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ABSTRACT 

Production agriculture is faced with the prospect of having to 

produce enough food to keep pace with the needs of the world's 

population, while meeting waste treatment and disposal standards for 

public health and aesthetic quality (Goldman and Ryther, 1976). With 

increased levels of scrutiny on production practices, animal agriculture 

began paying attention to its by-products of production, particularly 

from its waste products. 

Aquatic plants have been recognized as having potential for 

animal feed and other uses. Aquatic plants have the ability to utilize 

the effluent generated by municipalities and the often nutrient-rich 

wastes from agricultural operations. Aquatic plants that have been 

utilized in research include water hyacinths (Eichhornia crassipes), 

cattail (Typha latifolia), algae, seaweed, and duckweed (Lemnacaea). 

Duckweed is a tiny, free-floating, vascular aquatic plant. It is among 

the smallest and simplest of flowering plants, a worldwide family 

(Lemnaceae) of floating monocotyledons. Duckweed has the ability to 

utilize ammonia, nitrates and minerals from natural and wastewater 

and convert them to feedstuffs with usable proteins and minerals. 



Duckweed has a crude protein potential as high as 40 percent 

depending upon the type of media in which it is grown. 

Cattle and sheep were fed duckweed as a portion of the crude 

protein supplement. In sheep, dry matter digestibilities ranged from 

67-71 % and crude protein digestibility was similar to soybean meal 

(77.5 vs. 69.3 %). Acceptance as a feed source was excellent in both 

sheep and cattle. Average daily gain and gain efficiency was similar in 

cattle fed duckweed to gain and gain efficiency in cattle fed soybean 

meal. Plasma urea-nitrogen concentrations were lower (P < 0.03) for 

cattle on a diet containing duckweed as the crude protein supplement 

than concentrations than cattle on diets including soybean meal as the 

crude protein supplement (4.66 vs. 7.15 mg/dl, respectively). No 

differences were noted for yield grade, hot carcass weight, rib eye area 

and liver abscesses in cattle on duckweed treatments and those on 

soybean meal treatments. Duckweed has the potential to be utilized as 

a crude protein source in the diets of ruminant animals. 

VI 



LIST OF TABLES 

2.1 Dry Matter (DM), crude protein (CP) and ash content 
of duckweed grown on municipal wastewater. 51 

2.2 Dry matter (DM) and crude protein (CP) content of all 
feedstuffs. 51 

2.3 Mineral analysis of duckweed grown under three 
different conditions compared to required and 
cottonseed meal (DM basis). 52 

2.4 Amino acid composition of duckweed plants 
harvested from three different growth media 
(% of diet, DM basis) and soybean meal (SBM) for 
comparison. 53 

2.5 Amino acid composition of duckweed from four 
separate experiments (% of diet, DM basis). 54 

2.6 Least square means for in vitro dry matter (DM) 
disappearance and residual NH3-N. 55 

2.7 Least square means for in vitro dry matter (DM) 
disappearance and residual NH3-N by starch level. 56 

2.8 Effect of protein source on the relationship 
of grams dry matter (DM_ disappearance to residual 
NH3-N. 56 

3.1 Formulated crude protein (CP), dry matter (DM), 
and net energy for maintenance (NEm) of 
all treatments. 69 

3.2 Composition of experimental diets (% DM basis). 70 

vn 



3.3 Initial body weights of sheep and intakes as a 
percent of body weight (% BW). 71 

3.4 Actual crude protein (CP) and dry matter (DM) 
of each treatment. 71 

3.5 Nitrogen intake and urinary and fecal outputs for 
sheep fed soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW) and a control 
diet for collection period 1 (5 days). 72 

3.6 Nitrogen intake and urinary and fecal outputs for 
sheep fed soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW) and a control 
diet for collection period 2 (3 days). 72 

4.1 Ingredient composition of each diet (% DM). 90 

4.2 Cost of gain (21-d period) for cattle fed various 
combinations of duckweed (DW) and soybean 
meal (SBM). 91 

4.3 Mean carcass data on steers started fed various 
combinations of duckweed (DW) and soybean meal 
(SBM) at the beginning of the feeding period. 92 

4.4 Plasma urea nitrogen (PUN) concentrations (mg/dl) 
of steers consuming various combinations of duckweed 
(DW) and soybean meal (SBM). 93 

VKL 



LIST OF FIGURES 

2.1 Neutral detergent fiber (NDF) determinations of 
crude protein feedstuffs. 57 

2.2 Acid detergent fiber (ADF) determinations of crude 
protein feedstuffs. 58 

2.3 In vitro true digestibility for each feedstuffs. 59 

3.1 Dry matter digestibility (%DMD) of diets containing 
soybean meal (SBM), cottonseed meal and urea 
(CSM & U), duckweed (DW), and a control diet fed 
to sheep in collection period 1. 73 

3.2 Crude protein digestibility (% digested) of dietary 
ingredients soybean meal (SBM), cottonseed meal and 
urea (CSM & U), duckweed (DW), and a control diet fed 
to sheep in collection period 1. 74 

3.3 Grams of nitrogen retained by sheep fed diets containing 
soybean meal (SBM), cottonseed meal and urea 
(CSM & U), duckweed (DW), and a control diet 
in collection period 1. 75 

3.4 Percent nitrogen retained (% retained) by sheep fed 
diets containing soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW), and a control diet 
fed in collection period 1. 76 

3.5 Dry matter digestibility (%DMD) of diets containing 
soybean meal (SBM), cottonseed meal and urea 
(CSM & U), duckweed (DW), and a control diet fed 
to sheep in collection period 2. 77 

IX 



3.6 Crude protein digestibility (% digested) of dietary 
ingredients soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW), and a control 
diet fed to sheep in collection period 2. 78 

3.7 Grams of nitrogen retained by sheep fed diets 
containing soybean meal (SBM), cottonseed meal and 
urea (CSM & U), duckweed (DW), and a control diet 
in collection period 2. 79 

3.8 Percent nitrogen retained (% retained) by sheep fed 
diets containing soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW), and a control 
diet fed in collection period 2. 80 

4.1 Day 1 - 1 4 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) 
and soybean meal (SBM). 94 

4.2 Day 1 - 1 4 gain efficiency (G:F) of animals consuming 
various combinations of duckweed (DW) and soybean 
meal (SBM). 95 

4.3 Day 1 4 - 2 1 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) 
and soybean meal (SBM). 96 

4.4 Day 1 4 - 2 1 gain efficiency (G:F) of animals consuming 
various combinations of duckweed (DW) and soybean 
meal (SBM). 97 

4.5 Day 1 - 2 1 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) 
and soybean meal (SBM). 98 

4.6 Day 1 - 2 1 gain efficiency (G:F) of animals consuming 
various combinations of duckweed (DW) and soybean 
meal (SBM). 99 



4.7 Day 65 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (D W) 
and soybean meal (SBM). 100 

4.8 Day 154 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) 
and soybean meal (SBM). 101 

XI 



CHAPTER I 

LITERATURE REVIEW 

Introduction 

The 1970s and the early 1980s was a time of transition for 

environmental standards not only in the United States but also around 

the world. The Environmental Protection Agency (EPA) had written 

standards of "cleanliness" under the Clean Air Act and the Clean Water 

Act. Congress added amendments to the Clean Air Act and the 

Superfund was created. The public as a whole, due to environmental 

problems (i.e., Love Canal, acid rain), became more aware of the 

problems around them that were associated with the environment. The 

Israelis developed technology that would allow them to make the best 

possible use of what little water their environment granted. The 

Saudi's developed desalinization equipment that would allow them to 

grow wheat and other crops from seawater. Europe worked on setting 

standard environmental regulations for all countries in the European 

Economic Community. 

Production agriculture is faced with the prospect of having to 

produce enough food to keep pace with the needs of the world's 



population, while reaching levels of waste treatment and disposal that 

are in keeping with the established standards of public health and 

aesthetic quality (Goldman and Ryther, 1976). Because of the 

increased level of scrutiny on production practices, animal agriculture 

began paying attention to its by-products of production, particularly its 

waste products. Producers began seeking alternative uses for the 

waste generated by the intense production of cattle, hogs, and chickens. 

Specifically, how to deal with the massive amounts of manure, litter 

and effluent generated by the large numbers of animals in a limited 

space. Studies were performed determining the amount of manure that 

could be spread upon fields for crop production (Sweeten et al., 1991). 

These same studies investigated production per acre against the 

amount of manure spread on the land. Methods were developed to 

pump the effluent, minus solids, through center pivot irrigation circles 

permitting the use of the effluent as irrigation water and fertilizer 

simultaneously. Additional research was performed using manure in 

unconventional areas such as replacing coal in burners to generate 

electricity, and as animal feed (Fontenot et al., 1983). 

Why is it so important to find uses for this waste? We know that 

cattle feedlots have relatively high concentrations of nutrients, salts 



and oxygen-demanding organic matter in run-off water (Sweeten, 

1991). This runoff can affect water quality related to both surface 

water and groundwater. Manure stacked in piles adds to the nutrient 

load upon a piece of ground and can add nutrients to run-off water and 

fine particles and odor to the air. Additionally, both state and federal 

agencies have regulations dealing with the collection and disposal of 

wastes collected from concentrated animal feeding operations (CAFOs). 

Enforcement of these regulations is by fines. 

The world has experienced tremendous population growth over 

the past forty years. Additional protein sources will be needed to meet 

the protein demands of this population. If aquatic plants cannot 

directly fill the need of protein for human consumption, then it may be 

possible for aquatic plants to replace traditional feedstuffs in animal 

production (Culley, Jr., and Epps, 1973). 

Feedlots are concentrated poultry or livestock facilities operated 

for meat, milk, or egg production (Texas Water Comm., 1993). In the 

Texas Panhandle, feedlots are synonymous with cattle. In 1996, over 6 

million head of cattle were fed in the Texas Panhandle. Feedlots range 

in size from smaller than 1,000 head to over 100,000 head capacity. 

The average feedlot capacity is approximately 30,000 head (Rutherford, 



1996). These CAFOs are found from Seminole, Texas, located in the 

Texas South Plains, to Stratford, Texas, in the Northern Panhandle. 

A feedyard can be considered as a large manufacturing plant. 

Raw goods enter at one part of the plant and a finished product is 

shipped from another part of the plant. As with any manufacturing 

process, extraneous matter is produced, leaving the manufacturer with 

the question of how to dispose of the waste material. In the case of 

feedlots, the waste material is excrement from the cattle and the 

wastewater generated from runoff from rains and spilled drinking 

water. A finishing steer will consume about 10-12 kilograms of feed per 

head per day depending upon age, weight and other factors (Horton, 

1996). This same steer on a high concentrate diet will excrete about 27 

kg of wet manure a day (89% moisture) per 450 kg of liveweight 

(Fontenot et al., 1983). Typically the manure is collected from the pen 

and either spread on a field as fertilizer, or stacked in a pile on-site. 

The wastewater is captured in holding ponds or lagoons, where it is 

utilized as irrigation water or allowed to evaporate (Fedler and Parker, 

1994). 

The runoff from a cattle feedlot contains relatively high 

concentrations of nutrients (N, P, K), salts, pathogens and oxygen 



demanding organic matter, commonly measured as the biological 

oxygen demand (BOD5) or chemical oxygen demand (COD). A sample 

of fresh effluent from a beef cattle feedlot at Bushland, Texas revealed 

nitrogen levels of 1,080 mg/L and phosphorous levels at 205 mg/L 

(Sweeten, 1991). 

Since the late 1980s, beef feedlots and confined swine production 

in Texas and Oklahoma has almost doubled (Robinson et al., 1995). 

The concern with this rise in production is the rise in waste material 

that must be handled and managed. It is the production of waste 

materials (manure and wastewater) that is of concern to feedlot 

operators, the Texas Cattle Feeders Association, and state and federal 

agencies. Environmental Protection Agency regulations define CAFOs 

as point sources of pollution subject to the National Pollutant 

Discharge Elimination System (NPDES) permit program, list the 

criteria for determining a CAFO, and establish the effluent limitation 

guidelines for feedlots pursuant to Section 306 (b) and (c) of the Clean 

Water Act. 40 C.F.R. §122.23 and 40 C.F.R. pt. 122, App. B. 



Environmental Problems 

It is a well documented fact that feedlot manure contains the 

macronutrients nitrogen, phosphorous and potassium (Sweeten, 1990). 

Additionally, wastewater may often have pathogenic bacteria, viruses 

and trace minerals in varying concentrations that could accumulate in 

components of the food chain (Goldman and Ryther, 1976). The 

nitrogen found in manure is present in four forms: ammonium-N, 

nitrate-N, nitrite-N and organic-N. The urea-nitrogen fraction of 

manure is rapidly converted to ammonia, and parts of the fecal proteins 

are also converted to ammonia. In fact, according to Sweeten and 

Amosson (1996), about half of the nitrogen deposited in urine is 

converted or lost to the atmosphere as ammonia. When manure is 

permitted to remain on the yard for long periods of time, especially 

during dry periods, ammonia nitrogen will likely be volatized (Collins 

et al., 1995). 

The nitrogen available in manure varies among animal type. A 

dairy cow will have available about 30 kg of nitrogen per 907 kg of 

manure. A feeder or slaughter animal will have about 32 kg of 

available nitrogen per 907 kg of manure. Swine will have about 48 kg 

of available nitrogen per 907 kg of manure (57 FR 32475, *32498, July 



22, 1992). This lends credence to the belief that one of the more 

widespread types of pollution is the addition of massive quantities of 

inorganic nutrients, especially nitrogen and phosphorous, to freshwater 

lakes and streams (Boyd, 1970). 

Typical feedlot manure will contain the following constituents on 

a fresh basis: moisture, 83.3 percent; total solids (DM), 14.7 % (wet 

basis); nitrogen, Total Kjeldahl Nitrogen (TKN) 4.00 % (dry basis); 

phosphorous (P), 1.08 %; sodium (Na), 0.35 %; potassium (K), 2.47%; 

and calcium (Ca), 1.65 % (ASAE, 1988). It will also contain 

concentrations of other minerals. As manure is collected and piled for 

disposal, the concentrations of minerals change. Stockpiled manure 

will have a moisture content of roughly 24.2 percent, total solids of 

approximately 75.8 percent, a nitrogen content (TKN) around 1.95 % 

(dry basis), phosphorous content of roughly 0.64 %, a sodium 

concentration of 0.48 %, potassium content of 2.10 %, and a calcium 

content of approximately 1.58 % (Sweeten, 1991). 

Statutes and Regulations 

Even with the reduction of nutrients in manure as it dries, the 

potential for leaching and runoff still exists. CAFOs in Texas must 



abide by the rules and regulations set forth by the Texas Natural 

Resource Conservation Commission (TNRCC) and the Environmental 

Protection Agency (EPA), Region 6. The rules only apply to feedlots 

that qualify as needing waste management permits or EPA NPDES 

permits because of the number of animals housed (McNitt, 1996). 

State Regulations 

Texas statutes pertaining to concentrated animal feeding 

operations are administered by the TNRCC. Effective July 13, 1995, 

the TNRCC was authorized to permit under Subchapter K, 

Concentrated Animal Feeding operations 30 TAC § 321.181-321.198. 

The sections are adopted under the Texas Health and Safety Code, 

§3282.017. This provides the Commission with the authority to adopt 

rules consistent with the policy and purposed of the Texas Clean Air 

Act, and Texas Water Code §§5.103, 5.105, 5.120, 26.028(c), and 26.040, 

which provides the Commission with the authority to promulgate rules 

as necessary to carry out its powers and duties under the Texas Water 

Code and other laws of the state, and to establish and approve all 

general policies of the Commission. However, Subchapter K was 

invalidated by a state district court on November 27, 1997. Subchapter 
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K rules still apply to existing permitted facilities, but new CAFOs must 

apply under Subchapter B. The TNRCC proposed new regulations for 

CAFOs on February 28, 1998 to amend Subchapter K. 

Regulation 30 TAC §321.181 states: 

"It is the policy of the Texas Natural Resource 
Conservation Commission that there shall be no discharge or 
disposal of waste and/or wastewater from animal feeding 
operations into or adjacent to waters in the state, except in 
accordance with subsection (b) of this section or Subchapter B of 
this chapter (relating to Commercial Livestock and Poultry 
Production Operations or §305.1 of this title (relating to Scope 
and Applicability). Waste and/or wastewater generated by a 
concentrated animal feeding operation under this subchapter 
shall be retained and utilized or disposed of in an appropriate 
and beneficial manner as provided by commission rules, orders, 
authorizations and permits." 

Furthermore, 30 TAC §321.193 (8) states: 

"Waste handling, treatment and management shall not 
create a nuisance condition or an environmental or public health 
hazard; shall not result in the contamination of drinking water; 
shall conform with State guidelines and/or regulations for the 
protection of surface and ground water quality " 

Both regulations are important because each charge the 

CAFO with the task of proper handling, storage, and disposal of 

wastes generated on-site. 



Federal Regulations 

Congress, under 33 USC §1342, created the National Pollutant 

Discharge Elimination System (NPDES) (40 C.F.R. Part 122, 1992). 

The Environmental Protection Agency (EPA) is charged with the 

protection of the environment in the United States. This duty is 

carried out through various laws, statutes and regulations. "EPA 

regulations define concentrated animal feeding operations as point 

sources subject to the NPDES permit program, list criteria for 

determining a Concentrated Animal Feeding Operation (CAFOs), and 

establish the effluent limitation guidelines for Feedlots pursuant to 

section 306 (b) and (c) of the Clean Water Act." (40 C.F.R. §122.23 and 

40 C.F.R. Part 122, Appendix B). The EPA Region 6 issues all NPDES 

permits in the 4 states (Louisiana, Texas, Oklahoma, and New Mexico) 

without NPDES authorized programs (57 FR 32475, July 22, 1992). 

The states may have programs that are similar, but not presently 

approved by the EPA. 

It is important to understand how the EPA classifies feedlots as 

concentrated animal feeding operations. Appendix B to 40 CFR Part 

122 states "an animal feeding operation is a concentrated animal 

10 



feeding operation for purposes of §122.23 if either of the following 

criteria are met: 

(a) More than the number of animals specified in any of the 

following categories are confined: 

(1) 1,000 slaughter and feeder cattle, 

(10) 1,000 animal units; or 

(b) More than the following and types of animals are confined 

(1) 300 slaughter or feeder cattle, 

(10) 300 animal units; and either one of the following conditions 
are met; pollutants are discharged into the navigable waters 
through a manmade ditch, flushing systems or other similar 
man-made device; or pollutants are discharged directly into 
waters of the United States which originate outside of or 
pass over, across, or through the facility or otherwise come 
into direct contact with the animals confined in the 
operations. 

Provided, however, that no animal feeding operation is a 
concentrated animal feeding operation as defined above if 
such animal feeding operation discharges only in the event 
of a 25 year, 24-hour storm event." (40 C.F.R. Part 122 
Appendix B, 1997) 

Subchapter N of Title 40, Part 412 defines wastewater in two 

manners. 

"(c) The term process waste water shall mean any process 
generated waste water and any precipitation (rain or snow) 
which comes into contact with any manure, litter or 
bedding, or any other raw material or intermediate or final 

11 



material or product used in or resulting from the 
production of animals or poultry or direct products (e.g., 
milk, egg), (d) The term process generated waste water 
shall mean water directly or indirectly used in the 
operation of a feedlot for any or all of the following: 
Spillage or overflow from animal or poultry watering 
systems; washing, cleaning or flushing pens, barns, manure 
pits or other feedlot facilities; direct contact swimming, 
washing or spray cooling of animals; and dust control" (40 
C.F.R. §412.11 (c) and (d), 1996). 

There are certain standards that must be met in NPDES permits. 

The Clean Water Act (CWA) establishes two types of standards for the 

NPDES permit; technology-based standards and water quality-based 

standards. These standards are used in NPDES permits to set 

monitoring requirements, effluent limitations, and any special 

condition. Additionally, Section 402(a)(1) provides for the inclusion of 

other types of conditions deemed necessary. These are termed special 

conditions and include the requirements for best management practices 

(BMPs) (57 FR 32475, July 22, 1992). 

Existing feedlots use two technology-based requirements: (1) 

Best practicable control technology economically achievable (BPT); and 

(2) Best available technology economically achievable (BAT). BPT 

standards apply to the control of conventional pollutants while the BAT 

12 



standards apply to the control of all toxic pollutants and all other 

pollutants, which are neither toxic nor conventional (57 FR 32475, July 

22, 1992). 

The technology-based requirements are established via one of two 

methods. Feedlots primarily adhere to method 1, which reads 

"Application of national BAT/BCT effluent limitation guidelines 

promulgated by EPA under section 304 of the CWA and new source 

performance standards promulgated under section 306 of the CWA 

applicable to discharges by category or subcategory" (57 FR 32475, July 

22, 1992). 

In addition to the technology-based requirements, section 301(b) 

of the CWA requires NPDES permits to include any conditions more 

stringent than technology-based standards necessary to meet State 

water quality standards. Water quality-based requirements are 

established on a case-by-case basis (57 FR 32475, July 22, 1992). 

The NPDES permit program also established effluent limitations 

for all CAFOs. They are established to be consistent with the BAT 

requirements for feedlots published in 40 CFR Part 412. Permittees 

are obligated to contain all wastewaters and all precipitation runoff 

from the CAFO area in the amount of the 25-year, 24-hour storm 

13 



incident. This is considered to be an industry standard and the most 

effective water quality control available to CAFO facilities. Other 

conditions included in the permit involve prohibitions dealing with the 

discharging of any wastes into the waste containment system which are 

not products of proper operation and maintenance of the CAFO, proper 

operation and maintenance requirements, required best management 

practices and pollution prevention plans (57 FR 32475, July 22, 1992). 

Best Management Practices 

Best management practices (BMPs) are utilized by CAFOs to 

comply with the requirements set forth in the NPDES general permit. 

The following BMPs refer directly to the handling and storage of waste 

products. The BMPs required in the permit include: 

"(a) Retention structure design, capacity, operation, and 
maintenance. These required BMPs attest that the design and 
maintenance of the retention facilities will be satisfactory in 
preventing any discharge to a water of the United States that is 
not in adherence with the requirements of the NPDES permit. 

(b) Location requirements. Retention facilities and waste 
storage areas must not be located in areas of flooding, or where 
the storage of such wastes endanger public health. 

(c) Waste removal. Wastes must be stored and removed in 
such a manner as to prevent discharge of the wastes to waters of 
the United States. BMPs included require that the land 
application be at agronomic rates." (57 FR 32475, July 22, 1992) 

14 



In addition to the required BMPs, the NPDES permit 

recommends other best management practices. Many of the 

recommended BMPs deal with location standards, retention structure 

design, surface water protection, ground water protection, and feedlot 

waste utilization or disposal by land application. The following BMPs 

pertain to the handling and storage of manure. 

"1. Divert runoff from clean areas above lot by constructing 

ditches, terraces and waterways above an open lot; 

2. Do no stockpile manure near watercourses; 

3. Provide adequate manure storage capacity based upon 

manure and waste production and land availability; 

4. Dry manure should be stored in steep piles; 

C. All solid wastes stockpiled or retained on site should; 

1. Be stored under a permanent (structural) or temporary(plastic 

sheeting) cover so as to be protected from rainfall, and 

2. Be isolated from all run-on storm waters by dikes, terraces, 

berms, ditches, or other similar structures." (57 FR 32475, 

July 22, 1992) 

The Texas Natural resource Conservation Commission (TNRCC) 

directs the use of required best management practices in 30 TAC 
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§321.193 (1995). Where the terms in Natural Resource Conservation 

Commission (NRCS) plans are equal to or more protective than the 

required BMPs, the permittee may refer to the NRCS plan as 

documentation of compliance with the BMPs required by 30 TAC 

§321.193 (1995). The best management practices by the TNRCC are 

extremely similar to those required in the NPDES Region 6 General 

Permit. 

Pollution Prevention Plans 

All facilities accounted for under the general permit must 

prepare, retain and implement a pollution prevention plan. These 

made-to-fit requirements have been developed to allow execution of 

site-specific measures that address features and activities associated 

with the control of pollutants within a specific feedlot. The pollution 

prevention plan is regarded to be the BAT standard prerequisite for the 

management of storm waters (57 FR 32475, July 22, 1992) 

The NPDES general permit program recognizes that pollution 

prevention plans identify two categories of pollution control measures. 

The first category includes management practices, which are 

considered to be fundamental to a good best management program, low 

16 



in cost, and applicable to many industries. The second category of 

measures includes management practices, which in effect provide a 

second line of defense against discharge. These include prevention 

measures, containment measures, mitigation, and cleanup and 

treatment procedures (57 FR 32475, July 22, 1992). 

The State of Texas includes pollution prevention plans in 

Subchapter K Concentrated Animal Feeding Operations 30 TAC 

§321.192 (1995). Specific plan requirements are listed under 30 TAC 

§321.192 (f). Those that pertain to the handling and storage of manure 

are listed under 30 TAC §321.192 (f) (24) (b-j) (1995). These 

requirements include the following statement: "When manure is 

stockpiled, it shall be stored in a well drained area with no ponding of 

water, and the top and sides of stockpiles shall be adequately sloped to 

ensure proper drainage. Runoff from manure storage piles must be 

retained on site" (30 TAC §321.192 (f) (24) (B) (1995). PoUution 

prevention plans assure feedlots utilize best management practices 

when it comes to handling and storing manure. 
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Aquatic Plants 

Aquatic plants have been recognized as having potential for 

animal feed and other uses. The production per hectare can be quite 

large (NRC, 1983). Aquatic plants that have been utilized in research 

include water hyacinths (Eichhornia crassipes), cattail (Typha 

IcUifolia), algae, seaweed, and duckweed (Lemnacaea) (Boyd, 1970; 

NRC, 1983; O'Brien, 1981; Oron et aL, 1986). 

The effluent generated by municipalities and industrial 

complexes, and the runoff and drainage from agricultural operations 

has nutrients present (Boyd, 1970). These nutrient rich waters have 

the potential to provide growth media for aquatic plants. Aquatic 

plants that could in turn be used to provide crude protein for either 

human or animal consumption. According to Boyd (1970), enhanced 

growth of bacteria and pathogens, algae and higher aquatic plants can 

occur in nutrient-enriched waters. Raw wastewater attributes of 

primary importance are: (1) flow rates; (2) range of water 

temperatures; (3) biochemical oxygen demand, 5 day at 20 C (BOD6), 

total solids (TS) and total suspended solids (TSS), the total volatile 

suspended solids (TVSS), and the nutrient concentration of the 

wastewater; (4) concentrations of pathogens; and, (5) the concentrations 
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of toxic, organic and inorganic components (O'Brien, 1981). The system 

must be suitable for situations where the effluent is of relatively 

modest volume, but concentrated in nutrients. One such source of this 

type of pollution is feedlot production of cattle (Boyd, 1970). 

Not all aquatic plants have the capabilities of using this type of 

effluent. Desirable traits of a plant used for nutrient capture and 

storage would encompass rapid growth, high tissue nutrient content, 

and the capacity to achieve a high standing crop (biomass per unit 

area) (Whitehead et al., 1987; Boyd, 1970). Additionally, aquatic plants 

with this ability need to provide a practical and economic method for 

the treatment of effluent (Sutton and Ornes, 1975). Aquatic plants 

possess considerable capacity to store nutrients in their tissue. This 

ability to remove nutrients from the water in which they live is not only 

influenced or limited by the plants' net growth rate, but also by the age 

of the standing crop, the tissue nutrient content, and the biological, 

physical and chemical processes working in the water. Additional 

factors that can affect the tissue nutrient content of aquatic plants are 

climatic conditions, plant density, harvesting frequency, and the 

nutrient loading of the effluent (Reddy and De Busk, 1987). 
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Aquatic plants can be quite efficient in removing nutrients from 

effluent. Aquatic plants have the capability to accumulate abundant 

quantities of mineral nutrients, notably the nitrogen and phosphorous 

associated with unnatural eutrophication (Boyd, 1970). Plant 

assimilation commonly accounts for 16 to 75% of total nitrogen removal 

and 12 to 73% of total phosphorous removal in aquatic systems (Reddy 

and De Busk, 1987). Most aquatic plants appear to prefer ammonia 

(NH4) to nitrate (NO3) when both are present in the effluent. These 

floating aquatic plants have the ability to uptake large quantities of 

trace elements and can easily absorb heavy metals such as copper, zinc, 

lead, mercury and nickel (Reddy and De Busk, 1987). 

Aquatic plants are not without problems. The physical 

characteristics of the plants present problems in harvesting and 

processing (NRC, 1983). The high moisture content of the plants 

causes difficulties in mechanical harvesting (Boyd, 1970). However, the 

potential food value of the plants might compensate for the cost of 

removal (Boyd, 1970; Culley, Jr. and Epps, 1973). Further problems 

caused by the high moisture content of the plants include using it as a 

livestock feed (Linn et al., 1975). The high moisture content of the 

plant could possibly cause bloat in ruminant animals. Other possible 
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problems using aquatic plants as feed sources include the presence of 

viruses and bacteria associated with wastes on the plant surface 

(Culley, Jr. and Epps, 1973; Goldman and Ryther, 1976). 

Duckweed 

Duckweed is a tiny, free-floating, vascular aquatic plant. It is 

among the smallest and simplest of flowering plants, a worldwide 

family (Lemnaceae) of floating monocotyledons (Hillman and Culley, 

Jr., 1978; Oron et al., 1986). Duckweed consists of four genera: Lemna, 

Spirodela, Wolffia, and Wolffiella , and there are more than forty 

different species (Hillman, 1961; Oron et al., 1986; Haustein et al., 

1990). Duckweed is usually not much longer than 5 mm in length with 

a range from 1-15 mm (Oron et al., 1986). The plant rarely flowers 

(Rusoff et al., 1980). Instead of distinct leaves and stems, the plant 

body, called a frond, represents a union of leaves and stems (Hillman 

and Culley, Jr., 1978; Oron et al., 1986). New fronds are produced from 

two pockets on each side of an older frond (Hillman, 1961). The new 

fronds do not remain attached to the old fronds. They detach to form 

colonies, maintaining a continuous relationship to the water surface 

(Hillman and Culley, Jr., 1978). 
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Roots are usually less than 0.5 mm in diameter and the length 

will vary widely from specie to specie and with environmental 

conditions. The root length is an indicator of apparent carbohydrate-to-

nitrogen ratio, with the longest roots taking place under conditions of 

relatively high carbon absorption and low nitrogen (Hillman, 1961). 

When duckweed was grown with a 5-day retention time, the plants 

were dark green with short roots, indicating favorable growth 

conditions. Under a retention time of 20 days, small pale-green plants 

with long roots were observed, indicating a shortage of nutrient supply 

(Oron et al., 1987). 

Duckweed is a productive aquatic plant. Duckweed has been 

used in a variety of waste treatment systems: dairy waste lagoons, raw 

domestic wastewater, secondary effluent, and waste stabilization ponds 

(Oron et al., 1986; Koles et al., 1987). It is adaptable to many different 

climates, and hence, can be found in all climatic regions except entirely 

waterless deserts and the tundra (Hillman and Culley, Jr., 1978; Oron 

et al., 1986). Most are tropical or subtropical, but others are found in 

temperate regions (Hillman, 1961). Production during all 12 months of 

the year is likely in the southern United States ranging from parts of 

North Carolina through Central Texas and then back into the southern 
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parts of Arizona and California. Production is likely 9 months out of 

the year through most of the Texas Panhandle and Oklahoma, 

Arkansas, Tennessee, and certain southern parts of Missouri, 

Kentucky, Virginia, New Mexico, Arizona, and California. The rest of 

the United States, excluding parts of the Rocky Mountains and 

northern most part of the United States, would be sufficient in climate 

production about 6 months out of the year (Zirschky and Reed, 1988). 

There are several factors that are important to the growth of 

duckweed. A minimum water depth of 20 cm is needed (Skillicorn et 

al., 1993). It is cold tolerant and less sensitive than other aquatic 

plants to high nutrient stress, droughts, pests and diseases (Koles et 

al., 1987). The optimum temperature for duckweed growth is 20° to 30c 

C with a minimum temperature of 5° C (Hillman, 1961; Oron et al., 

1986). It can winter well and survive temperature of 1-3° C (O'Brien, 

1981). Duckweed does have the ability to survive light freezes (Culley, 

Jr. and Epps, 1973). The optimum pH range for production is from 4.5 

to 7.5 and a pH greater than 10 causes production problems (Hillman, 

1961). The only other problem that can arise from growing duckweed 

in wastewater lagoons is high metal concentrations will inhibit Lemna 
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growth. Duckweed may lay dormant on the bottom of ponds until 

conditions improve for growth (Hillman, 1961; Zirschky and Reed, 

1988). 

The growth rate of duckweed is 0.10-0.35 g/day (Oron et al., 1986; 

Oron, 1990) and will cluster in colonies and may double their weight in 

every 2 or 3 days (Rusoff et al., 1980; Hillman and Culley, Jr., 1978). 

The growth curve of three species of duckweed exhibited a sigmoid 

curve when grown in a monoculture. Growth showed the typical three 

phases: an initial log phase, a linear growth phase, and a declining 

phase where growth rate declined (So, 1987). The highest steady 

growth rates are achieved from treatments receiving the highest 

nutrient loading (Whitehead et al., 1987) and growth rates will 

decrease as retention time on the pond increases (Oron et al., 1987). 

Duckweed plants form a floating mat on the water surface that 

can be easily handled and harvested (Oron et al., 1986; Oron, 1990). It 

meets criteria for ease of harvest, a high digestibility value, rapid 

nutrient removal, and rapid growth rate. This gives duckweed 

economic resource potential (Harvey and Fox, 1973; Hillman and 

Culley, Jr., 1978; Koles et al., 1987; Whitehead et al., 1987). 
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There are several different harvesting methods. One method 

requires the use of a moving belt below the floating plants. The belt 

skims the plants off the surface and moves them to an area for drying. 

Another method uses a truck equipped with an articulated boom that 

can grasp the plants and move them to a truck where the plants are 

taken to drying beds (Oron, 1990). The cost of harvesting duckweed 

has been estimated from $15 to $75/acre (Hillman and Culley, Jr. 

1978). In developing countries most harvesting is done manually by 

picking the duckweed by hand and transporting the plants to an area 

for drying. 

Duckweed has few pest problems (Culley, Jr. and Epps, 1973); 

however, algae can be a problem in ponds if allowed. An algae bloom 

can occur after harvesting when the duckweed mat may not be as thick 

and sunlight penetrates the water surface causing algae bloom (Oron et 

al., 1987). One of the few other problems duckweed has is wind. 

Duckweed is susceptible to blowing and being pushed up onto the shore 

(Hillman and Culley, Jr., 1978). Windscreens or floating barriers can 

be used around or in production ponds to keep the duckweed in place 

yet allow for easy harvesting (O'Brien, 1981; Zirschky and Reed, 1988). 
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Duckweed Effects upon Effluent 

Duckweed has the ability to extract ammonia, nitrates and 

minerals from natural and wastewater and convert them to useable 

proteins. Duckweed are capable of growing as either autotrophs or 

heterotrophs and can use simple organic molecules, not only 

carbohydrates such as sucrose, but also various amino acids directly in 

sewage effluent as nutrients (Hillman and Culley, Jr., 1978; Porath et 

al., 1979; Oron et al., 1986). The characteristic that makes duckweed 

valuable as a species is its ability to utilize different types of wastes. 

Its utilization is applicable to a combination of wastes lagoons, 

particularly those that involve heated water and treatment of (a) all 

types of animal excrement, (b) wastes from food processing plants such 

as canning, meat and poultry, sugar mills, and rendering and leather 

plants, and (c) wastes from industries concerned with the release of 

metal wastes, radioactive materials, and fertilizer problems (Culley, Jr. 

and Epps, 1973). 

Duckweed has an effect upon the water column. The duckweed 

mat produced prevents exchange of oxygen between the atmosphere 

and the water in a pond, resulting in anaerobic conditions in the water 
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column (O'Brien, 1981). Total suspended solids (TSS) removal in a 

duckweed pond should be more effective than in a traditional lagoon 

because of a lack of algae (high mortality) and placid conditions under 

the mat of duckweed. The major factors that are responsible for BOD 

removal in a duckweed system are the same as those in an anaerobic 

zone in a facultative pond. The duckweed contributes very little to the 

actual BOD removal, but creates the anaerobic conditions that make it 

possible (Hillman, 1961; Oron et al., 1986). Furthermore, the anaerobic 

conditions inhibit the growth of mosquito larvae so mosquitoes are 

generally not a problem in duckweed ponds (Zirschky and Reed, 1988). 

The retention time of duckweed on the pond will influence 

effluent quality. In trials conducted by Oron (1990), a retention time of 

5 days was sufficient for the effluent quality to meet the secondary 

criteria for reuse in irrigation, according to Israeli standards. The 

BOD5 for 5 days was 65 mg/L compared to 73 mg/L for 10 days at an 

effluent depth of 20 cm. However, ammonia decreased as retention 

time increased, from 9.9 mg/L at 5 days to 3.9 mg/L for 10 days (Oron, 

1990). 

Another study performed in Mirzapur, Bangladesh, demonstrated 

the ability of duckweed to clean wastewater from a hospital complex. 

27 



Using duckweed as a secondary treatment level, the effluent was 

cleaned to a level meeting EPA standards for the summer in 

Washington, D. C. The EPA standards were BOD6 equal to 10 mg/1; 

NH3 equal to 2 mg/1; and P equal to 1 mg/1. The duckweed treated 

effluent contained 1 mg/L BOD5, 0.03 mg/L NH3, and 0.03 mg/L P 

(Skillicorn et al., 1993). Turbidity was also half of the EPA 

recommended level (Skillicorn et al., 1993). 

Frequent harvests of the duckweed are required for significant 

nutrient removal from ponds or wastes lagoons (Whitehead et al., 1987; 

Zirschky and Reed, 1988). Duckweed can actually be precise in the 

material it uptakes. Duckweed has an extreme uptake preference for 

ammonia over nitrate (Oron et al., 1986). In a study performed in 

Israel, ammonia removal increased from about 40% at a retention time 

of 3 days to approximately 90% when the ponds were operated at a 

retention time of 10 days. Duckweed has the ability to uptake calcium 

at the rate of 5000 lbs/acre per year for calcium, 5450 lbs/acre per year 

for nitrogen, 700 lbs/acre per year for phosphorous and 2250 lbs/acre 

per year for potassium (Zirschky and Reed, 1988). 

Duckweed absorbs the essential plant macronutrients at rates 

and in proportions that evidently depend upon the concentration of 
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nutrients and the rate of harvest (Hillman and Culley, Jr., 1978). The 

harvesting schedule on the relative growth rate is subject to the 

constraints of keeping dense enough duckweed mat on the effluent 

surface (Oron et al., 1987). At low HRT (hydraulic residence time) (7-

10 d), nitrogen and phosphorous removal increased with increasing 

harvesting rate, while at long HRT (20-40d), nitrogen and phosphorous 

removal increased with a decreasing harvesting rate (Whitehead et al., 

1987). Whitehead et al. (1987) also found that increasing the 

harvesting rate in proportion to the nutrient loading rate maximizes 

the contribution of duckweed to nitrogen and phosphorous removal. 

Harvesting rate appeared to have a greater effect on nitrate than on 

ammonia removal, especially at the longer HRTs. This may have been 

partly due to the nitrification of ammonia (Whitehead et al., 1987). 

Ammonia removal efficiency was best for a short retention time (less 

than 10 days) ((Bhanthumnauin and McGarry, 1971; Oron et al., 1986). 

Ammonia concentration can influence growth rates. A decrease in the 

growth rate was noted when ammonia concentrations dropped below 6 

mg/1 while a concentration of 92 mg/1 was toxic to duckweed growth 

(Koles et al., 1987). 
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Longer retention times are necessary to reduce nutrient 

concentrations to EPA discharge limits for tertiary treatment. Koles et 

al. (1987) found that total phosphorous was reduced from 40 mg/1 to 1 

mg/1 over a 96-day period. Ammonia was reduced from 40 mg/1 to less 

than 5 mg/1 over a 46-day period. Whitehead et al. (1987) observed that 

a duckweed harvest accounted for a maximum of 58.3% and 36.6% of 

the influent total nitrogen and total phosphorous, respectively. Test by 

Harvey and Fox (1973) showed a reduction in nitrate nitrogen of 21 to 

60 percent using duckweed as a cover. They also observed that total 

Kjeldahl nitrogen removal was 75 to 89 % for a 10-day period. 

Content Analysis 

The entire plant consists of metabolically active non-structural 

tissue (Oron, 1990). The chemical composition of duckweed will vary 

according to (1) age of the plant, (2) environmental temperature, and 

(3) the nutrient aqueous environment. The protein content and 

composition varies with the media upon which duckweed is grown. 

Duckweed will contain a high percentage of crude protein in certain 

aquatic environments as well as a low percent of dry matter and crude 

fiber. Dry matter across species can range from 4.5 to 5.2, crude 

30 



protein from 25.2 to 36.5, and crude fiber from 8.8 to 11.0 (Rusoff et al., 

1980). The protein content of duckweed raised in natural waters 

(lakes, ponds, etc.) ranges from 7 to 20%. The crude protein of 

duckweed raised in enriched waters containing mineral media or 

effluent from agricultural and municipal waste lagoons can range from 

30 to 40% (Rusoff et al., 1980). For that grown on wastewater, the 

value can be associated with that of soybeans (Oron, 1990; Haustein et 

al., 1990). The protein content of duckweed diminished as retention 

time increased (Oron et al., 1987). The protein percentage was higher 

for duckweed under a retention time of 10 days when compared with a 

retention time of 20 days (Oron et al., 1986). In a study performed by 

Sutton and Ornes (1975), the crude protein content of duckweed 

increased during the first week of retention and then decreased rapidly 

during the following three weeks. Their summation was, as the 

nitrogen content of the effluent decreased, so did the nitrogen in the 

plants. Other studies indicated the duckweed nitrogen content ranged 

from 3.5% to 10.9% on a dry weight basis (Whitehead et al., 1987) and 

on a swine waste lagoon, S. oligorhiza protein content averaged nearly 

40% on a dry weight basis (Hillman and Culley, Jr., 1978). 
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The uptake of phosphorous by duckweed is directly related to the 

phosphorous content of sewage effluent. The rate of removal is 

dependent upon the amount of duckweed, the phosphorous 

concentration in the sewage effluent, and the length of time the 

duckweed is in contact with the effluent (Sutton and Ornes, 1975). 

According to Harvey and Fox (1973), decreases in total phosphorous 

were 56 to 81% over a 10-day test period. Koles et al. (1987) found that 

phosphorous reduction in effluent, or uptake, may depend upon 

ammonia concentrations in the effluent. 

The annual dry yield of duckweed is around 10 to 13 metric tons 

dry weight/hectare for small lagoon systems. Outdoor lagoons that are 

large in size can produce up to 20 metric tons dry weight/hectare 

annually. In a dairy waste lagoon, duckweed doubled its weight 

approximately every 3 days (Rusoff et al., 1977). Old plants are roughly 

94-95% water whereas young plants are 92-93% water (Rusoff et al., 

1980). The dry yield is influenced by the retention time on a pond. In a 

study performed by Oron et al. (1987), dry yield was around 14 g/m2 per 

day for a short retention time (5 days) and fell to about 10 g/m2 per day 

for the longest retention time (20 days). 
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Continuous harvest may result in less fiber in the plant due to a 

younger, growing plant. The high water content results in a higher 

cost of processing. The cost of drying adds significant cost to the 

production of duckweed. The most economical way to dry duckweed 

may be sun-drying (Culley, Jr. and Epps, 1973); however, complete sun 

drying may need to be avoided to minimize pigment loss due to 

ultraviolet exposure which may reduce feed value (Haustein et al., 

1990). The dry product can be made into a meal and pelleted. A wax

like substance is present on the plant that allows for binding (Skillicorn 

et al., 1993). 

Duckweed as a Feed 

Duckweed has been used as a feed source in both poultry and 

dairy cattle. Studies were performed by Haustein et al. in 1994 

utilizing broilers to evaluate duckweed as a feed source for chickens. 

Haustein et al. (1994) found that chicks fed diets containing duckweed 

in proportions of up to 15% of the total diet had similar rates of weight 

gain as the chicks fed a standard diet. He did find, however, that 

chicks consuming a diet with 25% of the total diet made up of duckweed 

showed significant decreases in growth rate when compared to chicks 
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on the 15% duckweed diet. Additionally, feed consumption was also 

significantly lower in the chickens fed a diet with 25% duckweed than 

all other groups. Haustein et al. (1994) concluded that the use of low 

levels of dried duckweed (Lemna gibba) provided equivalent weight 

gain and feed efficiency ratio in layers when compared with a standard 

diet. 

Haustein et al. (1990) utilized duckweed as a feed source for 

layers, evaluating egg weight and production, yolk pigmentation, and 

protein content. Egg weight and egg production in layers fed 15, 25 or 

40% of the total diet coming from dried duckweed was comparable to 

layers fed a control diet. Production was as well as or better in rate of 

egg production to diets containing an equivalent level of energy and 

protein derived from soybean meal and fish meal (Haustein et al., 

1994). Furthermore, the eggs from layers fed 15 to 25% duckweed had 

a higher protein content than control eggs and showed a significant 

increase in yolk pigmentation (Haustein et al., 1990). The conclusions 

drawn from the studies were that the optimal level of duckweed in the 

total diet in the diets of chickens was 15%, which maintained mean egg 

weights and egg production levels (Haustein et al, 1990). Additional 

conclusions were that sewage-grown duckweed can be successfully used 
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as a protein source in diets for layer hens and is an effective 

replacement for soybean meal and some fish meal in the diets of hens 

without affecting the quality of the eggs (Haustein et al., 1990). 

In two separate trials, duckweed was evaluated as a feed source 

for ruminants. Palatability tests with dairy heifers showed that up to 

75% of the total ration can be made up of dry duckweed in a grain diet 

without any noticeable detrimental effects (Rusoff et al., 1977). 

Another trial compared a duckweed:corn silage diet, utilized in 1:2 

proportions, against a control diet looking at weight gain over a 28-day 

period. The dairy heifers on the duckweedxorn silage diet had a 

weight gain of 0.9 kg/day compared to a weight gain of 0.45 kg/day for 

heifers fed a control diet (Rusoff, et al., 1978). 

Conclusions and objectives 

Collins et al. (1995) stated "Environmental interests and 

regulations make it essential that agricultural producers carefully 

examine operations that place pollutants in air and water resources" (p. 

343). It has been shown that aquatic plants, particularly duckweed 

(Lemnaceae family), have the potential to utilize the pollutants found in 

wastewater and convert them into a product that can possibly be used 
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as a feed source. Limited data exists evaluating the use of duckweed as 

a feed source. The data available does lend support to the idea that 

duckweed may be suitable for monogastric and ruminant diets. 

The objective of this research is to evaluate duckweed as a feed 

source for ruminant animals. Lab analysis will be performed to better 

understand the chemical and amino acid composition of duckweed. 

Based upon this analysis, research trials will be conducted to compare 

duckweed to traditional crude protein sources. Research will examine 

nitrogen balance in sheep, feedlot responses in cattle, and in vitro 

digestibilities of duckweed. 
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CHAPTER II 

CHEMICAL COMPOSITION AND COMPARATIVE 

IN VITRO RUMEN EVALUATION OF DUCKWEED 

AND OTHER NITROGEN SOURCES 

Abstract 

Two trials were conducted to evaluate the dry matter 

digestibility, protein degradability, and neutral and acid detergent fiber 

digestibility of three different sources of duckweed and two traditional 

sources of crude protein (soybean meal (SBM) and cottonseed meal 

(CSM)). The dry matter (DM) digestibility was lower for duckweed 

compared to SBM (P < 0.05). DM digestibility of duckweed was above 

60%, which is acceptable for all protein supplements. Neutral 

detergent fiber (NDF) and acid detergent fiber (ADF) composition of 

duckweed from a municipal source was comparable to NDF and ADF 

composition of alfalfa hay and cottonseed meal. Mineral content (Ca, P, 

K, Mg, Zn, Cu, S) of the duckweed plant met or exceeded the National 

research Council (NRC) requirements for beef cattle. Amino acid 

profile was dependent upon the type of media on which duckweed was 

grown. Amino acid content was higher for the fresh-harvested 
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duckweed (FD) compared to that harvested from a municipal source 

(KD) or a poor nutrient media (PD). Duckweed, because of its chemical 

composition and in vitro dry matter digestibility, has potential as a feed 

source for ruminants. 

Introduction 

Increasing concern and regulation concerning livestock wastes 

and wastewaters has prompted researchers to explore new uses for 

such wastes. One area of research has been the use of waste waters to 

grow feedstuffs that can be utilized in the feedyard as well as improve 

the quality of the wastewater. One such feedstuff is duckweed, a tiny, 

free-floating, vascular aquatic plant. Duckweed has the ability to take 

up ammonia, nitrates, and minerals from natural and waste waters, 

and convert them to useable proteins and available minerals (Culley, 

Jr., and Epps, 1973; Rusoff et al., 1978). The objective of this study was 

to analyze duckweed grown on three different media for chemical 

composition (including amino acid composition) and in vitro 

disappearance compared to the traditional crude protein sources of 

SBM and CSM. 
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Material and Methods 

Chemical composition and in vitro dry matter disappearance 

were determined to evaluate duckweed as a feed source. The duckweed 

plants used in this study were obtained from three different sources: a 

municipal source (Kyle, TX.) that was approximately 2 weeks behind in 

harvesting, a nutrient-poor growth media, and a nutrient-rich growth 

media that was on a regular harvesting schedule. Each sample was 

air-dried and then ground in a Wiley mill through a 2mm screen. Dry 

matter (air and oven) and crude protein (Kjeldahl procedure, Tecator, 

Kjeltec Autoanalyzer) of the duckweed plants were determined. Iowa 

Testing Laboratories, Inc., Eagle Grove, Iowa, performed chemical 

composition using Association of Official Analytical Chemists (AOAC) 

methods and Inductively Coupled Plasma (ICP) methods. 

The duckweed plant used in the in vitro study was obtained from 

the municipal source. The in vitro treatments were arranged in a 4 X 2 

factorial design with four sources of nitrogen (duckweed, urea, blood 

meal, and soybean meal) and two starch levels (100 or 200 mg). 

Procedures used were similar to those published by Bartle et al. 

(1986) and Dettle et al. (1995). Rumen fluid was collected from a 

cannulated steer fed a forage diet (alfalfa hay). The rumen fluid was 
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then transported in a prewarmed thermos from the Burnett Center to 

the Ruminant Nutrition Laboratory on campus. The fluid was blended 

briefly in a Waring blender to detach bacteria from the particulate 

matter and then strained through four layers of cheesecloth into CO2-

evacuated separatory funnels. After standing in a 102°F water bath for 

about 30 minutes, the processed rumen fluid was separated and mixed 

with a modified McDougall's artificial saliva solution (without urea; 1:3 

respectively). The mixture then was lowered to a pH of 6.5 by adding 1 

N HC1. Then, CO2 was bubbled through the mixture to maintain 

anaerobic conditions. 

Twenty-eight mg of nitrogen from each crude protein source were 

added to the tubes (3 per treatment) containing 100 or 200 mg of 

pearled starch as an energy source. Then, 30 ml of the 

rumen:McDougall's fluid solution was added to each tube. The tubes 

were gassed with CO2 and plugged with rubber stoppers with small gas 

escape vents. 

The samples were incubated for 24 hours in a water bath at 

102°F before fermentation was stopped by the addition of 1 ml of 

saturated HgCl. The tubes were centrifuged at 30,000 x G for 12 

minutes. A sample of supernatant was removed to determine residual 
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ammonia concentration. The pellet and tube were dried for 24 h at 

212°F, weighed to determine residual DM, and DM digestibility was 

calculated. Statistical analyses were performed by ANOVA with DM 

disappearance and residual rumen ammonia in the model statement. 

Residual rumen ammonia was regressed against dry matter 

disappearance for regression procedures on SAS. 

Treatments were duckweed from a municipal source (KD), fresh-

harvested duckweed from a nutrient-rich media (FD), duckweed from a 

nutrient-poor media (PD), and cottonseed meal and soybean meal. 

Feedstuffs were completely randomized across all jars with one sample 

per jar for a total of five bags plus a blank in each jar. Procedures used 

were for in vitro true digestibility (TVTD) using ANKOM's Daisy II. 

Rumen fluid was collected from a cannulated steer fed a forage 

diet. Rumen fluid was strained through four layers of cheesecloth into 

prewarmed thermoses and then transported from the Burnett Center to 

the Feed Center Laboratory on campus. A commercial rumen inoculum 

was prepared prior to collection and warmed in a 39°C water bath. The 

Daisy incubation jars were placed in the ANKOM's Daisy II the night 

before and warmed to 39°C to prevent cold shock to rumen bacteria. 

CO2 was used to maintain anaerobic conditions. 
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Bach sample (0.5 g) was weighed, placed into a sample bag, 

sealed, and then placed into the incubator jar. A blank sample bag was 

added to each incubation jar for correction purposes. The commercial 

inoculum (1600 ml) was added to each jar and then purged with CO2. 

Rumen fluid (400 ml) was then added to each incubator jar. Purging 

continued with CO2. 

The incubator jars were returned to the Daisy and incubated for 

48 hr at a temperature of 39° C while being rotated. At the completion 

of incubation, the bags were removed and rinsed thoroughly with 

distilled water. The bags (24/analysis) were then placed into the 

ANKOM200 Fiber Analyzer for neutral detergent fiber (NDF) 

determination. 

Neutral detergent solution (2000 ml) at ambient temperature, 20 

g of sodium sulfite and 4.0 ml of heat stable alpha-amylase was added 

to the analyzer. Digestion took place for 60 minutes with the same 

heat and agitation. Following the 60-minute time period, three rinse 

cycles took place. Approximately 2000 ml of hot (90 - 100°C) water and 

4.0 ml of alpha-amylase was added to the first two rinse cycles. Only 

water was added to the third cycle. Each rinse cycle lasted 3 minutes. 
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The same procedure was followed to determine acid detergent 

fiber (ADF). Acid detergent fiber solution was used in place of the NDS 

solution. 

Sample bags were removed from the analyzer and gently pressed 

to remove excess water. Bags were then placed in a beaker and soaked 

in acetone for 3 minutes. Excess acetone was then squeezed out and 

the bags were allowed to air dry. Drying was then completed in a 

drying oven at 105°C for 4 hours. Following the drying period, the bags 

were removed from the oven, placed in a desicator and cooled to 

ambient temperature. The sample bags were then weighed to 

determine percent NDF and IVTD, and percent Fiber. 

Statistical analyses were performed by the GLM procedure on 

SAS. The model statement included NDF, fiber and IVTD. Means 

were separated using two methods: Pdiff for least square means and 

Duncan's multiple range tests for means. 

Results and Discussion 

Composition of the duckweed is shown in Table 2.1. Composition 

of the feedstuffs is shown in Table 2.2. The NDF determination and 

content (cellulose, hemicellulose, lignin, and insoluble ash) is ordinarily 
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considered an indicator of intake potential within forage species 

(Fahey, Jr., and Berger, 1988). Percent NDF was highest for the 

municipal duckweed and lowest for the SBM (dry matter basis) (Figure 

2.1). Alfalfa hay, early-bloom, has a NDF of 39.30% (NRC, 1996). The 

municipal duckweed had a NDF of 39.86%. This could be a function of 

maturity in the duckweed plant. The duckweed from the nutrient-rich 

media had a lower NDF (15.29%) which would be expected in a 

younger, less mature plant. Linn et al. (1975), using procedures 

outlined by Van Soest, reported duckweed, Lemna minor, to have a 

NDF of 35.84% on a dry matter basis. 

Acid detergent fiber (ADF) (cellulose, lignin, silica) content of 

feedstuffs is regarded as an indicator of relative digestibility (Fahey, 

Jr., and Berger, 1988). Alfalfa hay, sun-cured, mid-bloom has an ADF 

of 35% and cottonseed meal (41% protein) has an ADF of 17% (NRC, 

1984). In this trial, percent ADF for duckweed from the municipal 

source was 28.39% while the duckweed from the nutrient-rich media 

was 8.38% (Figure 2.2). This was significantly (P < 0.05) lower than 

the ADF from the other feedstuffs. Linn et al., (1975), using procedures 

outlined by Van Soest, reported duckweed (Lemna minor) to have an 
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ADF of 18.84% on a dry matter basis. The percentages of ADF found in 

the different duckweed harvest were possibly a function of maturity in 

the plant. 

Mineral Composition 

Three different samples of duckweed were analyzed for mineral 

analysis and amino acid composition. Mineral analysis was by AOAC 

methods. Results are reported in Table 2.3. Note the differences in 

iron and aluminum between the duckweed grown on municipal waste 

and that harvested from a nutrient-rich environment (11,777 and 3,165 

vs. 1,471 and 1,240 ppm, respectively). Differences also existed in 

calcium, phosphorous, manganese and zinc between the duckweed from 

the municipal waste and that from the nutrient-poor media. The 

mineral content of duckweed met or exceeded NRC (1996) beef cattle 

requirements for calcium, cobalt, phosphorous, potassium, magnesium, 

zinc, iron, copper, sodium, and sulfur (Table 2.3). The mineral content 

of duckweed exceeded the maximum tolerable concentrations of 

mineral elements for aluminum, sulfur, iron, magnesium, zinc, and 

manganese (Table 2.3). It is possible that the iron and aluminum level 

found in the mineral content of duckweed may be toxic to the animal. 
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However, feeding duckweed at small doses for short durations (< 21 

days) would lessen the possibility of toxicity problems. Duckweed in 

comparison to cottonseed meal indicates duckweed exceeds cottonseed 

meal for all minerals except phosphorous and, depending upon the 

growth media from which duckweed is harvested, zinc (Table 2.3). 

Amino Acid Composition 

The amino acid profile of duckweed has been compared to that of 

soybean meal (Haustein et al., 1990). The crude protein content of the 

three duckweed treatments ranged from 24.85% for the fresh-

harvested, 15.64% for that harvested from the municipal source, to 

8.72% for that grown on the nutrient-poor media. The amino acid 

content for the duckweed harvested from the nutrient-rich media (FD) 

was consistently higher in all amino acids (Table 2.4). Additionally, the 

amino acid content for the duckweed harvested from the nutrient-rich 

media (FD) was similar to the amino acid content of soybean meal 

(Table 2.4). Profiles were similar for the duckweed harvested from the 

municipal water and that from the nutrient-poor media. Amino acid 

profiles from experiments conducted by Rusoff et al. (1980), Porath et 

al. (1979) and Haustein et al. (1994) were much lower than the mean of 
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the three different duckweed determined in this study (Table 2.5), 

indicating the high quality of protein found in the duckweed examined 

in this study. 

In vitro Dry Matter Disappearance 

Dry matter disappearance and residual NH3-N results are shown 

in Table 2.6. Dry matter disappearance for the protein sources (56 to 

89% including starch) reflected the protein degradability of the 

different treatments and suggested active fermentation in all 

treatments. Grams dry matter disappearance and residual ammonia 

(NH3-N) was lowest for duckweed. A treatment by starch level 

interaction for residual ammonia was found (Table 2.7). Residual 

ammonia was higher at the lower level of starch with all four nitrogen 

sources. However, the magnitude of the difference between the two 

levels of starch within protein level was different, producing the 

interaction. Urea and blood meal produced more residual ammonia 

than duckweed or soybean meal at both starch levels. Dry matter 

digested was highest for SBM. 

Protein degradability is defined as the test protein intercept 

divided by the urea intercept (Table 2.8) (Bartle et al., 1986). Soybean 
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meal protein degradability estimates, using the urea intercept, show a 

value over 100%. Additionally, the percentage estimate for blood meal 

is higher than previously reported data (Bartle et al., 1986). 

Nevertheless, the protein degradability for duckweed is obviously much 

lower than for soybean meal or blood meal. 

In vitro true digestibility (IVTD) for the feedstuffs (60.14 to 

98.87%) reflected the dry matter degradability of the feedstuffs and 

suggested active fermentation in all treatments (Figure 2.3). IVTD was 

highest for soybean meal and lowest for the duckweed from the 

municipal source. Rusoff et al. (1978) found that the in vitro dry 

matter digestibility for duckweed harvested and fed daily was about 80-

85% and the in vitro DMD corn silage was around 65%. Harvey and 

Fox (1973) determined duckweed had a 64.34% in vitro organic matter 

digestion. All duckweed treatments in this trial were acceptable in dry 

matter digestibility. 

Implications 

Digestibility of fresh-harvested duckweed was comparable to 

cottonseed meal and all duckweed treatments were acceptable for dry 

matter digestibility. Neutral detergent fiber (NDF) determinations 
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indicate comparable numbers for the duckweed harvested from the 

municipal source and alfalfa hay. Acid detergent fiber (ADF) 

determinations suggest that duckweed from the municipal source is as 

digestible as alfalfa hay and more digestible than cottonseed meal. 

Mineral content of the duckweed plants imply that mineral uptake is 

dependent upon the type of media on which the duckweed is grown. 

Amino acid profile is also dependent upon the type of media on which 

the duckweed plant is grown. 

Digestibility of duckweed was lower than for the other 

substrates. One possible explanation for this result was that the 

duckweed was deficient in energy needed to digest the amount of dry 

matter present. Other research has shown that duckweed grown on 

livestock waste had a crude protein content and dry matter digestibility 

higher than was found for duckweed grown on municipal waste (Rusoff 

et al., 1978). 

Evaluating the two trials together suggests that duckweed grown 

under the right condition holds promise as a feed source for ruminant 

animals. The right conditions would include waters that are nutrient 

rich, temperatures within the optimum range, and frequent harvesting 
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to maximize protein content. Dry matter digestibilities, as well as NDF 

and ADF values, are comparable to traditional feedstuffs. The 

minerals present in duckweed plants meet or exceed the NRC 

requirements for beef cattle. Further research should be conducted to 

examine acceptability and palatability in ruminant diets. 
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Table 2.1. Dry matter (DM), crude protein (CP) and ash content 
of duckweed grown on municipal8 wastewater. 

DM, % 
Air Dried Oven dried CP, %b Ash, %b 

6.69 6_34 27.51 18.81 
aKyle, Texas. 
bDry matter basis. 

Table 2.2. Dry matter (DM) and crude protein (CP) content of all 
feedstuffs. 

Treatment DM, % CP, %a CP, %b 

Poor Nutrient DW (PD) 
Fresh DW (FD) 
Kyle DW (KD) 
CSM 
SBM 

94.55 
95.50 
94.58 
87.99 
89.72 

7.91 
23.35 
12.64 
44.95 
40.88 

8.72 
24.85 
15.64 

aDM basis. 
bAnalysis by Iowa Testing Laboratories, DM basis. 
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Table 2.3. Mineral analysis of duckweed grown under three different 
conditions compared to required and toxic levels and 
cot 

Item 
Nitrogen, % 

Calcium, % 

Phosphorous, % 

Potassium, % 

Magnesium, % 

Sulfur, % 

Sodium, % 

Zinc, ppm 

Manganese, ppm 

Copper, ppm 

Iron, ppm 

Cobalt, ppm 

Aluminum, ppm 

tonseed meal (DM basis). 
PD' 
1.40 

11.13 

0.15 

2.05 

0.89 

0.61 

0.732 

15 

4504 

5 

1589 

< 1.1 

623 

FD*> 
3.98 

8.48 

0.89 

3.92 

0.71 

1.29 

0.884 

162 

985 

9 

1471 

10.5 

1240 

KDC 

2.50 

6.34 

1.12 

2.46 

0.73 

1.02 

1.151 

54 

242 

9 

11777 

< 1.1 

3165 

NRCd 

0.52 

0.26 

0.60 

0.10 

0.15 

0.08 

30 

20 

10 

50 

0.10 

-

NRC* 

-

3.00 

0.40 

0.40 

-

500 

1000 

100 

1000 

100 

1000 

CSM' 

0.22 

1.21 

1.39 

0.55 

0.34 

0.04 

69 

23 

20 

223 

0.82 

aPD = Duckweed harvested from a nutrient poor environment. 
bFD = Duckweed harvested fresh on one week intervals, nutrient-rich 
environment. 
CKD = Duckweed harvested from a municipal source, Kyle, TX. 
dNRC Beef Cattle Requirements (1996). 
eNRC Beef Cattle Maximum Tolerable Levels (1996). 
^repressed solvent extracted, 41% protein (NRC, 1984). 
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Table 2.4. Amino acid composition of duckweed plants harvested from 
three different growth media (% of diet, DM basis) and 

Amino acid 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine, total 
Arginine 

PDa 

1.38 
0.41 
0.41 
0.90 
0.40 
0.48 
0.56 
0.11 
0.47 
0.13 
0.36 
0.67 
0.20 
0.41 
0.21 
0.41 
0.74 

FDb 

1.71 
0.87 
0.84 
1.94 
0.81 
1.07 
1.11 
0.18 
1.00 
0.28 
0.85 
1.44 
0.54 
0.98 
0.40 
1.13 
1.01 

KDC 

0.95 
0.51 
0.48 
0.88 
0.43 
0.68 
0.69 
0.11 
0.58 
0.13 
0.44 
0.83 
0.23 
0.54 
0.20 
0.40 
0.42 

SBMd 

0.70 

1.02 
0.20 
0.93 
1.45 

0.99 
0.56 
1.07 

aPD = Duckweed harvested from a nutrient poor environment. 
bFD = Duckweed harvested fresh on one week intervals, nutrient rich 
environment. 
CKD = Duckweed harvested from a municipal source, Kyle, TX. 
dSoybean meal - 44%. NRC Beef Cattle Requirements (1996). 
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Table 2.5. Amino acid composition of duckweed from four 
experiments (% of diet, DM basis). 

separate 

Amino acid 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 
a1980. 
b1979. 
c1994. 
dMeans from data 

Rusoff et 
L__L 

I in 

a 

0.19 
0.09 
0.07 
0.20 
0.08 
0.10 
0.12 
0.13 
0.02 
0.10 
0.19 
0.08 
0.12 
0.05 
0.11 
0.11 

Table 1.4. 

Porath et 
al.b 

0.13 
0.05 
0.05 
0.12 
0.05 
0.05 
0.07 
0.06 
0.03 
0.05 
0.08 
0.04 
0.07 
0.02 
0.06 
0.07 

Haustein 
etal.c 

0.05 
0.05 

0.09 

0.10 
0.02 
0.05 
0.07 
0.04 
0.03 
0.03 
0.07 
0.08 

Johnson et 
al.d 

1.33 
0.60 
0.58 
1.24 
0.55 
0.74 
0.79 
0.68 
0.18 
0.55 
0.98 
0.32 
0.64 
0.27 
0.65 
0.72 
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Table 2.6. Least square means for in vitro dry matter (DM) 
disappearance and residual NH3-N. 

Treatment DM disappearance, g NH3-N 
Duckweed 0.167a 3.75d 

Urea 0.189b 10.39-
Blood meal 0.199^ 9.23f 

Soybean meal 0.208c 6.72e 
"•b-cMeans in a column with different superscripts differ (P < 0.05). 
d.e.f.gMeans in a column with different superscripts differ (P < 0.01). 
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Table 2.7. Least square means for in vitro dry matter (DM) 
, disappearance and residual NH3-N by starch level. 
Nitrogen source and 
starch level, mg DM disappearance, g NH3-N 
Duckweed 

100 .148a 5.33a 

200 .187b 2.17d 

Urea 
100 .156ad 12.44b 

200 .222c 8.34c 

Blood meal 
100 .169ab 11.46b 

200 .232c 6.99° 
Soybean meal 

100 .186bd 9.45c 

200 .231c 3.99a 

a,b,cdMeans in a column with different letters differ (P < 0.01). 

Table 2.8. Effect of protein source on the relationship of grams dry 
matter (DM) disappearance to residual NH3-N. 

Treatment 
Duckweed 
Urea 
Blood meal 
Soybean meal 

Intercept 
17.46 
31.52 
28.42 
35.29 

Slope 
-34.28 
-60.35 
-48.41 
-83.28 

Protein 
degradability, % 

55 

90 
112 
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USBM 
• CSM 
• PD 
SFD 
• KD 

Feedstuffs 
Bars with different letters differ 

(P < 0.05) 

Figure 2.1. Neutral detergent fiber (NDF) determinations of crude 
protein feedstuffs. 

SBM = soybean meal; CSM = cottonseed meal; PD = duckweed 
harvested from nutrient-poor environment; FD = duckweed harvested 
fresh on one week intervals, nutrient rich environment; KD = 
duckweed harvested from a municipality, Kyle, Texas. 
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% 15 

BSBM 
HCSM 
DPD 
EFD 
DKD 

Feedstuffs 
Bars with different letters differ 

(P < 0.05) 

Figure 2.2. Acid detergent fiber (ADF) determinations of crude protein 
feedstuffs. 

SBM = soybean meal; CSM = cottonseed meal; PD = duckweed 
harvested from nutrient-poor environment; FD = duckweed harvested 
fresh on one week intervals, nutrient rich environment; KD = 
duckweed harvested from a municipality, Kyle, Texas. 
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% 

HSBM 
• CSM 
DPD 
UFD 
DKD 

Treatments 
Bars with different letters differ 

(P < 0.05) 

Figure 2.3. In vitro true digestibility for each feedstuffs. 

SBM = soybean meal; CSM = cottonseed meal; PD = duckweed 
harvested from nutrient-poor environment; FD = duckweed harvested 
fresh on one week intervals, nutrient rich environment; KD = 
duckweed harvested from a municipality, Kyle, Texas. 
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CHAPTER III 

THE EFFECTS ON DRY MATTER DIGESTIBILITY, 

CRUDE PROTEIN DIGESTIBILITY AND NITROGEN 

RETENTION IN SHEEP BY DIFFERENT 

CRUDE PROTEIN SOURCES 

Abstract 

Crude protein supplements are commonly added in the diets of 

ruminant animals to meet nutritional requirements and to increase 

growth rate and gain efficiency. Twelve crossbred wether lambs were 

used in a metabolism study to examine the differences in crude protein 

sources on dry matter digestibility, crude protein digestibility, and 

nitrogen retention. Differences were noted in nitrogen intake (P < 0.05) 

in both collection period 1 and 2. Dry matter digestibility only showed 

a difference (P < 0.05) in collection period 2 between the soybean and 

cottonseed meal and urea treatments. Crude protein digestibilities 

were similar in both collection periods. The duckweed treatment had 

the highest grams of retained nitrogen in both collection periods. 

Duckweed would make an adequate replacement for traditional crude 

protein sources. 
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Introduction 

Crude protein supplements are commonly added in the diets of 

ruminant animals to meet nutritional requirements and increase 

growth rate and efficiency. Common crude protein supplements 

include soybean meal, cottonseed meal, and urea. One source of 

supplements that has been overlooked in the past is aquatic plants. 

One such aquatic plant is duckweed. Duckweed is a tiny, free-floating, 

vascular aquatic plant with the ability to take up ammonia, nitrate, 

and minerals from natural and wastewater, and convert them into 

useable proteins. Rusoff etal. (1980) showed that duckweed has crude 

protein levels comparable to soybean meal, on a dry matter basis. 

Therefore, the objectives of this study were to evaluate differences in 

crude protein sources on dry matter digestibility, crude protein 

digestibility and nitrogen balance in ruminant diets. 

Material and Methods 

Twelve crossbred wether lambs (wt = 28.8 kg) were used to 

examine the differences in crude protein sources on dry matter 

digestibility, crude protein digestibility and nitrogen retention (ACUC # 

97657). Sheep were purchased from Estacado Industries, Springlake, 
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Texas. Lambs were tagged, weighed, dewormed and then randomly 

allotted to one of four treatments. Treatments were (1) soybean meal 

as the supplemental crude protein source, (2) cottonseed meal and urea 

as the supplemental crude protein source (6:1, respectively), (3) 

duckweed as the supplemental crude protein source, or (4) control (no 

supplemental crude protein in the diet) (Table 3.1). These treatments 

were selected to draw a comparison between traditional crude protein 

supplements and duckweed. 

Diets for the metabolism trial were mixed on day 0 and again on 

day 8 of the trial. Ingredient composition of the diets is listed in Table 

3.2. 

The sheep were handled and adjusted to the metabolism crates 

prior to the trial. Sheep were placed in the crates for 16 days with 

collection beginning of day 8 and ending on day 16. For the first 7 days, 

the sheep were fed their respective diets at 1.8 times their maintenance 

requirements for energy as set by the NRC (1985), except for the lambs 

on the duckweed diet which were fed at 1.97 times maintenance. This 

was due to a miscalculation in the NEm of the duckweed diet that was 

later identified and corrected. During the collection period, the sheep 

were fed at 2.2 times maintenance, except for the lambs on the 
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duckweed treatment, which were fed at 2.4 times maintenance for the 

first 3 days of the collection period. This was due to a miscalculation 

in the NEm of the duckweed diet that was later identified and corrected 

(0.78 vs. 0.85). Intakes were calculated at 0.0056*BW 76 times the 

multiple of maintenance to derive the Meal/animal required per day. 

The indoor photoperiod was 12:12 h (light:dark). 

Feed samples were taken at the beginning and end of the 

collection period, composited and analyzed for dry matter and crude 

protein. Sheep were fed at 0800. Prior to feeding, each stall was 

observed for refusals (orts). Axiimals consumed all the treatment diets 

and no orts were present throughout the collection period. 

Daily fecal output was weighed and recorded. After weighing, 

the feces was mixed and then a 10% aliquot (wet weight) was removed. 

Samples were then stored in a freezer. At the end of the collection 

period, all aliquots from each period for a lamb were thoroughly mixed 

and a 20% aliquot was taken. The sample was then allowed to air dry, 

then oven dried at 55° C before a dry weight was recorded. Samples 

were then ground in a Wiley mill to pass through a 2 mm screen before 

they were analyzed for dry matter and crude protein content. 
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Collection of urine was done with the addition of 200 ml of 1.2 N 

HC1 to acidify the urine. Urine output plus the 200 ml of acid was 

measured on a weight basis. A 10% aliquot was then removed and the 

samples stored in a refrigerator. At the end of the collection period, the 

total sample was mixed thoroughly and a 10% aliquot was removed and 

stored at -20 C for later analysis of nitrogen concentration. 

Due to differences in the feeding of the lambs on the duckweed 

treatment, the collection period was actually divided into two separate 

periods. The first collection period lasted for 5 days and the second 

period lasted 3 days. All collection and analysis of fecal and urine 

samples were identical for the separate periods. 

The data were analyzed by the GLM procedures on SAS. A 

completely random design was incorporated for the trial. Mean 

separation for dry matter digestibility, crude protein digestibility, 

grams nitrogen retention and percent nitrogen retention was performed 

with Duncan's multiple range test. 
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Results and Discussion 

The sheep adjusted well to the metabolism crates. The sheep 

consumed all treatments well (Table 3.3). No morbidity was observed 

in the sheep. 

Laboratory analysis of all treatments for crude protein indicated 

that all treatments were lower for CP than calculated (Table 3.4). The 

reason for the low analyzed values is unclear. Due to the low analyzed 

values for CP in all treatments, statistical analysis was performed on 

nitrogen intake, urinary nitrogen output and fecal nitrogen output. In 

collection period 1, a difference was observed in nitrogen intake 

between the control diet (Trt. 4) and all other treatments (P < 0.05). 

Differences were also observed in urinary nitrogen between treatments 

2 (SBM) and 4 (P < 0.05). No differences were noticed in fecal nitrogen 

output (Table 3.5); however, the duckweed treatment did have the 

highest output of nitrogen in fecal samples. 

There were no differences among treatments for dry matter 

digestibility although the duckweed treatment exhibited the lowest 

percentage digested and the cottonseed meal:urea treatment exhibited 

the highest. The soybean meal diet had a dry matter digestibility of 

79.99 percent, which is slightly higher than digestibility numbers 
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reported by Yan et al. (1996) and Stanford et al. (1996) (73.2% and 

74.0%, respectively) in trials involving sheep. Analysis upon crude 

protein digestibility indicated no differences among treatments. The 

duckweed treatment had a digestibility similar to cottonseed meal and 

urea (77.53 vs. 76.63 %, respectively). The control diet had the lowest 

percentage CP digestibility. There were no differences (P < 0.05) in 

grams of nitrogen retained and percent nitrogen retention (Figures 3.1-

3.4). The duckweed treatment did have the highest grams of retained 

nitrogen and the soybean meal treatment the highest percentage of 

retained nitrogen. 

Differences (P < 0.05) were noted for nitrogen intake in the 

second collection period between the control diet and all other 

treatments. Analysis of urinary nitrogen output showed significant 

differences between treatment 2 and treatments 3 and 4 and 

treatments 1 and 4 (P < 0.05). No differences were noted for fecal 

nitrogen output (Table 3.6). 

Dry matter digestibility for the second collection period had a 

significant difference between the cottonseed meal:urea treatment and 

the duckweed treatment (P < 0.05). Dry matter digestibility for 

soybean meal was again similar to digestibilities reported by Yan et al. 
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and Stanford et al. (1996). Crude protein digestibilities were similar 

across all treatments with the duckweed treatment being similar to the 

soybean meal treatment (65.5 vs. 62.9 %, respectively). Grams nitrogen 

retention and percent nitrogen retained were similar across all 

treatments (P < 0.05) (Figures 3.5-3.8). 

Crude protein digestibility was analyzed on a day-to-day basis. 

For days 1,3 and 5, digestibility was similar across all treatments. Day 

2 revealed a difference between treatments 2 and 3 (P < 0.05). On day 

4, 7 and 8, a significant difference was noted between treatment 2 and 

4 (P < 0.05). On day 6, differences were observed between treatment 4 

and all other treatments, and treatment 2 and treatments 1 and 3 (P < 

0.05). 

Implications 

The lambs on the duckweed treatment had dry matter and crude 

protein digestibilities that were similar to those of sheep on traditional 

sources of crude protein supplements. Crude protein digestibilities 

were highest for duckweed in collection period 1. Grams of retained 

nitrogen (DM basis) were highest for duckweed in both collection 

periods. Intake and palatability of duckweed was comparable to other 
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feedstuffs utilized in the trial. Duckweed would make an adequate 

replacement for traditional sources of crude protein supplements in 

sheep diets. 
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Table 3.1. Formulated crude protein (CP), dry matter (DM), and net 

Treatment 
SBMa 

CSIVP & Urea 
Duckweed 
Control 
aSoybean meal. 

CP, % 
11.58 
11.54 
11.52 
8.61 

bCottonseed meal. 

DM, % 
89.4 
89.6 
89.2 
89.4 

NEm (Mcal/lb) 
0.87 
0.87 
0.85 
0.87 
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Table 3.2. Composition of experimental diets (% DM basis). 
Ingredient SBM CSM& U DW Control 
Corn, cracked 
Cottonseed hulls 
Soybean Meal 
Cottonseed Meal 
Urea 
Duckweed 
Molasses, cane 
Animal/vegetable fat 
CaC03 
Dicalcium phosphate 
NaCl 
KC1 
NH4SO3 
Vitamin A premixa 

Vitamin D premixb 

Vitamin E premie 
Trace mineral premixd 

70.17 
12.5 
8.8 
0 
0 
0 
5.0 
0.7 
1.22 
0.1 
0.35 
0 
0.15 
0.37 
0.34 
0.1 
0.2 

73.33 
12.5 
0 
5.0 
0.51 
0 
5.0 
0.6 
1.24 
0.1 
0.35 
0.16 
0.2 
0.37 
0.34 
0.1 
0.2 

62.4 
12.5 
0 
0 
0 

18.0 
5.0 
0.89 
0 
0.2 
0 
0 
0 
0.36 
0.34 
0.1 
0.2 

78.53 
12.5 
0 
0 
0 
0 
5.0 
0.6 
1.18 
0.25 
0.35 
0.28 
0.3 
0.37 
0.34 
0.1 
0.2 

aContained 300,300 IU vitamin A/lb. of premix. 
bContained 50,000 IU vitamin D/lb. of premix. 
Contained 8000 IU vitamin E/lb. of premix. 
Contained (ppm of premix): Mn, 9259; Zn, 8426; I, 2801; Cu, 1984; 

and Co, 51. 
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Table 3.3. Initial body weights of sheep and intakes as a percent of 
body weight (% BW). 

Lamb 
7176 
7180 
7183 
7179 
7185 
7187 
7181 
7184 
7186 
7177 
7178 
7182 

Diet 
SBM 
SBM 
SBM 

CSM&U 
CSM&U 
CSM&U 

DW 
DW 
DW 

Control 
Control 
Control 

Weight, kg 
29 
32 
26 
32 
25 
29 
26 
34 
34 
25 
27 
25 

Intake, % BW 
3.10 
3.03 
3.19 
3.03 
3.20 
3.07 
3.27 
3.06 
3.06 
3.20 
3.15 
3.20 

Intake kg/ Day 
0.90 
0.97 
0.83 
0.97 
0.80 
0.89 
0.85 
1.04 
1.04 
0.80 
0.85 
0.80 

Table 3.4. Actual crude protein (CP), and dry matter (DM) of all 
treatments. 

Treatment CP, % DM, % 
SBM 8.89 91.1 
CSM & Urea 9.59 90.0 
Duckweed 8.32 89.4 
Control 7.18 90.4 
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Table 3.5. Nitrogen intake and urinary and fecal outputs for sheep fed 
soybean meal (SBM), cottonseed meal and urea (CSM & U), 
duckweed (DW) and a control diet for collection period 1 (5 
days). 

Treatment (#) 
SBM (1) 
CSM & U (2) 
DW(3) 
Control (4) 
Least square 
SE 

Nitrogen Intake (g) Urinary Nitrogen (g) Fecal Nitrogen (g) 

58.50a 19.36ab 18.17a 

61.91a 21.48- 14.51a 

63.15a 16.41ab 19.98a 

42.55b 9.16b 14.08a 

2.97 3.23 2.08 
^Means in a column with different letters differ (P < .05). 

Table 3.6. Nitrogen intake and urinary and fecal outputs for sheep fed 
soybean meal (SBM), cottonseed meal and urea (CSM & U), 
duckweed (DW) and a control diet for collection period 1 (3 
days). 

Treatment (#) 
SBM (1) 
CSM & U (2) 
DW(3) 
Control (4) 
Least square 
SE 

Nitrogen Intake (g) 
34.85a 

37.21a 

34.86a 

25.53b 

1.70 

Urinary Nitrogen (g) 
13.45ab 

15.87a 

8.49^ 
6.28c 

1.67 

Fecal Nitrogen (g) 
12.92a 

12.08a 

11.73a 

9.64a 

1.57 
••b'cMeans in a column with different letters differ (P < .05). 

72 



%DMD 

Treatments, SE = 3.25 

DSBM 

a CSM & u 
DDW 

• Control 

Figure 3.1. Dry matter digestibility (% DMD) of diets 
containing soybean meal (SBM), cottonseed meal and 
urea (CSM & U), duckweed (DW), and a control diet fed to 
sheep in collection period 1. 
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% Digested 

Treatments, SE = 5.60 

DSBM 
CSM&U 

DDW 
• Control 

Figure 3.2. Crude protein digestibility (% digested) of 
dietary ingredients soybean meal (SBM), cottonseed 
meal and urea (CSM & U), duckweed (DW) and a control 
diet fed to sheep in collection period 1. 
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Figure 3.3. Grams of nitrogen retained by sheep fed 
diets containing soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW), and a control diet 
in collection period 1. 
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% Retained DSBM 
m CSM & u 
DDW 
• Control 

Treatments, SE = 5.89 

Figure 3.4. Percent nitrogen retained (% retained) by sheep 
fed diets containing soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW), and a control diet in 
collection period 1. 
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m CSM & u 
DDW 
• Control 

Treatments, SE = 3.47 

Figure 3.5. Dry matter digestibility (% DMD) of diets 
containing soybean meal (SBM), cottonseed meal and 
urea (CSM & U), duckweed (DW), and a control diet 
fed to sheep in collection period 2. 
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Figure 3.6. Crude protein digestibility (% digested) of 
dietary ingredients soybean meal (SBM), cottonseed meal 
and urea (CSM & U), duckweed (DW) and a control diet fed 
to sheep in collection period 2. 
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Figure 3.7. Grams of nitrogen retained by sheep fed diets 
containing soybean meal (SBM), cottonseed meal and urea 
(CSM & U), duckweed (DW), and a control diet in collection 
period 2. 
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Figure 3.8. Percent nitrogen retained (% retained) by 
sheep fed diets containing soybean meal (SBM), 
cottonseed meal and urea (CSM & U), duckweed (DW), 
and a control diet in collection period 2. 
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CHAPTER IV 

EFFECTS OF TRADITIONAL AND NON-TRADITIONAL 

CRUDE PROTEIN SUPPLEMENTS ON AVERAGE 

DAILY GAIN, GAIN EFFICIENCY, AND PLASMA 

UREA NITROGEN CONCENTRATIONS IN 

FEEDLOT STEERS 

Abstract 

The first few weeks an animal is in a feedlot is critical for the 

total performance of that animal during the entire feeding period. 

Crossbred steers (n = 24) were used in a randomized block design to 

examine the feedlot performance and plasma urea nitrogen (PUN) 

concentrations in feedlot steers fed diets with protein supplement 

supplied from soybean meal (SBM) or duckweed (DW) either 

individually or in combination. For the total 21-day receiving period, 

the data indicate a numerical advantage for the combination diets (25% 

and 50% DW) over the sole source diets for both average daily gain and 

gain efficiency. This advantage was maintained over the next 133 days 

on feed. No differences were noted for yield grade, hot carcass weight, 

and rib eye area. A block effect for marbling (P < 0.05) was observed. 
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PUN concentrations were depressed for steers fed the 100% DW protein 

supplement diet relative to steers on the 100% SBM protein 

supplement diet (0% DW) (4.66 vs. 7.15 mg/dl; P < 0.03). The data 

would indicate that duckweed alone, or in combination with another 

crude protein source, is effective as a supplemental crude protein 

source in the diet of ruminant animals. 

Introduction 

The first few weeks an animal is in a feedlot is critical for the 

overall performance of that animal during the entire feeding period. 

The objective of any cattle feeding program is to generate feed 

consumption in newly arrived cattle. Bartle et al. (1987) stated, 

"Inadequate feed consumption ... can result in increased health 

problems and decreased animal performance" (p. 21). Additionally, a 

delay at the beginning of the feeding period can result in a prolonged 

feeding period and increased costs to the cattle feeder (Bartle et al., 

1987). The objectives of the trial were to investigate the effects of using 

soybean meal and duckweed, separately and in combination, as crude 

protein supplements on the feedlot performance and plasma urea 

nitrogen concentrations in feedlot steers. 
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Material and Methods 

Crossbred steers (n=24, wt. 354 kg) were used in a randomized 

block design to examine intake, average daily gain (ADG), gain 

efficiency and plasma urea nitrogen (PUN) concentrations in feedlot 

steers fed diets of soybean meal or duckweed either separately or in 

combination. The steers were sorted off grass near Happy, Texas and 

transported to New Deal to the Burnett Center. Steers were processed 

immediately after being received. They were vaccinated with an 

intramuscular four-way viral and a subcutaneous Clostridium. The 

steers were implanted with Synovex Plus and implanted again on day 

65 of the trial. The steers were blocked according to weight (fight vs. 

heavy) and assigned to one of two pens equipped with the Calan® gate 

system for controlling and measuring individual intake. A 21-d 

adjustment period was allowed for the steers to adapt to the 

environment and Calan® gate system. 

After the adjustment period and a receiving trial, the steers were 

randomly allotted to one of four treatments (12/pen, 3/treatment). 

Treatments were designed to have four possible combinations as 

supplemental crude protein sources. Treatments were (1) 0% duckweed 

(100% SBM), (2) 25% DW, 75% SBM, (3) 50% DW, 50% SBM and (4) 
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100% duckweed as the sole supplemental crude protein source. Diets 

were balanced to a 12.7% crude protein level according to NRC (1996) 

requirements (Table 4.1). 

The duckweed utilized in this research came from a municipal 

source (Kyle, Texas.). The duckweed was harvested from municipal 

lagoons were duckweed was used as the secondary treatment on 

municipal waste. Harvest was accomplished by a paddleboat skimming 

across the top of the lagoons, gathering the duckweed into a mass 

beneath the boat. The duckweed was then fed into a feeder and 

pumped over a screen, separating the duckweed and water. The water 

was returned to the waste lagoons and the duckweed was gathered in a 

converted manure spreader. As the duckweed piled up in the spreader, 

it was moved along into a front-end loader on a tractor. Once it 

reached the front-end loader, it was either piled on the ground for 

composting, or in this case, loaded into a grain trailer. 

Once the duckweed arrived at the Burnett Center at New Deal, 

Texas it was piled on the ground in the silage pits to prevent loss due to 

wind. It was allowed to remain in a pile and air-dried. This proved to 

be slow and ineffective. A wooden tray was built with mesh screen 

stapled to the wood. Placing the duckweed on this screen allowed air to 
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flow both above and below the wet duckweed, decreasing drying time 

for the remaining duckweed. Another problem was the bleaching of the 

duckweed caused by exposure to the sun. 

The duckweed was piled in the commodity barn after drying. 

Care was taken to insure that the duckweed did not begin the ensiling 

process. The duckweed was handled in the Burnett Mill system like 

other crude protein sources. It was stored on the third floor, allowing 

for automatic mixing into diets. 

The steers were fed their respective diets for a 21-day period. 

The trial was originally to run for 28 days but was cut to 21 days due to 

a dwindling supply of duckweed caused by excellent consumption of all 

diets. The steers were then grouped together and fed a typical High 

Plains finishing diet. Total time on feed was 154 days. The steers were 

processed and carcass data were collected after a 48-hour chill. 

Weights were recorded on day 0, 14, 21, 65, 129, and 154. Blood 

samples were taken by jugular venipuncture on day 0, 14, and 21 of the 

trial for plasma urea nitrogen determination. 

The data were analyzed by the GLM procedures on SAS. The 

model statement included treatment, block, and the interaction 
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between the receiving trial and this trial. Mean separation was 

performed with the Pdiff test and Duncan's multiple range test. 

Results and Discussion 

Intakes were excellent across all treatments. No differences in 

intake were noted between diets containing duckweed and the 

combination diets or the diet containing only soybean meal. 

Palatability of duckweed was excellent. 

No differences were noted for average daily gain or gain efficiency 

for days 1 - 14 (P < 0.05) (Figure 4.1 and 4.2). The average daily gain 

for days 14-21 noted a difference between the 50% DW treatment and 

the 100 % duckweed treatment (0.81 vs. - 0.43 kg) (P < 0.07) (Figure 

4.3). Numerically, the combination diets indicated the highest ADG for 

the 1 4 - 2 1 day period. The difference between the 50% DW diet and 

the 100% duckweed treatment was also evident in days 14 -21 for gain 

efficiency (10.0 vs. - 5.4) (P < 0.07) (Figure 4.4). The 21-day data 

indicates a numerical advantage for the combination diets over the sole 

source diets for both average daily gain and gain efficiency as 

illustrated in Figures 4.5 and 4.6. ADG for the total 21-d period was 

lowest for the steers on the 100% DW treatment. Gain efficiency was 
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also lowest for 100% DW treatment for the total 21-d period. ADG and 

gain efficiency was highest for the cattle on the 25% DW diet. 

Cost of gain was calculated for the 21-d period (Table 4.2). There 

were no differences between treatments for cost of gain. Numerically, 

the cattle on the 25% DW diet had the lowest cost of gain while the 

cattle on the 50% DW diet had the highest cost of gain. 

The numerical advantage for average daily gain is once more 

seen at day 65 and day 154 for the combination diets (Figures 4.7 and 

4.8). Gains were similar or greater at day 65 and day 154 for cattle 

started on the 100% duckweed diet compared to cattle started on the 

0% DW diet. This would indicate that duckweed alone, or in 

combination with another crude protein source, is effective as a 

supplemental crude protein source in the initial diet of ruminant 

animals. 

No differences were noted for finished weight, yield grade (YG), 

hot carcass weight, dressing percent, rib eye area (REA), kidney, pelvic, 

and heart fat, and fiver abscesses in cattle across all treatments (Table 

4.3). There was a block effect for finished weight (504 vs. 562 kg) (P < 

0.02) and an interaction effect for dressing percent (P < 0.07) between 

the receiving trial and this trial. No differences were noted for 
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marbling between treatments (Table 4.2). A block effect for marbling 

(P < 0.06) was seen with the fight block having an average score of 500 

and the heavy block having an average score of 485 (400 indicating 

slight00 and 500 indicating small00) and a strong interaction effect (P < 

0.002) between trials was observed. There was a 22.5% incidence of 

liver abscesses across all treatments. 

There were no differences in plasma urea nitrogen (PUN) 

concentrations across treatments at the beginning of the trial (Table 

4.4). Plasma urea nitrogen concentrations were depressed for the 

steers on the 100% DW diet relative to the steers on the 100% SBM diet 

(0% DW) at day 14 (3.64 vs. 6.05 mg/dl; P < 0.05) and again on day 21 

(4.66 vs. 7.15 mg/dl; P < 0.03) (Table 4.4). Additionally, PUN 

concentrations were depressed for steers on the 25% DW diet compared 

to the steers on the 0% DW treatment (5.13 vs. 7.15 mg/dl; P < 0.07). 

This would allow one to hypothesize that the ruminant animal more 

efficiently utilizes the protein found in duckweed. It should be noted 

that all PUN concentrations on days 14 and 21 indicate little nitrogen 

wastage by the steers. 
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Implications 

Overall performance of beef steers was not affected by the crude 

protein source in the diet. The first 21 days indicated lower ADG and 

gain efficiency for the steers on the 100% DW treatment. Using 

duckweed and soybean meals in combination numerically increased 

average daily gain and gain efficiency over using duckweed or SBM 

alone. ADG for the entire feeding period indicated that cattle started 

on feed using 100% DW as the crude protein supplement surpass those 

started on 100% SBM as the crude protein supplement. Additionally, 

cost of gains for the initial 21 day feeding period was similar across all 

four treatments. 

Utilizing duckweed as the sole crude protein source caused an 

average decrease of 2.5 mg in PUN concentrations when compared to 

soybean meal treatments (P < 0.07). Carcass characteristics were not 

affected by the crude protein source. Duckweed is a suitable substitute 

for soybean meal in the diet of finishing steers. 
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Ingredient 
Steam Flake Milo 
Cottonseed Hulls 
Soybean Meal 
Duckweed 
Molasses, Cane 
Aiiimal/vegetable fat 
CaC03 

NaCl 
Vitamin A premixa 

Vitamin E premixb 

Trace mineral premix0 

0% DW1 

74.2 
11.7 
6.54 
0 
3.7 
1.5 
1.22 
0.12 
0.46 
0.41 
0.15 

25% DW1 

73.2 
11.7 
4.91 
2.87 
3.7 
1.5 
1.11 
0.06 
0.46 
0.39 
0.10 

50% DW1 

73.0 
11.0 
3.27 
5.53 
3.7 
1.5 
1.04 
0 
0.46 
0.41 
0.09 

100% DW1 

71.0 
11.5 
0 

11.27 
3.7 
1.5 
0.22 
0 
0.46 
0.35 
0 

Contained 300,300 IU vitamin A/lb. of premix. 
bContained 8000 IU vitamin E/lb. of premix. 
-Contained (ppm, of premix): Mn, 9259; Zn, 8246; I, 2801; Cu, 1984; 

and Co, 51. 
Percentage of duckweed used for supplemental crude protein. 
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Table 4.2. Cost of gain (21-d period) for cattle fed various combinations 

Diet 
0% DW 
25% DW 
50% DW 
100% DW 

Ration Cost ($)a 

121.86 
116.56 
111.42 
101.04 

$/lb. of gain 
0.50 
0.38 
0.70 
0.52 

SE 
0.185 
0.205 
0.185 
0.213 

aCost is on a per ton basis, as fed. 
Cost of soybean meal was based on Burnett Center cost, $13.50/cwt. 
Cost of duckweed was based upon production figures from Rusoff et al. 
(1980) (10 ton DM/ha) and harvesting costs ($75/a) from Hillman and 
CuUey, Jr. (1978). 
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Table 4.3. Mean carcass data on steers fed various combinations of 
duckweed (DW) and soybean meal (SBM) at beginning of 
feeding period. 

Item 0%DW* 25% DW1 50% DW1 100% DW1 

Finished wt. 
Hot care, wt., lb. 
Rib eye area, in 
KPH, % 
Yield Grade 
Marbling 
liver abscess 

1153 
754 
12.50 
2.08 
3.2 

513 
0.33 

1211 
745 
13.22 
1.56 
2.5 

493 
0.42 

1150 
692 
12.03 
2.08 
3.3 

488 
0.33 

1178 
692 
12.41 
2.07 
2.7 

506 
0.64 

Percentage of duckweed used for supplemental crude protein. 
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Table 4.4. Plasma urea nitrogen (PUN) concentrations (mg/dl) of steers 
fed various combinations of duckweed (DW) and 
soybean meal (SBM). 

Item 
DayO 
Day 141 

Day 212 

0% DW 25%DW 50% DW 100% DW 
7.28a 

6.05b 

7.16b 

5.21a 

4.31ab 

5.14ab 

6.98a 

5.49ab 

5.80ab 

5.68a 

3.64a 

4.66a 

^ows with different letters differ (P < 0.05). 
2Rows with different letters differ (P < 0.03). 
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ADG, kg 

Treatments 

II0% DW 
H 25% DW 
m 50% DW 
• 100% DW 

Figure 4.1. Day 1 - 14 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) and 
soybean meal (SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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M 50% DW 
• 100% DW 

Figure 4.2. Day 1- 14 gain efficiency (G:F) of animals consuming 
various combinations of duckweed (DW) and soybean meal 
(SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 

95 



ADG, kg 0.2 0% DW 
25% DW 
50% DW 
100% DW 

Treatments 
Bars with Different Letters 

Differ (P < 0.07) 

Figure 4.3. Day 14-21 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) and 
soybean meal (SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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G:F 

Treatments 
Bars with Different Letters Differ 

(P < 0.07) 

m 0% DW 
m 25% DW 
M 50% DW 
• 100% DW 

Figure 4.4. Day 14-21 gain efficiency (G:F) of animals consuming 
various combinations of duckweed (DW) and soybean meal (SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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ADG, kg 

Treatments 

B 0% DW 
M 25% DW 
B 50% DW 
fl 100% DW 

Figure 4.5. Day 1-21 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) and 
soybean meal (SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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G:F 

Hi 

Treatments 

• 0% DW 
25% DW 
50% DW 
100% DW 

Figure 4.6. Day 1 - 21 gain efficiency (G:F) of animals consuming 
various combinations of duckweed (DW) and soybean 
meal (SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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ADG, kg 0.80 
d 0% DW 
H 25% DW 
H 50% DW 
1100% DW 

Treatments 

Figure 4.7. Day 65 average daily gain (ADG, kg) of animals consuming 
various combinations of duckweed (DW) and soybean meal 
(SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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ADG, kg 
H 0% DW 
B 25% DW 
B 50% DW 
B100% DW 

Treatments 

Figure 4.8. Day 154 average daily gain (ADG, kg) of animals 
consuming various combinations of duckweed (DW) and 
soybean meal (SBM). 

Bars represent various levels of duckweed used as supplemental crude 
protein within diets. 
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CHAPTERV 

SUMMARY AND RECCOMENDATIONS 

Duckweed is a tiny, free-floating, vascular aquatic plant. It is a 

productive plant that has the ability to adapt to many different 

climates and growth media. Duckweed has the ability to extract 

ammonia, nitrate and minerals from natural and wastewater and 

convert them to useable proteins and available minerals. Duckweed 

contains a high percentage of crude protein in certain aquatic 

environments as well as a low percent of dry matter and crude fiber. 

Dry matter across species can range from 4.5 to 5.2, crude protein from 

25.2 to 36.5, and crude fiber from 8.8 to 11.0 (Rusoff et al., 1980). 

Duckweed is an untapped resource for animal agriculture. 

Digestibility of fresh-harvested duckweed is comparable to cottonseed 

meal and duckweed harvested from a municipal lagoon and from a 

nutrient-poor media is acceptable for dry matter digestibility. Neutral 

detergent fiber (NDF) and acid detergent fiber (ADF) determinations 

suggest that duckweed is more digestible that cottonseed meal and has 

digestibility numbers comparable to alfalfa hay. Mineral content of the 

duckweed plants imply that mineral uptake is dependent upon the type 
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of media on which the duckweed is grown. The mineral content of the 

plant meets or exceeds the NRC Beef Cattle Requirements. Amino acid 

profile is also dependent upon the type of media on which the duckweed 

plant is grown. 

Ruminant animals are possible users of duckweed. Palatability 

and intake of a diet containing duckweed was excellent in a trial 

utilizing sheep. The lambs on the duckweed treatment had dry matter 

and crude protein digestibilities that were similar to those of sheep on 

traditional sources of crude protein supplements. Additionally, grams 

of retained nitrogen (DM basis) were highest for sheep being fed the 

duckweed diet. 

Palatability and intake of duckweed was excellent in a trial 

where duckweed was used as a crude protein supplement at various 

levels in the diets of beef cattle. Overall performance of beef steers was 

not affected by the crude protein source in the diet. Using duckweed 

and soybean meals in combinations numerically increased average 

daily gain and gain efficiency over using duckweed or SBM alone. ADG 

for the entire feeding period indicated cattle that started on 100% DW 

as the crude protein supplement surpassed those that started on 100% 

SBM as the crude protein supplement. Carcass characteristics were 
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not affected by the crude protein source. Furthermore, cost of gain was 

similar across all treatments. There was a reduction in plasma urea 

nitrogen concentration (PUN) in cattle fed a diet containing 100% 

duckweed as the crude protein source compared to cattle fed 100% 

soybean meal as the crude protein source. This could indicate a more 

efficient utilization of the crude protein available in aquatic plants 

versus terrestrial plants. 

Additionally, raising feedstuffs on-site should allow feedlots to 

lower cost of gains, thus reducing the cost of production and increasing 

efficiency. It is known that a 454 kg feeder animal will excrete 27 kg of 

manure per day (11% DM). This manure is 4.00% nitrogen. This 

converts into 0.120 kg of nitrogen produced by a 454 kg animal per day. 

If we assume that 50% of this nitrogen could be utilized in raising 

duckweed on-site, then a duckweed facility would use 0.06 kg of the N 

produced by the 454 kg feeder animal. 

Next, assuming the duckweed facility was trying to raise 

duckweed that was 27% crude protein (4.32% N), then one 454 kg 

feeder animal could sustain the production of 1.39 kg of duckweed per 

day. This means in one year 499 kg of dry duckweed could be produced 

by a 454 kg feeder animal. A 30,000 head feedyard with an 80% 
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occupancy rate would produce 13,201 tons of useable duckweed. If a 

454 kg feeder animal consumes 12 kg of feed per day, with duckweed at 

11% of that 12 kg, then the diet would be made up of 1.32 kg of 

duckweed. Production of duckweed would equal use by the feedyard. 

Putting this on a cost basis, if soybean meal is $270/ton, raising 

duckweed on-site has the potential to save a 30,000 head feedyard 

$3,564,270, excluding the cost of harvesting and handling of the 

duckweed. If it costs $40,000 to install a waste facility with the 

capability of raising duckweed, the savings in reduced purchasing costs 

would offset the cost of installing the production facility. 

The next question to answer is where does the use of duckweed 

apply in state and federal livestock waste management policy? Animal 

agriculture continues to concentrate production of beef, pork, and 

poultry. The consequence of this continued concentration is the 

increase in waste products. Another trend in animal agriculture will be 

the increase in state and federal laws and regulations concerning the 

treatment and handling of the waste products. Duckweed may offer 

CAFOs an inexpensive alternative to the current costly wastewater 

treatment and waste reduction systems. 
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In the fall of 1997, Senator Tom Harkin, D-IA, introduced a bill to 

the U. S. Senate called the Animal Agriculture Reform Act. This act 

would change the way lots operate as to manure containment, storage, 

and application. It would increase the accountableness of owners and 

operators of livestock and poultry operations for compliance with 

federal manure and waste management plans. Additionally, it would 

require treatment of animal waste to federal wastewater standards if 

the waste is not applied to land or used in another environmentally 

sound manner, prohibiting indefinite storage of the animal waste 

(Robicheaux, 1997). 

Duckweed's ability to uptake ammonia, nitrate and minerals 

from effluent would qualify it to be used as a treatment for on-site 

effluent. Duckweed has the ability to treat effluent water to EPA 

standards. If the Animal Agriculture Reform Act was to pass and 

become law, duckweed may hold more potential as an effluent 

treatment than a feed source. Municipalities have recognized 

duckweed's ability to treat municipal waste at a low cost. Duckweed 

may offer CAFOs the ability to comply with new federal laws and 

regulations at a low cost. This could be the difference between staying 

in business and closing the gates. 
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Duckweed's feed value in ruminant diets may provide 

concentrated animal feeding operations (CAFOs) a way to recapture 

value from waste products. In addition, the use of duckweed would 

allow CAFOs to practice nutrient recycling, reducing the amount of 

nutrients released into the environment. This will only become more 

important with time. The production, disposal and utilization of wastes 

from CAFOs will come under more scrutiny as the EPA and equivalent 

state agencies come under increasing public attention for their 

handling of environmental concerns. A concern that will be passed on 

to the CAFOs in the form of increased regulation and waste handling 

standards. 

Today, animal agriculture must be aware of three different 

perspectives when it comes to the management of its waste; public, 

government, and last, the industry itself. All three perspectives will 

shape the future of concentrated animal agriculture. Miner (1974) 

stated, "The production of food and fiber, the business of agriculture, is 

a complex mechanical, biological, and economic operation." Today, the 

word regulated could apply just as easily. Animal feeding operations 

must be proactive in their approach to waste handling and 

management, and in their response to government regulations. CAFOs 
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must insure that as new regulations are written, they have input in the 

policy, and technology, that they will be complying with and using. 

Duckweed, and the use of duckweed, offers animal feeding operations 

the opportunity to not only respond to waste management issues and 

regulations, but the opportunity to reduce costs while maintaining 

productivity, thus increasing efficiency. 
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