the third series of troughs in the system (30 mg/l TN), and 0.19 L/hour for the last four series of troughs the system (60 mg/l TN).  These flow rates resulted in a replacement time of 2 days for the first four troughs, 5.4 days for the second four troughs, 4.4 days for the third series of troughs and 10.2 days for the last series of troughs.  

After 6 or 7 days, duckweed was harvested from each trough, weighed and dried.  This system was used to test the effect of six wastewater concentrations on the growth of L. obscura and on its protein content.  All concentrations listed are given in mg/L of total nitrogen as elemental nitrogen. The concentrations used were 0, 4.4, 7.3, 13.0, 14.4, 29.9 and 54.6 mg/L TN.    These concentrations were tested four times in August through September 1998, while the 0, 4.2, 15.9 and 59.9 mg/L concentrations were tested four times in October through November 1998.  Duckweed fronds from each trough were collected at the end of each trial run, dried and analyzed for their protein contents using the Kjeldahl method.

   Results

The results of these experiments are shown in Figure 23 and Tables 27 and 28.  In the four growth trials carried out in August and September 1998 the maximum daily gain per meter squared as well as the RGR and PWG values for L. obscura appeared to occur at approximately 8.9 mg/L TN, followed closely by 13.9 mg/L.   In the four growth trials carried out  during October and November 1998, the greatest daily gain per meter squared as well as the highest RGR and PWG values appeared to occur in L. obscura  grown at a media TN concentration of 13.9 mg/L (Figure 23 and Tables 27 and 28). 

  Discussion

In  the conditions under which these experiment were run in the Texas Tech greenhouse (mean daily indoor temperatures of 29 o C in August and 16.6 o C in November, mean light intensities of 300 W/m2 in August and 145 W/m2 in November) the maximum production of wet Lemna obscura biomass occurred at media TN values of between 9 and 14 mg/L. This corresponds to maximum L. obscura biomass production of 10.1 to 18.7 mg/L TN  in 1999 (chapter 5).  The mean daily light intensity during the 1998 experiments was much higher than it was in 1999 because in 1999 the greenhouse was covered with 30% shade netting in 1999 to reduce daytime temperatures.
c).
Model Development 


The main objective of developing this model was to separate the effects of TN, temperature, and solar radiation on the growth and protein content of duckweed. Initially, only the effect of TN on the growth rate of duckweed was considered. This was done to study the growth response of duckweed with varying TN concentrations. It was found that there was a certain minimum growth even with zero TN concentration. This indicates that duckweed fronds utilize nitrogen from other sources such as the atmosphere through nitrogen fixation by bacteria living on the trough walls and cyanobacteria living in the duckweed fronds (Tran and Tiedje, 1985).  The growth rate of duckweed initially increased exponentially with TN concentration and then reached a maximum value, before decreasing linearly with increasing TN concentrations (Figure 24).  This is a typical biological growth response for plants.  Mitscherlich had already developed the basic model of this relationship (Briggs, 1925).  Based on this earlier equation, the following model was developed:

4).
Y = [(1-EXP (-A1 * X)) * (A2 - A3 * X) + A4]

Where,

Y = Growth rate (wet weight g/day)

X = Total nitrogen concentration (mg/l as N)

A1 = Change in growth rate.

A2, A3 = Model Coefficients 

A4 = Increase in wet weight of duckweed at zero TN concentration

The first part of the equation   (1 – EXP (-A1 * X)) explains the increase in the growth rate of duckweed with increase in TN concentration until the growth reaches a maximum value. Then the growth rate decreases gradually in a linear form explained by the expression (A2 - A3 *X).  The data were analyzed using the program MERV (Gregory and Fedler, 1986) to evaluate the coefficients and find the R-square value and the significance level. When the data were plotted using the above model,  the resulting curve increased sharply from 0 to about 11 mg/l TN and then decayed linearly to 54.6 mg/l TN (Figure 24).

The second step in the development of the model involved the corrections for temperature and solar radiation.  Based on the growth response data from August to September 1998, the optimum temperature was found to be 26 0C. The optimum solar radiation was found to be 138 W/m2  (11.92 MJ/day). To apply the temperature and solar radiation effect on the growth rate on any particular day, the model  equation was multiplied by the temperature factor and the solar radiation factor. This factor is the temperature or solar radiation on any particular day divided by the respective optimal temperature or solar radiation. Since temperatures and light intensities higher than the optimum also decrease duckweed growth, the temperature and solar radiation factors were adjusted by subtracting the absolute value of the observed temperature or solar radiation from the optimum value. This predicted a decrease in duckweed growth estimates when the optimum values were exceeded (Zaki, 1978).  The final model for the growth of duckweed considering the effects of TN, temperature and solar radiation was:

5) Y  =  [(1-EXP(-A1 * X)) * (A2 - A3 * X) + A4] * (1 - |1 - Tobs/ Topt | ) * 





(1 - |1 - SRobs/ SRopt | )

Where, 

Y = Growth rate (wet weight g/day)

X = Total nitrogen concentration (mg/l as N)

A1 = Change in growth rate

A2, A3 = Model Coefficients 

A4 =  Increase in wet weight of duckweed at zero TN concentration

T obs =  Observed temperature ( 0C)

T opt =  Optimal temperature for duckweed growth (26 0C)

SR obs  =  Observed solar radiation (W/m2)

SR opt =  Optimal solar radiation for duckweed growth (138 W/m2)
d).
Model Verification

The program MERV was used for finding the coefficients of the duckweed growth model.  The coefficients derived from applying this model to the August and September 1998 data were found to be A1= 0.3084, A2 = 7.1781, A3 = 0.2009 and A4 = 7.0136. This growth model has an R-square value of 0.994 and a probability level of 95% (alpha = 0.05), which is very high for a biological model (Gregory and Fedler, 1986).  This model was used to predict the growth rate of L. obscura for the four experiments carried out between October and November, 1998. The predicted values were compared with the measured values from the October and November experiments using the program MERV.  A goodness of fit R2 value of 0.93 was obtained, which is also very high for a biological model.  The duckweed growth model had a goodness of fit probability level of 95% (alpha =0.05).  This model can be used in predicting the growth rate of duckweed by knowing the TN concentration, temperature and solar radiation (equation 5).
e). 
Model application results
We define duckweed production as the final harvested biomass minus the initial stocked biomass (both figures measured in fresh wet weight).   Average  daily duckweed biomass  production in grams per square meter for these six dilutions are given in Table 27.  Mean daily production of L. obscura expressed as grams per meter squared was greatest at the 8.9-mg/l TN level (Table 27).  After an initial period of increasing growth, L. obscura growth decreased with further increases in TN concentration. The inflection points occurred 
at a TN concentration of approximately 11 mg/l TN (Figure 24).

Although I attempted to apply this mathematical model to the Lemna growth response from my 1999 greenhouse experiments, the resulting models had very low goodness of fit R2 values.  Instead I derived several polynomial and logarithmic expressions to predict duckweed growth in both growth chamber and greenhouse environments. The failure of this mathematical model to predict the growth response of Lemna and Wolffia in static environments suggests that separate model equations must be derived through data obtained from a series of experiments carried out in each particular environment in which a model is needed. One type of model did not fit results from different production systems nor did it apply to another species (W. globosa). 
Figure 22.  Arrangement of the 16 linear troughs in-groups of four with one headtank (circular tank) per series of four troughs. The concentration of wastewater measured in mg/l TN is given above each series. Arrows indicate the direction of flow.

Figure 23--- Daily biomass gain of Lemna obscura cultured on different ADCM mixtures with TN concentrations varying from 0 to 54.6 mg/L between August and November 1998. N=1.

Figure 24.  Graph of the model relationship to predict daily biomass gain of Lemna obscura  as a function of the total nitrogen concentration (TN) of the medium.

[image: image25.wmf]Table 15---Aeration experiment results for 

Lemna obscura 

and 

Wolffia globosa

 during March 1999.

Values are means  plus or minus the standard error.

Mean light intensity =  128.9 W/m

2

Species

Aeration

((FW-IW/IW)/days of growth

present

n=31

0.218

a

 

+

0.007

0.534

a

 

+

0.032

absent

n=28

0.249

a

 

+

0.014

0.825

a

 

+

0.127

present

n=29

0.210

a

 

+

0.012

0.438

a

 

+

0.036

absent

n=24

0.203

a

 

+

0.008

0.469

a

 

+

0.032

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

Wolffia globosa

a  

Means with the same letter are not significantly different.

Relative Growth Rate

Percentage Weight Gain

(log FW- log IW)/days of growth

Lemna obscura

[image: image26.wmf]Table 13----Percent protein in duckweed grown during May 1999.  Values are means.

Species

mg/L TN

Daily Protein Production (g/m2)

Lemna obscura

6.7

3.07

7.34

9.38

0.021

11.8

3.19

8.37

10.13

0.027

17.0

2.86

6.86

9.30

0.018

Wolffia globosa

6.7

1.18

15.97

7.29

0.014

11.8

2.42

15.92

7.10

0.027

17.0

2.95

13.53

7.89

0.032

Daily Weight Gain (g/m

2

)

Percent Dry Weight

Protein content (%) 


I analyzed duckweed biomass from each of these six TN concentrations and found that L. obscura grown on the highest wastewater concentration tested (54.6 mg/l TN) had the highest protein level,  indicating a positive correlation between the TN content of the medium and the protein content of the L. obscura grown on the medium (Figure 25).  This 

relationship was highly significant (R2 = 0.95).  The data used in the above analyses were based on Lemna biomass harvested from the first trough in each series  (A, E, I and M of Figure 22) that received the wastewater at one of these six concentrations   (0, 3.9, 8.9, 13.9, 28.5 and 54.6 mg/l TN).

When I analyzed the W. globosa biomass for its protein content a non-linear relationship was observed (Figure 26). There was a significant relationship between the nitrogen content of the medium and the protein content of the Wolffia fronds, although the R2 of this relationship (0.65) was much lower than that shown by Lemna fronds (0.95). The fronds were harvested from an April, 1999, greenhouse experiment in which W. globosa was grown on ADCM mixtures with concentrations of 0, 4.4, 11.8, 20.7, 35.8 and 61.4 mg/L TN. 

Figure 25.  Relationship between Lemna obscura leaf protein content and the total nitrogen concentration (TN) of the medium in mg/L.

f).
Growth Chamber Models

Results from my growth chamber experiments with L. obscura, W. globosa and S.  punctata are given in Tables 5 and 6.   Nonlinear regression equations derived from these results are listed in Table 29. These equations can be used to predict the RGR values of these three widespread duckweed species under low to medium levels of solar radiation (3 to 35 W/m2).   Plotting these regression lines for these three species at intermediate light levels present at the top of the growth chamber (35 W/m2) on the same graph shows that W. globosa and L. obscura had the greatest RGR at approximately 20 mg/L TN media content while S. punctata had the highest RGR at a  35  mg/L TN media nitrogen content  

(Figure 27).  At the low light levels present in the bottom of the chamber (4 W/m2), the RGR for W. globosa remained almost constant over all TN levels tested (0 to 35 mg/L) while the RGR values for L. obscura and S. punctata increased slightly to a maximum at media nitrogen levels of  20 to 35 mg/L TN (Figure 28). 
Based on the results of my growth chamber experiments a media nitrogen  level of 20 mg/L TN will maximize production of Lemna and Wolffia at intermediate light levels (35 W/m2) while Spirodela will have the fastest production at media nitrogen values of 25 mg/L to 35 mg/L TN at this light level.  At low light intensities, on the other hand, Wolffia did not respond to increasing total nitrogen in its growth medium.  Lemna obscura and S. punctata RGR values increased slightly as media total nitrogen content increased although this difference was not significant (Tables 5 and 6).  Using these regression equations will provide duckweed producers and researchers means to predict relative growth rates under different media nitrogen concentrations.

[image: image27.wmf]Table 4.---Summary of growth rates of

 Lemna obscura 

and 

Spirodela punctata

 in Lafayette, Louisiana.

Species

mg/L TN

Relative Growth Rate

Percentage Weight Gain

(log FW- log IW)/days of growth

((FW-IW/IW)/days of growth

Growth Chamber

n=6

0.067

+

0.004

0.214

+

0.658

n=1

0.116

0.479

n=1

0.038

0.125

n=1

0.000

0.000

Greenhouse

n=4

0.015

+

0.003

0.044

+

0.013

Spirodela punctata

Growth Chamber

n=7

0.033

+

0.009

0.174

+

0.072

n=1

0.090

0.531

n=1

0.058

0.168

n=1

0.024

0.037

Greenhouse

n=4

0.024

+

0.002

0.115

+

0.021

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

PWG = percent weight gain

0.0

Lemna obscura

350.0

175.0

15.0

35.0

0.0

15.0

350.0

175.0

35.0

[image: image28.wmf]Table 24.---Herbivory experimental results for 

Lemna obscura

 and 

Wolffia globosa

 in outdoor tanks, summer 1999.

Values are means plus or minus the standard error.

Species

Grazing

 ((FW-IW/IW)/days of growth

present

n=49

0.086

a

 

+

0.034

0.170

a

 

+

0.086

absent

n=47

0.155

a

 

+

0.020

0.241

a

 

+

0.024

present

n=49

-0.573

a

 

+

0.068

-0.186

a

 

+

0.014

absent

n=47

-0.023

b

 

+

0.010

-0.020

b

 

+

0.009

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

    Percentage Weight Gain

Wolffia globosa

a  

Means with the same letter are not significantly different.

Lemna obscura

Relative Growth Rate




Figure 26.  Relationship between Wolffia globosa leaf protein content and the total nitrogen concentration (TN) of the medium in mg/L.

g).
Greenhouse Models

The daily gain in biomass per square meter of L. obscura and W. globosa in the Texas Tech greenhouse during the spring and summer of 1999 is shown in Figure 29.  The graphs for graphs L. obscura and W. globosa show a peak value at approximately 15 to 18 mg/L TN as the media nitrogen content that maximizes growth.   A plot of the RGR values for L. obscura and W. globosa grown in the greenhouse in 1999 shows maximum values between 15 and 20 mg/L TN (Figure 30). The peak values are much less marked than those shown by daily biomass gain per meter squared.  Although L. obscura and W. globosa grown in the greenhouse were exposed to much higher light levels than was 

available in the growth chamber (150 W/m2 in the greenhouse versus 35 W/m2   in the chamber) the range of TN values that maximized growth was similar in both environments. Therefore I can assume that for L. obscura and W. globosa a media total nitrogen content of between 15 and 20 mg/L will allow for the fastest growth of these two duckweed species under a wide range of light and temperature conditions.

When the daily gain expressed as dry weight per m2 of L. obscura and W. globosa are graphed against the total nitrogen content of the medium, the daily biomass gains decline steadily as the nitrogen content of the medium increases (Figure 31). However when the daily protein production is graphed against the media nitrogen content (Figure 32), a peak at 18 mg/L is shown similar to that shown when wet biomass is graphed against the medium TN content (Figure 29). Apparently the decrease in total dry biomass production in both species is counterbalanced by the increase in the nitrogen content of the biomass produced as the media nitrogen content increases. Further work must be done to elucidate the interaction of percent dry matter and biomass production in duckweed species.

Figure 27. Non-linear regression lines relating the relative growth rates  (RGR) of three duckweed  species to the media total nitrogen content in the growth chamber, 1999.  Light intensity = 34.8 W/m2
To represent the interaction of light, temperature and media nitrogen content   Figures 33 and 34  depict the interaction of season (as represented by the Julian date, 1 to 365),  TN concentration of the medium, and the duckweed growth response as represented by RGR.  The Julian date was chosen instead of light or temperature since it is highly correlated to both temperature and solar radiation.  There is a clear pattern for the inter-relationship between date, RGR and TN, in L. obscura but not in W. globosa  (Table 30).

Unlike the 1998 experiments, which were used to model the growth of duckweed in the previous section, all the 1999 duckweed competition, light, and herbivory experiments were conducted in batch mode; i.e. the tanks were stocked with the  ADCM : tap water mixture at the beginning of each experimental run and not replenished with a continual flow of wastewater mixture as was done in the 1998 experiments. Applying the previous model derived form the 1998 results failed to produce a model with a goodness of fit R2 value greater than 0.43.  Therefore I analyzed the 1999 greenhouse results using multiple regression analysis to model the interaction between media TN content, growth response, 

light and temperature (Table 29).  A  multiple regression analysis of the L. obscura  growth response over the spring and summer of 1999 (February to June, 1999), using the RGR as the response variable and the TN concentration and Julian date as the predictor variables,
allowed me to derive a highly significant regression equation with a goodness of fit R2 value of 0.81 (Table 29). However, I was not able to derive a regression equation with a goodness of fit R2 value of more than 0.27 for the RGR of W. globosa, using light,

temperature or Julian date as the predictor variables.  Only by partitioning the Wolffia experimental results by environment (greenhouse or growth chamber), light intensity and temperature was I able to derive model equations that adequately described the growth response of W. globosa.  Using these regression equations will provide duckweed producers and researchers means to predict relative growth rates under different nitrogen concentrations  in the growth medium. However separate equations to represent duckweed growth must be derived from data obtained from each set of environmental conditions used.  My  analyses  show that one growth equation model  by itself cannot be used to predict duckweed growth under different environmental conditions, instead data must be collected from every environment in which duckweed is grown and separate model equations derived for each environment in which duckweed is proposed to be cultured. 

Figure 28. Non-linear regression lines relating the relative growth rates  (RGR) of three duckweed  species to the media total nitrogen content in the growth chamber, 1999.  Light intensity = 4 W/m2
Figure 29.  Non-linear regression lines relating the daily wet biomass gain of two duckweed  species to the media total nitrogen content in the greenhouse, 1999.

Figure 30.  Non-linear regression lines relating the relative growth rates  (RGR) of two duckweed  species to the media total nitrogen content in the greenhouse, 1999.

Figure 31.  Non-linear regression lines relating the daily dry biomass gain of two duckweed species to the media total nitrogen content in the greenhouse, 1999.

Figure 32.  Non-linear regression lines relating the daily protein production of two duckweed  species to the media total nitrogen content in the greenhouse, 1999.

Figure 33. Relationship between Lemna obscura relative growth rate (RGR), total media nitrogen concentration, and Julian date for the year 1999.

Figure 34. Relationship between Wolffia globosa relative growth rate (RGR), total media nitrogen concentration, and Julian date for the year 1999.

Chapter  IX.
SUMMARY AND RECOMMENDATIONS TO PRODUCERS
a).
Summary

Duckweeds of the family Lemnaceae are small, floating, aquatic plants with a worldwide distribution.  They are one of the fastest growing angiosperms and can double their biomass within 2 days under optimal conditions. They have a high protein content (10 to 40% protein on a dry weight basis) although the moisture content (95%) of fresh duckweed biomass is quite high as well.  Potentially, members of the Lemnaceae (of the genera Lemna, Spirodela, and Wolffia) can produce edible protein six to ten times as fast as an equivalent area planted with soybeans. Therefore species of Lemnaceae potentially have a great value in agriculture. 

A great deal of work has been done on the nutritional value of species of Lemnaceae, especially Lemna, Spirodela and Wolffia.  Duckweed has been fed to pigs, cattle, sheep, chickens, ducks, and fish and can substitute for soybean meal in animal feed rations (Robinette, 1984; Haustein et al., 1994; Johnson, 1998; and Moss, 1999). Its amino acid composition is similar to that of other plant proteins except for having a higher lysine and methionine content, two amino acids normally deficient in plant products. Finally, dried duckweed can provide vitamins, minerals, and pigments such as beta carotene in livestock diets, reducing the need to add these compounds to rations and thus saving the feed producer money.

Much research has been done on the use of duckweed in wastewater treatment systems.   As part of a facultative treatment system, duckweed can cover treatment ponds and reduce the growth of algae in these ponds as well as reduce nitrogen in the effluent from these ponds through ammonia uptake and denitrification (Alaerts et al., 1996; Hammouda et al.1995).  Duckweed can also be part of constructed wetland systems, either as a component of a wetland receiving wastewater or as plants that polish nutrients from wetland-treated effluents (Ancell, 1998).

Due to their small size and ease of growth, duckweed species make ideal organisms for toxicity testing (Lakatos et al., 1993). A new company in Germany has devised a Lemna toxicity test that has been approved by the European Commission  (LemnaTec, 1999) and the use of duckweed for toxicity testing is mentioned in Standard Methods (APHA, 1995). Duckweed can be used in both static and the dynamic test procedures (Wang, 1986; Taraldsen and Norberg-King, 1990). 

Duckweed plays an important role in the ecology of wetland environments by providing a substrate for the growth of diatoms (Goldsborough, 1993), protozoa, and bacteria (Table 1). This phyllosphere (microorganisms living on the outer frond surface) in turn supports insect life (Scotland, 1940) as well as enhancing the nutritive value of duckweed for waterfowl and wetland animals such as nutria and turtles (Krull, 1970).  In addition cyanophytes residing in the phyllosphere of duckweed fronds can fix atmospheric nitrogen, providing nitrogen input in oligotrophic aquatic environments (Zuberer, 1984).

The genera Lemna and Wolffia comprise the primary components of the duckweed layer in Louisiana wastewater treatment ponds, with Azolla and occasionally Limnobium also present in this layer (Table 1, Figure 2).  The dominant species in these treatment ponds are L. obscura and W. globosa. These two species can coexist for extended periods of time in the duckweed layer of Lemna USA (Lemna Technologies) wastewater treatment ponds in Louisiana.

The three dominant duckweed genera (Lemna, Wolffia and Spirodela), will all grow on organic (for example wastewater) as well as inorganic media (for example Hoagland’s medium). All three species grow faster on organic as opposed to inorganic media (Culley et al., 1981; Landolt and Kandeler, 1987) with equivalent amounts of nitrogen and phosphorus. This may be due to the ability of duckweed species to take up organic molecules directly from the media in which they grow (Landolt and Kandeler, 1987). Even inorganic media supplemented with glucose will support faster duckweed growth than media without glucose (Hillman, 1961).

The growth responses of these duckweed species were determined by using two measures: relative growth rate (RGR) and  percentage weight gain (PWG). Together these two parameters compare growth rates in a way that corrects for the difference in scale between a 250-ml  beaker in a growth chamber and a 3-m long tank in a greenhouse (South, 1995).

The results of the experiments carried out in the growth chamber at the moderate light intensities present at the top of the growth chamber (34.8 W/m2) show that S.  punctata  grew fastest at 35.8 mg/L TN,  L. obscura grew fastest at  between 10.1 and 18.7 mg/L TN,  while W. globosa appeared to  grow fastest at 18.7 mg/L TN, although the differences for W. globosa  were not statistically significant (Table 5).  At the low light intensities found at the bottom of the growth chamber (4 W/m2), S. punctata grew fastest at 35.8 mg/L TN, and L. obscura appeared to grow fastest at TN values between 10.1 and 35.8 mg/L  while W. globosa appeared to grow fastest at  35.79 mg/L TN (Table 6). Only the differences for S. punctata were statistically significant at the low light intensity present at the bottom of the growth chamber. 
In the greenhouse,  both W. globosa and L. obscura had the highest daily biomass gain and RGR values at approximately 18 mg/L TN after combining up the results of all experiments carried out over the spring and summer of 1999 (Figures 29 and 30). These results were higher than those obtained for L. obscura growth rates in the summer and fall of 1998 (Figure 23). There were differences in optimum growth rates between experiments carried out over different seasons (Tables 7 to 10).

The  percent protein present in wastewater grown W. globosa  and L. obscura was determined by drying the harvested fronds and subjecting them to a Kjeldahl analysis.  The total protein production was then computed for each experimental period (February to June, 1999). Lemna obscura produced the greatest concentration of protein (on a dry weight basis) at 19 mg/L TN in February, 11.8 mg/L TN in May and 11.8 mg/L TN in June.  Wolffia globosa  produced the greatest quantity of protein (on a dry weight basis) at 11.8 mg/L TN in February, 4.4 mg/L TN in April, 11.8 mg/L in May, and 11.8 mg/L in June (Tables 11 to 14). None of these differences were significantly different when comparing one TN level to the other levels.

Physical factors such as light intensity and the presence of aeration also influenced duckweed growth. Aeration did not have a statistically significant effect on the growth of L. obscura or W. globosa (Table 15).  Lemna obscura grew fastest at a light intensity of 36.1 W/m2 while W. globosa grew fastest at a light intensity of 18.9 W/m2 in covered greenhouse tanks using a wastewater mixture containing  17.0 mg/LTN (Table 16).  When this experiment was repeated outdoors at a low TN concentration (1 mg/L) L. obscura grew best under full sunlight (135 W/m2), while W. globosa grew fastest under lower light intensities (76 W/m2 or less) (Table 17).  At low light intensities the mean RGR values of W. globosa did not respond to increases in the TN content of the medium while those of S. punctata and L. obscura did increase slightly in response to increases in media TN content (Figure 28, chapter 8). These differences were not statistically significant.
In natural environments, several duckweed species are normally found living together. In wastewater treatment ponds, L. obscura species are normally found growing together with W. globosa species and sometimes with Azolla caroliniana as well (Figure 2).  To investigate the competitive interaction of these two duckweed species, I carried out a series of experiments in which I compared the growth response of L. obscura and W. globosa growing separately in pure cultures and together in mixed cultures. Allelopathy, the negative affect of one species upon another, has been found to occur among Lemnaceae species (Wolek, 1974). However in the experiments I undertook in 1999,  L. obscura grew faster when mixed with W. globosa than it grew in pure cultures. Wolffia globosa also grew faster when cultured with  L. obscura compared to its growth in pure Wolffia cultures (Tables 19 and 20).

Grazing can control the species composition of natural plant communities (Hope-Simpson, 1940; Cottam, 1986).  I carried out a series of experiments to determine if grazing  affected the interaction of W. globosa and L. obscura growing together in mixed cultures. In these experiments I used a herbivorous fish to graze mixtures of W. globosa and L. obscura growing together in media with low TN concentrations. Among the six species of fish tested I chose three species that consumed both W. globosa and L. obscura (Koi carp, mollies, and tilapia) (Table 21).  When mixtures of W. globosa and L. obscura were exposed to grazing by these fish, all three species tested consistently consumed W. globosa  in preference to  L. obscura. This may be due to the presence of large amounts of crystallized oxalic acid in L. obscura.  Oxalic acid is present in smaller amounts in W. globosa and is present in a non-crystallized form (Landolt and Kandeler, 1987).   

Mathematical equations can be used to describe the  dynamics of populations.  Equations were used to describe the growth response of L. obscura populations growing in a greenhouse at different TN concentrations (0 to 50 mg/L) in a flow-through system.  The model evaluation and research verification program (MERV) (Gregory, 1992) was used to find coefficients to an equation that described the growth of duckweed from August to November 1998. 

4).
Y = [(1-EXP (-A1 * X)) * (A2 - A3 * X) + A4]

The above model equation using the following coefficients (A1= 0.22, A2 = 0.057, A3 = 0.14 and A4 = 6.87) was fitted to the corrected growth model. This corrected model had goodness of fit R2 value of 0.98, which is very good for a biological model (Figure 24). This model equation can be used to predict the growth response of duckweed in flow through systems by knowing the TN concentration, temperature and solar radiation.

The relationship of the percent protein in L. obscura frond tissue and the TN concentration of the medium in which it grew can be described as a linear regression equation with a goodness of fit R2 value of 0.95 (Figure 25). This regression equation applies to wastewater media with a range of TN values from 0 to 55 mg/L.  Researchers working in Vietnam found a similar relationship between Lemna species and the TN content of its medium (Rodriguez and Preston, 1996). 


There was a negative logarithmic relationship between the protein content of Wolffia fronds and the TN content of the media (Figure 26). Unlike L. obscura,  the protein content of W. globosa decreased as the media TN concentration increased.  The goodness of fit R2 value of this relationship was 0.72, lower than that for L. obscura but still high for a biological relationship. 

            Quadratic equations adequately describe the growth of L. obscura, W. globosa and S. punctata  in the controlled environment of the growth chamber. These equations provide goodness of fit R2 values of 0.82 for S. punctata, 0.96 for L. obscura and 0.65 for W. globosa (Table 28).

           The model developed for the growth of L. obscura growth in a flow-through system did not successfully fit the growth response data from the static culture experiments undertaken in 1999 (Table 30). A multiple regression model with a high goodness of fit R2 value of 0.81 was developed for L.  obscura. This model was represented by the equation:

 6).
RGR = 0.34974 – 0.00943*Date – 0.00187*TN + error
           The independent variables used in this analysis were TN for Total Nitrogen and Date for the Julian date (1 to 365).  RGR represents the relative growth rate of L. obscura during the 1999 experimental runs. 

           Multiple regression analysis of the 1999 growth response of W. globosa produced a model equation with a goodness of fit R2 value of only 0.27. A larger data set derived from more experiments would be required to develop a better model using multiple regression analysis. A summary of findings based on the results of my greenhouse and growth chamber experiments is given in Table 31.
           The models developed for the 1998 and 1999 growth response show that 

equations can be developed that accurately predict the growth response of L. obscura  and to a limited extent  W. globosa and S. punctata. Such models should prove useful to duckweed producers in designing and managing systems for treating wastewater and producing livestock feed.      

Table 31. ---LIST OF FINDINGS

_____________________________________________________________________

No.   




Finding

_____________________________________________________________________

1) Two or more species of duckweed can coexist both in natural environments and in wastewater treatment ponds (Table 1, chapter 3).

2) The protein percentage of dried duckweed biomass harvested from Louisiana Lemna Technologies Treatment ponds varied between 20 and 25% (Figure 4, chapter 3).

3) Lemna obscura and Spirodela punctata grew fastest in inorganic media with a TN content of 175 mg/L (Table 4, chapter 3).

4) On  organic media (ADCM) at the moderate light intensities present at the top of a growth chamber,  S. punctata grew fastest on media with 35.8 mg/L, L. obscura grew fastest on media with between 10.1 to 18.7mg/L TN while Wolffia globosa appeared to grow fastest on media with a TN value of 18.7 mg/L TN (Table 5, chapter 5).

5) On organic media (ADCM) at the low light intensities present at the bottom of a growth chamber,  S. punctata grew fastest on media with 35.8 mg/L, L. obscura appeared to grow fastest on media with a TN value of between 10.1 and 35.8 mg/L TN while Wolffia globosa appeared to grow fastest on media with a TN value of between 18.7 to 35.8 mg/L TN (Table 6, chapter 5).

6) At the low light intensities present at the bottom of the growth chamber, W. obscura grew faster than S. punctata and L. obscura. The mean RGR of W. obscura did not respond to changes in media TN content while L. obscura and S. punctata  RGR values increased slightly as media TN content increased (Figure 28, chapter 8).

7) On organic media (ADCM), L. obscura grew fastest on mixtures with a TN of between 11.8 and 20 mg/L   while W.  globosa grew fastest on ADCM mixtures with a TN of between 5.2 and 11.8 mg/L  in the Texas Tech greenhouse (Tables 7, 9 and 10, chapter 5).

8) In pure cultures of W.  globosa  fastest growth occurred on ADCM mixtures with a TN of  20 mg/L  in the Texas Tech greenhouse (Table 8, chapter 5).

9) In February 1999, maximum daily protein production for L.  obscura  was on a medium with a TN content of 19.3 mg/L TN while for W. globosa  maximum daily protein  production was at 11.8 to 19.3 mg/L. These differences were not statistically significant (Table 11, chapter 5).

10) In April 1999, maximum daily protein production for W. globosa  was at 4.4 mg/L.  (Table 12, chapter 5).

11) In May 1999 maximum daily protein production for L.  obscura  was on a medium with a TN content of 11.8 mg/L TN while for W. globosa  maximum daily protein  production was at 17 mg/L.  These differences were not statistically significant (Table 13, chapter 5).

12) In June 1999, maximum daily protein production for L.  obscura  was on a medium with a TN content of 18.7 to 35.8 mg/L TN while for W. globosa  maximum daily protein  production was at 11.8 to 18.7 mg/L. These differences were not statistically significant (Table 14, chapter 5).

13) Aeration does not significantly increase the growth of L. obscura or W. globosa (Table 15 chapter 5).

14) On organic media (ADCM) in the Texas Tech greenhouse, L. obscura grew fastest at a light intensities of 36.1 W/m2 while W. globosa grew fastest at light intensities of 18.9 W/m2 (Table 16, chapter 5).

15) Outdoors, L. obscura grew fastest at a light intensity of 135 W/m2 while there was no significant difference in W. globosa growth (Table 17, chapter 5).

16) Maximum daily protein production for L.  obscura  grown in June in the Texas Tech greenhouse was at a light intensity of 36 W/m2 while for W. globosa  maximum daily protein  production was at a light intensity of 19 W/m2. These differences were not statistically significant (Table 18, chapter 5).

17) As light intensities increase from 19 to 36 W/m2,   L. obscura grows faster then its growth levels off above 36 W/m2. As light intensities increase above 19 W/m2 W. globosa growth slows down (Figure 16, chapter 5).

18) Both L. obscura and W. obscura grew faster in mixed cultures than in pure cultures (Tables 19 and 20, chapter 6).

19) Both L. obscura and W. obscura grew faster when grazing was absent than when grazing was present. (Table 22 and 23, chapter 7). 

20) All three fish herbivores tested (mollies, tilapia and koi carp) preferred to graze on Wolffia obscura rather than Lemna obscura when these species are grown in mixed culture. Lemna obscura continued growing in the presence of fish grazers while Wolffia globosa did not (Figures 18 to 21, chapter 7).
21) The relationship between duckweed growth and the N concentration in the media follows the Mitscherlich Function (Briggs 1925) and is similar to that of other plants (equation 4, Figure 23, chapter 8).

22) The nitrogen content of L. obscura  frond tissue has a positive, linear relationship to the N content of the media in which it grows, while the N content of Wolffia globosa frond tissue has a negative, non-linear relationship to the N content of its medium (Figures 25 and 26, chapter 8).
23) The RGR’s of S. punctata; L. obscura and W. obscura can be represented by non-linear (quadratic) equations with statistically significant R2 values (Table 26 and Figure 26, chapter 8).
24) The results from the 1999 Texas tech greenhouse experiments show that the RGR of L. obscura can be represented by a multiple regression equation with a significant R2 value while the RGR of W. obscura cannot be represented by a statistically significant multiple regression equation (Table 27, chapter 8).
25) A TN value of approximately 18 mg/L allows for the highest daily gain in wet biomass,  RGR and protein production for both L. obscura and W. obscura grown on ADCM (Figures 29 and 30, chapter 8).  

26) The production of dry Lemna and Wolffia biomass decreases as the TN media 

         content increases (Figure 31, chapter 8).

________________________________________________________________________
b).
Recommendations to Producers


Based on my work with L. obscura and W. globosa at Texas Tech University I would recommend the following practices to prospective duckweed producers:

1.     To maximize the production of duckweed from wastewater, attempts should be made to keep the TN content of the diluted wastewater between 10 and 20 mg/L.  The actual dilution should be based on the nitrogen content of the wastewater available for dilution.

2.     To maximize the production of protein from wastewater-grown duckweed, attempts should be made to keep the TN content of the diluted ADCM mixture between 10 and 20 mg/L.   To maximize dry biomass production,  the TN content of the medium should be 5 mg/L or less.

3.
Lemna obscura should be cultured together with W. globosa to increase the productivity of both duckweed species and to produce a dried product with a high protein value.

4.
Herbivores such as fish, nutria, waterfowl, and turtles should be excluded from duckweed ponds and other production facilities.   Their presence reduces the production of duckweed and increases the amount of waste present in the system.

5. Duckweed should be harvested at least once a week to maximize production of both L. obscura and W. globosa.  Frequent harvesting will keep duckweed populations in the exponential growth phase.

6. Duckweed production ponds should be screened or covered with shade 

netting,  especially in summer, to reduce solar radiation and reduce wind. These effects will increase duckweed production, especially of Wolffia, which in turn will increase the protein content of the biomass produced. 
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ABSTRACT 

Species of the genera Lemnaceae, or duckweeds, are floating aquatic plants that show great promise for both wastewater treatment and livestock feed production. My research has shown that two species of this family,  Lemna obscura and Wolffia globosa, can grow well in both organic and inorganic media and produce leaf tissue with a high protein content.  Data from my experiments have shown that   L. obscura can coexist with W.  globosa for extended periods of time 

Lemna obscura  grows faster than Wolffia globosa  and Spirodela punctata in both inorganic and organic media. These duckweed species can recover nitrogen present in the wastewater and convert it into protein present in their leaf tissue. The nitrogen content of Lemna obscura leaf tissue has a simple, positive, linear relationship to the N content of the media in which it grows while the N  content  of W.  globosa leaf tissue has a non-linear relationship to the N content of its medium.
Spirodela, Wolffia and Lemna respond differently to varying amounts of N in their growth media, as well as to different light and temperature regimes.  The ADCM to tapwater mixture that maximized duckweed growth was  6:100 or 6% wastewater (18.7 mg/L  TN). This ratio produced the fastest growth of Lemna obscura and Wolffia globosa at moderate light levels (34.8 W/m2).  Wastewater concentrations more than or less than this optimum level decreased productivity for both duckweed species tested.

Among the two important physical factors tested, aeration does not significantly increase the growth of L.  obscura or W.  globosa.  Lemna obscura grows best under moderate light levels (36.1 W/m2) while W.  globosa grew best at lower light levels (18.9 W/m2).

Lemna obscura grew faster with W.  obscura  present than in pure cultures. Wolffia  obscura also grew better when L. obscura was present.  Both species are found together in natural environments and in wastewater treatment ponds. Allelopathic effects have been found among certain duckweed species but not between W.  obscura  and L. obscura.

Herbivorous fishes such as carp and tilapia prefer eating W.  globosa to L. obscura when offered a choice between species. All three fish herbivores tested (mollies, tilapia and Koi carp) preferred to graze on W.  obscura rather than L.. obscura when these species are grown in mixed culture. Lemna obscura continued growing in the presence of fish grazers while Wolffia globosa did not.  Therefore selective grazing may affect the species composition of duckweed populations both in the wild and in wastewater treatment ponds. 

A  model or mathematical expression derived from duckweed growth data was used to fit data from experiments conducted over 18 months in a greenhouse and growth chamber.  The relationship between duckweed growth and the N concentration in the media follows the Mitscherlich Function (Briggs, 1925) and is similar to that of other plants.

 Empirically derived model equations have successfully predicted the growth response of L.  obscura in both greenhouse and growth chamber environments but not that of W.  globosa under those same conditions. 
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Lemna obscura
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 Wolffia globosa

 in greenhouse tanks

September and October 1999.

Values are means plus or minus the standard error. 

Species

grazing

 ((FW-IW/IW)/days of growth

present

n=79

-0.421

a

 

+

0.115

-0.042

a

 

+

0.023

absent

n=84

0.196

b 

+

0.015

0.285

b 

+

0.024

present

n=77

-0.919

a

 

+

0.130

-0.203

a

 

+

0.018

absent

n=84

0.096

b 

+

0.011

0.136

b 

+

0.019

FW = final fresh weight of duckweed fronds

IW =  initial fresh weight of duckweed fronds

RGR = relative growth rate

PWG = percentage weight gain

    Percentage Weight Gain

Wolffia globosa

a  

Means with the same letter are not significantly different.

Lemna obscura

Relative Growth Rate

(log FW- log IW)/days of growth
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Fish Species







Lemna







Wolffia







obscura







globosa







consumed by fish







Catfish







no







no







Ictalurus punctatus







Bluegill







no







no







Lepomis macrochirus







Fathead minnow







no







yes







Pimephales promelas







Koi carp







yes







yes







Cyprinus carpio







Tilapia







yes







yes







Oreochromis aurea







Molly







yes







yes







Poecilia velifera







Table 23. Results from fish palatability experiment.












