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Alternatives to Minimize the Environmental Impact
of Large Swine Production Units1,2

J. Ronald Miner

Bioresource Engineering Department, Oregon State University, Corvallis 97331

ABSTRACT: Large swine production facilities have
become controversial additions to the agricultural
landscape as their numbers and sizes have increased.
In addition to being larger enterprises, these units
have involved greater specialization, the influx of
outside capital, and the employment of labor without
extensive investment in the enterprise. Major com-
plaints have included water pollution and odors.
Water pollution complaints have been related to
surface and groundwater resources. Accidental spills,
structural failure, and purposeful discharges have
been noted. Odor problems are most often related to
manure management techniques. Large anaerobic

lagoons and irrigation of lagoon effluent have the
potential to emit odors that travel long distances.
Fortunately, technology and management alternatives
exist to achieve higher levels of environmental accept-
ability. More effective water pollution and odor control
alternatives generally increase construction and oper-
ating costs. Producers, regulatory officials, and the
local public have an opportunity to interact to achieve
progress in establishing acceptable compromises. This
article identifies the range of existing and evolving
alternative strategies and provides some assistance to
producers and neighbors in achieving the necessary
equilibrium.
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Introduction

The recent concern over the swine industry in
several U.S. states indicates that livestock production
is in a time of significant transition. The traditional
small farm practice of having a few pigs to supplement
the other agricultural operations is a declining part of
the overall industry. Tables 1, 2, and 3 show this
decline on a national basis and the major increases in
the number of larger facilities in certain states
(National Agricultural Statistics Service, 1996). This
rapid shift to larger, highly specialized swine owner-
ship has been accompanied by a change in the nature
of swine enterprise ownership. Owners may be a
corporate structure with management hundreds of
kilometers away and with only operating personnel
on-site. The operating laborers, rather than being the
owner and his or her family, are more likely to be
hired employees. These personnel may be local resi-
dents or may be primarily recent immigrants starting

their employment. Thus, the overall enterprise may
convey a sense of being run by outsiders rather than
by a neighbor who is raising pigs.

In addition to this change in management and in
community ties, there is frequently a change in the
nature of land ownership. Most large-scale swine
enterprises are not involved in crop production. As a
result, they may not own the land necessary for
manure application. Where that is the case, they will
depend on nearby land owners for suitable land
application sites.

The Issues

Two frequent concerns expressed whenever large-
scale swine enterprises are discussed are water
pollution and odors. Both of these are valid, and they
have been frequent issues following the construction of
large facilities. Both are, however, issues that have
solutions. Other issues have included increased vehi-
cle traffic, noise, flies, and lighting.

Water Pollution

Water pollution can occur whenever large quanti-
ties of organic waste materials are concentrated in a
single area. Simultaneously, the concentration of
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Table 1. Number of farms selling hogs
and pigs, 1969−1992a

aSource: U.S. Census of Agriculture (USDA, 1995).

1 to 1,000
More than

1,000

Year
animals

marketed
animals

marketed

1969 597,000 6,600
1978 454,700 15,800
1982 293,400 21,700
1987 215,000 24,000
1992 160,400 27,750
1969−1992 Percentage change −73 +320

Table 2. Hogs and pigs: number of operations by
size group in the United States, 1994−1996a

aSource: Hogs and Pigs Report (National Agricultural Statistics
Service, 1996).

Size, number
of animals 1994 1995 1996

1 to 999 195,280 170,310 145,520
1,000 to 1,999 8,070 7,720 7,050
More than 2,000 4,630 4,750 4,880

Table 3. Hogs and pigs: number of operations by
size group in North Carolina, 1994−1996a

aSource: Hogs and Pigs Report (National Agricultural Statistics
Service, 1996).

Size, number
of animals 1994 1995 1996

1 to 999 5,830 5,120 4,500
1,000 to 1,999 350 380 300
More than 2,000 820 1,100 1,200

waste material on a single site also offers the
opportunity for more effective management and a
greater degree of control.

Most of the large-scale swine operations constructed
to date have incorporated anaerobic lagoons into the
overall manure treatment and storage strategies.
Well-designed lagoons provide three specific functions:

1. They provide a location for anaerobic bacteria to
decompose the residual organic compounds into
more easily handled end products. This means a
conversion of much of the solid material into
liquids. This is not unlike the breakdown of solids
that takes place in household septic tank systems.

2. They provide a storage volume to accumulate
treated and partially treated manure until the
time for convenient or economically productive
application of the material to cropland.

3. They provide a facility to capture and store any
contaminated runoff that might be generated by
rainfall on manure-contaminated surfaces that
may be outside the roofed areas.

There are two potential pollution pathways. If a
lagoon overflows or if lagoon contents are purposefully
drained into a surface waterway, this material will
contaminate the receiving water. Because lagoons for
large livestock operations require a permit from the
appropriate state water pollution control agency,
plans are reviewed to ensure there is no direct
discharge from the lagoon to the receiving water
course. Discharge is prohibited at all times except in
connection with a 25-yr, 24-h storm event. Under
conditions of such a storm, the assumption is made
that there will be sufficient water in the water course
to minimize the effects of the escaping lagoon con-
tents. Lagoon dike specifications are written to ensure
the dikes are stable and will not fail under even the
most extreme weather. Unfortunately, experience has
been that a few producers have discharged lagoon
contents into receiving waterways, and some lagoon
dikes have failed. Neither of these two situations is
acceptable or inevitable. Engineers know how to
design and build dikes that are secure, and managers
know not to discharge lagoon contents into public

waters. Regulatory enforcement of proper lagoon
maintenance is an essential ingredient of water
pollution control. Most state water pollution control
agencies have a commitment to water quality but over
the past decade have had their budgets reduced to the
point they are unable to provide the field-based
inspections necessary to ensure proper operation of
the waste storage and treatment facilities. It is
interesting to note that in response to lagoon failures
in North Carolina, the state s most recent regulations
require an annual inspection by the water pollution
control agency personnel and one by the appropriate
federal technical service agency (personal communica-
tion, F. Humenik, NCSU, June 1998).

There is also a concern over the possibility of
groundwater pollution from large-scale livestock en-
terprises. Again, there are two very likely possibilities.
One is the possibility of leakage from the lagoon or
manure storage reservoir moving downward into
groundwater. The second is the possibility of applying
excessive effluent to cropland and creating a situation
in which more nitrogen is being applied than is being
used by the crop. If that is the case, excess nitrogen
will be transported beyond the root zone and will
eventually appear in the groundwater as an increased
nitrate concentration. Excessive application of rainfall
or irrigation water when not needed can also contrib-
ute to nitrate escape.

Nutrient management strategies are designed to
provide the crops with the full amount of plant
nutrients needed while minimizing the amount of
soluble nutrients that escape from the root zone.
Coupled with soil and plant testing, it is possible to
manage nitrogen in a very precise manner. To be
effective, nutrient management requires that the
livestock producer have an adequate amount of crop or
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pasture land for the nitrogen available, that a
sufficient number of manure or lagoon effluent sam-
ples be analyzed to provide the necessary inventory
information, and that detailed records be maintained
so the fate of nutrients on the farm can be evaluated
on an ongoing basis.

Odor Release

Swine confinement buildings are a source of objec-
tionable odors if manure is allowed to accumulate on
the floors, manure is stored within the buildings, the
animals are allowed to become covered with manure,
or the flush water has a volatile odor due to anaerobic
storage. Odors are primarily the products of anaerobic
decomposition of manure. One of the more frequent
sources of odor complaints is the manure storage/
treatment system. Another major odor emission source
is the sprinkler or nozzle that is used to distribute
liquid manure as part of the land spreading. Liquid
manure on the surface of the ground continues to emit
odor until it dries or is absorbed by the soil.

Anaerobic lagoons have a particularly bad reputa-
tion. Heavily loaded lagoons are a notorious odor
source. However, manure management options to
reduce odor do exist. For example, enclosed anaerobic
digesters can reduce organic content by 90% while
producing a biogas that can be converted to electricity.
Lagoons can be covered and the collected gas diverted
to a soil absorption system. Permeable covers for
lagoons are also available which greatly decrease
odors (Miner and Pan, 1995). Aerobic alternatives
include aerated lagoons and modified activated sludge
processes (MWPS, 1985).

Disposal of dead animals, if it is not accorded a high
level of management attention, has the potential to
produce an odor that is highly offensive and sugges-
tive of unhealthy conditions. Options include prompt
removal to a rendering plant, burial, or composting.

Manure following treatment or storage is most often
applied to crop or pasture land as a source of plant
nutrients. Dilute liquid manure is least expensively
applied using irrigation equipment. When pumping
liquid manure through a high-pressure sprinkler an
extensive surface area is generated, causing signifi-
cant escape of manure odorants to the air. Widespread
complaints can ensue.

Technical Solutions

Technological solutions exist that can prevent the
escape of manure from treatment/storage systems.
Similarly, odors can be significantly reduced or
eliminated. Some of the alternatives add cost either to
facilities or to management; however, the current
transition within the industry may be the appropriate
time to boldly adopt a higher level of environmental
stewardship.

Lagoon Construction and Management

Other industries and municipalities are able to
construct and manage lagoons that have a relatively
low rate of failure. Site selection is a key. Construction
away from streams and rivers will avoid the problem
of immediate stream discharge should a relatively
minor problem arise. In addition, by having lagoons
out of the flood plane, erosion damage to the outside of
the dike will be reduced. Width of top berms can be
selected to avoid erosive failure. Frequent inspection
associated with an effective maintenance program will
help avoid unanticipated failure. Record keeping and
the use of a depth gauge in the lagoon will make it
possible to determine when a lagoon is reaching the
level when application to cropland is essential.

Construction and testing techniques are sufficiently
developed to achieve the required rates of infiltration
or seepage. Soil scientists and design engineers are
able to design and construct lagoons that do not leak.
Typically, regulatory agencies specify that infiltration
rates are to be less than 10−7 cm (Missouri Depart-
ment of Natural Resources, 1989). In many soils, this
degree of water tightness can be achieved with native
material. Where the soils are high in sand and gravel
or where layered rock is encountered, it is often
necessary to import a clay material to produce a
water-tight seal. An alternative is to install a syn-
thetic water-tight liner. If a liner is used, it is typical
to install observation wells beneath the lagoon to
check for potential leakage.

Nutrient Management

Crop nutrient requirements are sufficiently well
established, analytical procedures available, and ap-
plication equipment sufficiently refined that the
manager has precise control over the application rates
of nitrogen, phosphorus, and potassium. Evapotranspi-
ration rates are also sufficiently well established to
prevent transporting nitrate nitrogen to the ground-
water with responsible management.

Application of phosphorus in excess of the crop
utilization rate is common in much of the United
States because relatively less phosphorus than nitro-
gen is lost during storage. There are locations in which
this practice is of increasing concern. Livestock and
poultry producers should be particularly alert to this
matter if phosphorus becomes the basis for land
application regulations because it can have a signifi-
cant effect on the amount of land required for manure
utilization or for the disposal of treated effluent.

The amount of land required for large-scale confine-
ment livestock operations can be difficult to assess. If
the operation has adequate land for the utilization of
the available nutrients it generates, this additional
land, if properly located, can provide a buffer in case of
odor release. However, increasing the amount of land
requires livestock and cropping expertise. Whether the
operation includes cropland or not, adequate land
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must be available based on a reasonable/conservative
nutrient management plan.

When sufficient land is not available for the
utilization of all the nutrients through agronomic
practices, nutrient reduction technologies exist. It is
possible to produce an effluent that meets very strict
water quality standards; however, the economic and
energy costs increase as the removal efficiencies
increase. Nitrogen can be removed from lagoon
effluent by raising the pH to promote volatilization,
for example. Alternate aerobic and anaerobic treat-
ment processes will remove nitrogen by nitrification
then denitrification. Phosphorus can be precipitated
by chemical addition. If potassium reduction is re-
quired only a modification of the diet will be effective.

Building Odor Control

Great progress has been made in designing
livestock confinement buildings that minimize animal
contact with the manure and that can be maintained
at optimal humidity and temperature. Slotted floors,
flushed gutters, and fill and dump tanks are among
the possibilities. The choice is largely a local decision
to best utilize the particular geographic advantages
that may be available.

Flushed buildings and the fill and dump under-floor
storage tanks (pit recharge system) are a special
concern if recirculated water is being used for
flushing. When water is recycled from a lagoon, the
water may have a sufficient concentration of odorous
gases that it contributes to, rather than reduces,
building odors. Under those conditions, it may be
necessary to aerate or otherwise deodorize the recycled
water as part of the wastewater treatment process.

Heating and ventilation is another variable that
can be manipulated to achieve in-building odor
control. One of the constraints of a few existing
buildings is that they have no or minimal supplemen-
tal heating capabilities. Under those conditions, the
only means of maintaining appropriate temperatures
under cold weather conditions is to reduce ventilation
rates. This results in increased humidity, the build-
ings become more odorous, and the air that escapes
becomes more objectionable.

Lagoon Odor Control

A great variety of manure management technolo-
gies are available to the confinement swine producer.
Most often, the designer will first think of using an
anaerobic lagoon because of its low construction and
operating costs relative to the typical alternatives.
There are a number of possible hazards associated
with anaerobic lagoons:

1. Lagoon loading rates are generally out of date
with regard to the size of swine confinement
facilities being constructed. The engineers that
assembled the data that form the basis for lagoon

loading rates were dealing with facilities envi-
sioned to house 400 to 1,000 animals. Loading
rates were identified that would provide sufficient
anaerobic digestion capacity that the unmixed
lagoon would emit odors that would be objectiona-
ble at an appropriately located neighboring resi-
dence on a sufficiently infrequent basis so as to be
acceptable. Designers and regulatory officials have
tended to accept these loading rates as being
independent of herd size and create very large
lagoons that emit odors of the same intensity and
quantity per unit area as the “maximum accepta-
ble.” Thus, as a result of the larger surface area,
the residents located in accord with the estab-
lished policy find themselves facing an odor that is
more intense and of a greater frequency than the
guidelines were meant to allow.

2. Most of the regulatory officials being asked to
review plans for confinement livestock operations
are employed by water pollution control agencies
with primary goals of avoiding surface and
groundwater pollution. They, therefore, support
the use of the “standard loading rates” because
there is no justification from a water pollution
control perspective to build a lagoon that will
operate at a lower loading. This interchange
provides additional security to the designer but
does little to address the concerns of the surround-
ing residents.

3. Designers have erroneously believed that state or
professional organization design standards were
selected to serve in all situations. Anaerobic
lagoon loading rates are an appropriate example.
Lagoon sizing criteria are established by state
water pollution control agencies to protect surface
water quality, and in some states to provide
limited guidance regarding odor intensity. These
values should not be confused with design recom-
mendations for a particular location. Wherever
there are particular concerns relative to odors,
where a site evaluation suggests there are likely to
be odor conflicts, or where the facility developer
wants to increase the likelihood of success, alter-
nate waste treatment and storage facilities can be
considered and may represent a better choice.

For these reasons, this is an appropriate time to
abandon the “standard lagoons only” policy that has
been adopted by the large-scale swine farm designers
and consider alternatives that better serve the public
and contribute sustainability to the industry. This will
increase public acceptance of these enterprises and
help avoid legislated constraints.

Water Quality Protection

Anaerobic lagoons are not unlike a large number of
other large relatively shallow basins designed to be
constructed in the ground. Clearly, these units require
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careful consideration of soil type, construction tech-
niques, local rainfall amounts, and rainfall intensity.
The bottom line is that engineers and construction
professionals have the ability to construct basins that
do not leak or that have dikes that will not erode and
dump large quantities of manure into receiving
streams. In addition, groundwater sampling and
monitoring techniques have improved sufficiently to
identify when lagoons are leaking.

Similarly, agronomists have identified the nutrient
requirements of those crops to which treated manure
is applied. Manure application rates in excess of the
uptake rates are destined to cause leaching or runoff.
Responsible crop producers can monitor manure or
lagoon effluent application rates to avoid the escape of
nitrates to the groundwater. It has also become clear
that irrigation management is another essential
ingredient in the overall water quality protection
effort. In areas with high winter rainfall rates and
relatively low evapotranspiration, fall applications of
manure or lagoon effluent create an opportunity for
large and uncontrolled loss. These observations sug-
gest that the earlier practice of lowering lagoon levels
in late fall is no longer the universally appropriate
mode of operation.

Swine producers also bear a degree of responsibility
to institute a regular and effective monitoring pro-
gram. For many operations, this translates into
regular inspection by the state and local permitting
agency to ensure proper operation and maintenance.
This oversight has tended to decrease in recent years
as state and local government agencies with these
responsibilities have learned to operate with shrinking
budgets and depleted rosters. The solution options
seem clear. Either we as resident taxpayers must
provide the resources necessary to have these facilities
inspected or the permit fees must be increased
sufficiently to allow that degree of service. Conven-
tional wisdom would suggest that neither of these
options is fully acceptable based on the behavior of our
individual state governments.

Odor Control

There is a perception that odor is somehow inevita-
ble around confined livestock facilities and there is
nothing that can be done to avoid its escape into the
surrounding community. Clearly, that is not the case.
Technology and management techniques exist to
produce livestock in confinement at any desired level
of odor production. There are problems associated with
odor control such as variability, difficulty of measure-
ment, and subjective responses; however, those
difficulties do not preclude odor control at a level that
protects the rights of neighboring residents to the full
enjoyment of their property.

The use of anaerobic lagoons for the collection,
treatment, and storage of swine manure presents

challenges for odor control. Many swine producers in
the late 1960s felt that a lagoon had failed if it had
become full of liquid manure. Somehow their expecta-
tions were that an anaerobic lagoon was going to
accomplish some kind of volume reduction and that
the manure would “go away.” There are other
unrealistic expectations of lagoons today. One of these
is that they can be built as large as needed and they
will cause the odor to “go away.” That expectation is
no more realistic today than the one that was held 30
yr ago.

Anaerobic lagoons can be made less odorous by
reducing the load on the lagoon. The organic load can
be reduced by pretreatment with an anaerobic
digester, separating solids from the waste before it
enters the lagoon (Vetter et al., 1990), aerating the
lagoon, or adding either a permeable cover to oxidize
the escaping gases (Miner and Pan, 1995) or an
impermeable cover to capture the gases. Anaerobic
lagoons are not the only option available for the
storage and treatment of manure from large-scale
livestock and poultry operations. Enclosed anaerobic
digesters followed by aeration produce an effluent
suitable for reuse as a flush water (Schulte et al.,
1985).

Implications

Livestock production in the United States is at a
significant transition point. Opportunities exist to
create environmentally sustainable systems. Water
pollution and odor are controllable. The challenge to
livestock producers, the design community, and the
regulatory community is to envision and implement
these sustainable systems.

Literature Cited

Miner, J. R., and H. Pan. 1995. A floating permeable blanket to
prevent odor escape. In: Proc. Intl. Livestock Odor Conference,
Iowa State Univ., Ames. pp 28−34.

Missouri Department of Natural Resources. 1989. Design guidelines
for animal waste management for concentrated animal feeding
operations. Manual 121, Water Pollution Control Program,
Missouri DNR, Jefferson City.

MWPS. 1985. Livestock Waste Facilities Handbook. Midwest Plan
Service. MWPS-18 (2nd Ed.). Ames, IA.

National Agricultural Statistics Service. 1996. Hogs and Pigs
Report, December 31.

Schulte, D. D., D. A. Kottwitz, and T. J. Siebenmorgen. 1985. Design
and operation of a flexible cover, pre-cast concrete digester for
swine manure. In: Agricultural Waste Utilization and Manage-
ment. pp 509−515. American Society of Agricultural Engineers,
St. Joseph, MI.

USDA. 1995. U. S. Census of Agriculture. United States Govern-
ment Printing Office, Washington, DC.

Vetter R. L., D. J. Frederick, and P. H. Huntington. 1990. Full scale
anaerobic digester and waste management system for a 300
cow dairy. In: Agriculture and Food Processing Waste. pp
236−249. American Society of Agricultural Engineers, St.
Joseph, MI.

 at Acquisitions Dept on June 22, 2012jas.fass.orgDownloaded from 

R2012-023 
S. James Electronic Filing - Received, Clerk's Office, 10/16/2012

http://jas.fass.org/


Citations
http://jas.fass.org/content/77/2/440#otherarticles
This article has been cited by 4 HighWire-hosted articles: 

 at Acquisitions Dept on June 22, 2012jas.fass.orgDownloaded from 

R2012-023 
S. James Electronic Filing - Received, Clerk's Office, 10/16/2012

http://jas.fass.org/


 
 
 
 

Attachment 11: 
 

Antimicrobial residues in animal waste and water resources 
proximal to large-scale swine and poultry feeding operations 

(Campagnolo et al. 2002) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

R2012-023 
S. James Electronic Filing - Received, Clerk's Office, 10/16/2012



The Science of the Total Environment 299(2002)89–95

0048-9697/02/$ - see front matter� 2002 Elsevier Science B.V. All rights reserved.
PII: S0048-9697Ž02.00233-4

Antimicrobial residues in animal waste and water resources
proximal to large-scale swine and poultry feeding operations

Enzo R. Campagnolo , Kammy R. Johnson *, Adam Karpati , Carol S. Rubin ,a,b b, a,b b

Dana W. Kolpin , Michael T. Meyer , J. Emilio Esteban , Russell W. Currier ,c d b e

Kathleen Smith , Kendall M. Thu , Michael McGeehinf g b

Epidemic Intelligence Service, Epidemiology Program Office, Centers for Disease Control and Prevention, 1600 Clifton Rd. NE,a

Atlanta, GA 30333, USA
Health Studies Branch, Division of Environmental Hazards and Health Effects, National Center for Environmental Health,b

Centers for Disease Control and Prevention, 1600 Clifton Rd. NE, Atlanta, GA 30333, USA
Water Resources Division, United States Geological Survey, 400 S. Clinton St., Iowa City, IA 52244, USAc

Water Resources Division, United States Geological Survey, 3916 Sunset Ridge Rd., Raleigh, NC 27607, USAd

Iowa Department of Public Health, 321 East 12th St., Lucas State Office Building, Des Moines, IA 50319, USAe

Ohio Department of Health, Bureau of Infectious Disease Control, 35 E. Chestnut St., Columbus, OH 43215, USAf

Institute for Rural and Environmental Health, Oakdale Campus, The University of Iowa, Iowa City, IA 52242, USAg

Received 27 June 2001; accepted 22 May 2002

Abstract

Expansion and intensification of large-scale animal feeding operations(AFOs) in the United States has resulted in
concern about environmental contamination and its potential public health impacts. The objective of this investigation
was to obtain background data on a broad profile of antimicrobial residues in animal wastes and surface water and
groundwater proximal to large-scale swine and poultry operations. The samples were measured for antimicrobial
compounds using both radioimmunoassay and liquid chromatographyyelectrospray ionization-mass spectrometry(LCy
ESI-MS) techniques. Multiple classes of antimicrobial compounds(commonly at concentrations of)100mgyl) were
detected in swine waste storage lagoons. In addition, multiple classes of antimicrobial compounds were detected in
surface and groundwater samples collected proximal to the swine and poultry farms. This information indicates that
animal waste used as fertilizer for crops may serve as a source of antimicrobial residues for the environment. Further
research is required to determine if the levels of antimicrobials detected in this study are of consequence to human
andyor environmental ecosystems. A comparison of the radioimmunoassay and LCyESI-MS analytical methods
documented that radioimmunoassay techniques were only appropriate for measuring residues in animal waste samples
likely to contain high levels of antimicrobials. More sensitive LCyESI-MS techniques are required in environmental
samples, where low levels of antimicrobial residues are more likely.
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: Animal feeding operation(AFO); Animal manure; Manure storage lagoon; Swine; Poultry; Chemical pollutants;
Antimicrobial agents; Surface water; Groundwater

*Corresponding author. Tel.:q1-404-498-1354; fax:q1-404-498-1355.
E-mail address: kdj8@cdc.gov(K.R. Johnson).

R2012-023 
S. JamesElectronic Filing - Received, Clerk's Office, 10/16/2012



90 E.R. Campagnolo et al. / The Science of the Total Environment 299 (2002) 89–95

1. Introduction

Since the 1970s, animal production has tended
toward consolidation and intensification into larger,
confinement-type operations(US GAO, 1995).
The expansion and intensification of large-scale
animal feeding operations(AFOs) in the United
States has raised important questions about envi-
ronmental pollution and the potential public health
impact of contaminants in animal manure entering
surface and groundwater(Schiffman, 1988; Thu
and Durrenberger, 1994, 1998; Thu, 1995; Thu et
al., 1997; DeLind, 1995; Herrick, 1995; Jackson
et al., 1995; Schiffman et al., 1995; US GAO,
1995; Reynolds et al., 1997; US Senate, 1997;
Jongbloed and Lenis, 1998)
Animal manure is commonly applied to agricul-

tural crop fields as a source of organic fertilizer to
increase crop yields. However, when applied to
agricultural land in amounts greater than can be
utilized by crops and retained by the soil, manure
constituents may be transported to surface water
and groundwater through runoff and infiltration
(Stewart and Mathers, 1971; Jongbloed and Lenis,
1998; Mackie et al., 1998; US GAO, 1999).
Animal waste components also potentially affect
water quality and public health by polluting drink-
ing water supplies and recreational waterways(US
GAO, 1999).
The composition of animal manure depends on

several factors, such as the species from which it
originates, diet, production style, and the waste
management plan of the AFO. Animal manure is
a mixture of organic and inorganic material and
represents a potential source of agricultural nutri-
ents, such as nitrogen and phosphorus(Voorburg,
1991; Jongbloed and Lenis, 1998; Mackie et al.,
1998). However, animal manure may also contain
other chemical constituents, such as heavy metals,
hormones and antimicrobial compounds(Mackie
et al., 1998; US GAO, 1999), which result from
on-farm livestock management(enriched feed-
stuffs) and veterinary practices(pharmaceutical
usage).
Antimicrobial agents are administered to live-

stock at therapeutic doses or to prevent illness
(prophylaxis). At much lower doses(subtherapeu-
tic), antimicrobial agents are used as feed additives

to increase the rate of growth and to improve feed
efficiency(Addison, 1984). Irrespective of dosage,
an estimated 75% of antimicrobial agents admin-
istered to confined livestock and poultry may be
excreted back into the environment(Addison,
1984). The effect of these agents upon environ-
mental biota, particularly aquatic biota, is of con-
cern, but is not fully understood(Daughton and
Ternes, 1999). Recent evidence suggests that the
interaction between bacterial organisms and anti-
microbial agents in the environment may contrib-
ute to the development of antimicrobial-resistant
bacterial strains, with groundwater serving as a
potential source of antimicrobial-resistant patho-
gens in the human food chain(Chee-Sanford et
al., 2001).
Research is limited about the direct and indirect

effects on the environment and human health from
environmental contamination resulting from AFOs
(CDC, 1998a). Gathering baseline information
about the existence and extent of these environ-
mental pollutants is an essential first step toward
understanding the environmental impact or human
health effects potentially associated with large-
scale AFOs and their activities. To address the
need for baseline information, we conducted two
investigations, one involving large-scale swine
operations in Iowa and the other involving large-
scale poultry operations in Ohio. These investiga-
tions assessed whether chemical constituents
(including antimicrobial compounds) present in
animal wastes were also present in water resources
on or immediately proximal to large-scale swine
and poultry operations. The purpose of this paper
is to describe the antimicrobial residue results of
this study. A detailed discussion of the results for
the other chemical constituents measured has been
published elsewhere(CDC, 1998b,c).

2. Materials and methods

Environmental samples(surface water, ground-
water and liquefied waste from swine manure
storage lagoons) were collected proximal to swine
and poultry AFOs where the farm operators were
willing to participate in the investigation. Because
convenience sampling was employed for this study,
the samples were not considered to be representa-
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tive of any particular livestock-raising practice or
manure management strategy.

2.1. Farm site selection

A swine farm site was defined as an operation
consisting of several buildings(farrowing, nurser-
ies or finishing), one or more manure lagoons and
agricultural crop fields upon which manure from
the operation was applied. Nine swine farms were
included in the study. Of the nine, two were
farrowing operations(birthing facilities), three
were nurseries(facilities where pigs are weaned)
and four were finishing operations(facilities where
pigs are raised until reaching market weight). A
total of 48 swine barns and 96 300 swine were
represented in the study(CDC, 1998b).
A poultry (chicken or turkey) farm site was

defined as an operation with poultry houses and
an agricultural field upon which manure from the
poultry houses was applied. Five farms were
included in the study: two broiler operations, three
egg-layer operations, and one turkey operation.
Eight poultry houses and at least 239 000 birds
were represented in the study(CDC, 1998c).
The interval between manure application and

sample collection was not determined, nor was the
amount of manure applied to the crop fields
monitored. The animal feeding operations and
agricultural fields upon which manure from the
operations was applied could be adjacent or
separate.

2.2. Sample collection

Samples were collected from swine farms from
October through December 1998. A total of 23
samples were collected from or near participating
swine farms, including manure waste lagoon sam-
ples (seven) and water samples(16) from or
immediately proximal to the farm(CDC, 1998b).
Water samples from the surface water(three), field
tile lines (six) and drainage wells(two) were
collected 24–48 h after substantial(1 in.) rainfall.
Groundwater samples(four) were from selected
pre-existing monitoring wells(approx. 18–20 ft.
deep) located down-gradient of the manure storage
lagoons and a private well(one).

Water samples were collected from or proximal
to poultry farms over 3 days during a 1-week
period in October 1998. A total of 18 samples
were collected, including samples from field
streams(eight), field springs (two), field wells
(two), field tiles (five) and a river(one) (CDC,
1998c). Groundwater sampling methods included
geoprobe drilling, direct spring sampling and direct
well sampling; methods were chosen on site and
varied among farm sites, depending upon well type
and availability.
Samples for antimicrobial analysis were collect-

ed unfiltered and immediately chilled to near
freezing; they were shipped to the laboratory for
analysis within 24 h of collection.

2.3. Laboratory analysis

Samples from swine and poultry farm sites were
analyzed for antimicrobial residues using radio-
immunoassay and liquid chromatographyyelectros-
pray ionization-mass spectrometry(LCyESI-MS)
techniques. The water and liquid manure samples
were filtered through a 0.45-mm glass fiber filter
and refrigerated until they were screened for fluor-
oquinolones using a commercially available strip
immunoassay and for theb-lactam, tetracycline,
sulfonamide and macrolide classes of antimicro-
bials using commercially available radioimmuno-
assays, with procedures adapted to analyze water
samples(Hirsch et al., 1998; Meyer et al., 2000).
The solid-phase extraction LCyESI-MS method

was modeled after the method of Hirsch et al.
(1998). The LCyESI-MS was operated in a posi-
tive-ion mode using selected-ion monitoring. Lin-
comycin, trimethoprim, sulfamethazine, sulfadi-
methoxine and erythromycin–H O(erythromycin2

metabolite) were tested using gradient separation
(Hirsch et al., 1998)on a 4.6=150 mm, 5-mm
phenylhexyl column. Chlortetracycline, tetracy-
cline, oxytetracycline, norfloxacin, ciprofloxacin,
enrofloxacin and sarafloxacin were tested using
gradient separation(Hirsch et al., 1998) on a
4.6=150 mm, 5-mm end-capped C LC column.8

The limit of quantitation was 0.05mgyl for all of
the above compounds, except the tetracyclines,
which was 0.5mgyl.
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Table 1
Environmental antimicrobial residue levels, measured by radioimmunoassay, proximal to large-scale animal feeding operations, Iowa
and Ohio, 1998

Farm Farm Collection site Antimicrobial (mgyl)
type

Tetracyclinea Sulfonamideb b-Lactamc Macrolided Fluoroquinolonee

1 Swine Lagoon 250 )20 BDL 227 NA
2 Swine Lagoon 11 )20 BDL BDL NA
3 Swine Lagoon 150 )20 BDL 60 NA
4 Swine Lagoon 68 )20 3.5 BDL NA
5 Swine Lagoon 66 )20 2.1 81 NA
7 Swine Lagoon 540 )20 2.1 275 NA
8 Swine Lagoon 110 )20 2.9 15 NA
8 Swine Monitoring well BDL 7.6 BDL BDL NA
5 Poultry River TR BDL BDL BDL 5.0

BDL, the concentration was below the limit of detection of the assay. TR, detected below the limit of detection but above the
95% confidence interval of the negative control(Meyer et al., 2000). NA, not applicable; samples were not tested for this agent.

Tetracycline concentrations as chlortetracycline, 1mgyl (ppb) limit of detection.a

Sulfonamide concentrations as sulfamethiazine, 5mgyl (ppb) limit of detection.b

b-Lactam concentrations as penicillin G, 2mgyl (ppb) limit of detection.c

Macrolide concentrations as erythromycin, 10mgyl (ppb) limit of detection.d

Fluoroquinolone concentration as enrofloxacin, 5mgyl (ppb) limit of detection.e

3. Results and discussion

Multiple classes of antimicrobial compounds
were detected in all seven swine-waste storage
lagoon samples(Table 1). Concentrations of indi-
vidual antimicrobials commonly exceeded 100
mgyl and the total antimicrobial residues(sum-
mation of all antimicrobials detected in a given
sample) approached 1 mgyl (Tables 1 and 2).
Thus, as previously noted, at least a portion of the
antimicrobial compounds administered to swine is
excreted by the animals(Addison, 1984). Anti-
microbial use information for individual farms was
not collected as part of this study; however, with
the exceptions of sulfadimethoxine and trimetho-
prim, all of the antimicrobials we evaluated in the
swine manure samples are approved for use in
swine for therapeutic purposes andyor growth
promotion (USDA, 1999; US FDA, 2002a). The
use of antimicrobials on swine farms is not uncom-
mon, with 70–80% of farms administering anti-
microbials to piglets in feed(USDA, 1995, 2001).
Furthermore, the percentage of swine farms that
use antimicrobials in feed for growing swine con-
tinues to increase over time(USDA, 1995, 2001).
Antimicrobial compounds were found in five of

the water samples(31%) collected proximal to

swine farms and in 12 of the water samples(67%)
collected proximal to poultry farms(Tables 1 and
2). Multiple classes of antimicrobial residues were
detected in two of the water samples(13%)
collected proximal to swine farms and in four of
the water samples(22%) collected proximal to
poultry farms(Tables 1 and 2).
With the exceptions of sulfadimethoxine and

trimethoprim, all of the antimicrobial residues we
tested for and detected in the water samples prox-
imal to swine farms are approved for use in swine
for therapeutic purposes andyor growth promotion
(USDA, 1999; US FDA, 2002a). However, sulfad-
imethoxine and trimethoprim are approved for use
in cattle and sulfadimethoxine is also approved for
use in poultry(US FDA, 2002a). The presence of
other meat-producing species or the use of their
waste as a potential source of antimicrobial-con-
taining waste was not evaluated on the swine
farms or near the water collection sites, nor was
antimicrobial usage data reviewed for the farms.
The samples collected from or proximal to swine
farms were not tested for fluoroquinolones, since
this class of antimicrobials is not approved for use
in swine(US FDA, 2002a).
Water samples collected proximal to poultry

farms were screened for antimicrobials that are
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Table 2
Environmental antimicrobial residue levels, measured by LCyESI-MS, proximal to large-scale animal feeding operations, Iowa and
Ohio, 1998

Farm Farm Collection site Antimicrobial (mgyl)

ID type CTC TETqOXT LIN SMZ SDX TMP ERY SFX EFX NFX CPX

1 Swine Lagoon 870.0 130.0 240.0 400.0 2.5 2.5 2.5 NA NA NA NA
2 Swine Lagoon 68.0 27.0 2.5 2.5 2.5 2.5 2.5 NA NA NA NA
3 Swine Lagoon 95.0 35.0 80.0 160.0 2.5 2.5 2.5 NA NA NA NA
4 Swine Lagoon 190.0 25.0 2.5 2.5 2.5 2.5 2.5 NA NA NA NA
5 Swine Lagoon 250.0 100.0 68.0 100.0 2.5 2.5 2.5 NA NA NA NA
7 Swine Lagoon 1000.0 410.0 210.0 380.0 2.5 2.5 2.5 NA NA NA NA
8 Swine Lagoon 70.0 25.0 2.5 2.5 2.5 2.5 2.5 NA NA NA NA
3 Swine Monitoring well BDL BDL BDL BDL TR BDL BDL NA NA NA NA
4 Swine Monitoring well BDL BDL BDL BDL TR BDL TR NA NA NA NA
8 Swine Monitoring well BDL BDL 1.4 BDL BDL BDL BDL NA NA NA NA
2 Swine Field tile BDL BDL 0.4 0.3 BDL BDL BDL NA NA NA NA
3 Swine Field tile 2.0 BDL BDL BDL BDL BDL BDL NA NA NA NA
2 Poultry Field stream BDL BDL BDL BDL BDL 0.06 BDL BDL BDL BDL BDL
2 Poultry Field stream 1.5 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
1 Poultry Field stream BDL 1.0 BDL BDL BDL 0.27 BDL 4.0 BDL BDL BDL
3 Poultry Field stream BDL BDL BDL BDL BDL 0.15 BDL BDL BDL BDL BDL
3 Poultry Field stream BDL BDL BDL BDL 0.35 BDL BDL 3.0 BDL BDL BDL
4 Poultry Field stream BDL BDL BDL BDL BDL 0.15 BDL BDL BDL BDL BDL
5 Poultry Field stream BDL BDL BDL BDL BDL BDL BDL 3.0 BDL BDL BDL
5 Poultry River BDL BDL 0.5 BDL 0.05 BDL BDL 3.0 BDL BDL BDL
3 Poultry Field tile BDL BDL BDL BDL BDL TR BDL BDL BDL BDL BDL
2 Poultry Farm spring BDL 2.0 BDL BDL BDL TR BDL BDL BDL BDL BDL
1 Poultry Farm spring BDL 1.0 BDL BDL BDL BDL BDL BDL BDL BDL BDL
2 Poultry Field well BDL 1.0 BDL BDL BDL BDL BDL BDL BDL BDL BDL

BDL, the concentration was below the limit of detection of the assay. TR, detected below the limit of detection, but above the
95% confidence interval of the negative control(Meyer et al., 2000). NA, not applicable; samples were not tested for this agent.
CTC, chlortetracycline; 0.5mgyl (ppb) limit of detection (LOD); TETqOXT, tetracycline and oxytetracycline, 0.5mgyl (ppb)
LOD; LIN, lincomycin, 0.05mgyl (ppb) LOD; SMZ, sulfamethazine, 0.05mgyl (ppb) LOD; SDX, sulfadimethoxine, 0.05mgyl
(ppb) LOD; TMP, trimethoprim, 0.05mgyl (ppb) LOD; ERY, erythromycin–H O, 0.05mgyl (ppb)LOD; SFX, sarafloxacin, 0.052

mgyl (ppb) LOD; EFX, enrofloxacin, 0.05mgyl (ppb) LOD; NFX, norfloxacin, 0.05mgyl (ppb) LOD; and CPX, ciprofloxacin,
0.05mgyl (ppb) LOD.

approved for use in poultry; in addition, the water
was screened for trimethoprim, norfloxacin and
ciprofloxacin, which are not approved for use in
poultry. All of the antimicrobial residues, except
trimethoprim, that were detected in those water
samples were antimicrobials that have been
approved for use in poultry. Trimethoprim is
approved for use in cattle(US FDA, 2002a) and
the presence of nearby cattle farms or the use of
cattle waste as a potential source of antimicrobial-
containing waste was not evaluated for the poultry
farms. Although other potential sources of anti-
microbials, such as private septic systems, were
not evaluated as part of this study, they are unlikely

sources of significant amounts of the antimicrobial
agents identified. The absence of norfloxacin and
ciprofloxacin is not surprising, since these agents
are only approved for use in humans(US FDA,
2002b). Furthermore, the presence of sarafloxacin
in water proximal to poultry farms implicates
poultry waste used as fertilizer as a source of
environmental antimicrobials, since its sole
approved use is for poultry(US FDA, 2002a,b).
The prevalence of antimicrobial compounds in

water samples proximal to swine and poultry
farms, coupled with the results from the animal
waste samples, provides evidence that animal
waste stored in lagoons or applied to agricultural
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fields as fertilizer to increase crop yields appears
to act as a non-point source of antimicrobial
residues in water resources. This non-point source
of antimicrobial residues in water resources likely
contributed to the frequent detection of antimicro-
bial compounds found in streams of the United
States(Kolpin et al., 2002).
A comparison of the radioimmunoassay and

LCyESI-MS results documents that radioimmu-
noassay techniques were only effective at meas-
uring antimicrobial residues in samples likely to
contain high levels of these compounds(such as
animal waste) due to the higher reporting limits
that are currently available through these analytical
methods. Only one of the water samples(6%)
proximal to swine farms and one sample(6%)
proximal to poultry farms were found to contain
antimicrobial compounds via radioimmunoassay
methods(Table 1). In comparison, 31% of the
water samples proximal to swine farms and 67%
proximal to poultry farms were found to contain
antimicrobial compounds using LCyESI-MS meth-
ods (Table 2). Thus, the more sensitive LCyESI-
MS methods are required to adequately determine
the presence of antimicrobial residues in samples
likely to contain low levels of these compounds.

4. Conclusions

This study evaluated the presence of antimicro-
bial compounds in animal waste and surface and
groundwater resources proximal to selected large-
scale swine and poultry AFOs. High concentrations
of multiple classes of antimicrobial compounds
were found in all samples from swine-manure
storage lagoons, with total antimicrobial concen-
trations approaching 1 mgyl. Antimicrobial resi-
dues were prevalent in environmental water
samples proximal to swine(31%) and poultry
farms (67%). Documenting the presence of high
levels of antimicrobial compounds in animal-waste
storage lagoons, coupled with their prevalence in
water samples proximal to swine and poultry
farms, suggests that animal waste applied to agri-
cultural fields as fertilizer may act as a non-point
source of antimicrobial residues in water resources.
However, this study represents a one-time sample;
there may be cyclical environmental contamination

corresponding to when manure is applied and
subsequent degradation of the antimicrobials. More
research is needed to assess the fate of antimicro-
bial agents in the environment.
Further investigation is needed to understand

the transport mechanisms for antimicrobial agents
in the environment, to determine whether these
agents are biologically active, and to determine
the potential impact of these agents on the envi-
ronment, environmental biota and public health.
This study serves as a first step toward assessing
the presence of these substances and differing
methodologies for measuring them, an essential
starting point in evaluating the environmental con-
tamination and potential public health risks asso-
ciated with waste from AFOs. Further studies are
needed to better define the relation between AFOs,
the environment and public health.
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a b s t r a c t

The transport of nutrients and soil sediments in runoff has been recognized as a noteworthy environ-
mental issue. Vegetative Filter Strips (VFS) have been used as one of the best management practices
(BMPs) for retaining nutrients and sediments from surface runoff, thus preventing the pollutants from
reaching receiving waters. However, the effectiveness of a VFS when combined with a subsurface
drainage system has not been investigated previously. This study was undertaken to monitor the
retention and transport of nutrients within a VFS that had a subsurface drainage system installed at
a depth of 1.2 m below the soil surface. Nutrient concentrations of NO3-N (Nitrate Nitrogen), PO4

�

(Orthophosphorus), and TP (Total Phosphorus) were measured in surface water samples (entering and
leaving the VFS), and subsurface outflow. Soil samples were collected and analyzed for plant available
Phosphorus (Bray P1) and NO3-N concentrations. Results showed that PO4

�, NO3-N, and TP concentrations
decreased in surface flow through the VFS. Many surface outflow water samples from the VFS showed
concentration reductions of as much as 75% for PO4

� and 70% for TP. For subsurface outflow water
samples through the drainage system, concentrations of PO4

� and TP decreased but NO3-N concentrations
increased in comparison to concentrations in surface inflow samples. Soil samples that were collected
from various depths in the VFS showed a minimal buildup of nutrients in the top soil profile but indi-
cated a gradual buildup of nutrients at the depth of the subsurface drain. Results demonstrate that
although a VFS can be very effective in reducing runoff and nutrients from surface flow, the presence of
a subsurface drain underneath the VFS may not be environmentally beneficial. Such a combination may
increase NO3-N transport from the VFS, thus invalidating the purpose of the BMP.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Water quality concerns are increasingly becoming an environ-
mental priority not only in the United States but worldwide. About
66% of US population relies on surface water as its primary source of
drinking water (EPA, 2008). The primary sources of contamination
to surface waters are runoff from agricultural fields and livestock
facilities. Runoff from animal production facility contains high
amount of nutrients, solids and microorganism that can degrade
surface water quality (Dillaha et al., 1989b; Chaubey et al., 1994).
There is a substantial risk for disease transmission by water-borne

pathogens present in runoff from animal production facility. One of
the common management practices for controlling pollutant from
agricultural runoff and livestock feedlots is Vegetative Filter Strips
(VFS), which are bands of planted or indigenous vegetation situated
down-slope of cropland or animal production facilities to prevent
localized erosion and filter nutrients, sediment, and other pollut-
ants (Dillaha et al., 1989a,b). A VFS can remove sediment and other
pollutants from runoff and wastewater by filtration, deposition,
infiltration, absorption, adsorption, decomposition, and volatiliza-
tion, thereby reducing the amount of pollutants entering surface
waters (EPA, 2005). Other pollutants including bacteria, pathogens,
pesticides, organic matter, and solids can also be removed by a VFS.
This best management practice (BMP) is a better economic option
for handling runoff and removing waste from flow coming out of
animal production facilities compared to other treatments that may
be more expensive or complex. Improved water quality results in
the general environmental benefit of healthier wildlife habitat and
natural surroundings.

Many studies have evaluated the performance of VFS in
removing sediment (Robinson et al., 1996), nutrients (Chaubey
et al., 1994; Mendez et al., 1999; Abu-Zreig et al., 2003; Blanco-Canq

Abbreviations: BOD5, 5 day Biochemical oxygen demand; COD, Chemical Oxygen
Demand; FC, Fecal Coliform; FS, Fecal Streptococcus; E. coli, Escherichia coli; NH3-N,
Ammonia Nitrogen; NH4-N, Ammonium Nitrogen; NO3-N, Nitrate Nitrogen; TN,
Total Nitrogen; fTKN, Filtered Total Kjeldahl Nitrogen; TKN, Total Kjeldahl Nitrogen;
PO4
�, Orthophosphorus; PO4-P, Orthophosphate; TP, Total Phosphorus; TS, Total

Solid; TSS, Total Suspended Solid.
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E-mail addresses: rbhatta2@illinois.edu (R. Bhattarai), pkalita@illinois.edu
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ui et al., 2004) and pathogens (Lim et al., 1998; Coyne et al., 1998;
Williamson et al., 1999; Entry et al., 2000; Atwill et al., 2002; Tate
et al., 2004; Trask et al., 2004; Tate et al., 2006; Mankin et al., 2006).
Koelsch et al. (2006) provided a detailed review of about 40 vege-
tative filter system-related field trials and plot studies. Brief
reviews of six previous studies are summarized in Table 1. This table
provides details such as length, slope, and vegetation along with
percent reduction of different nutrient and pathogen parameters
on a concentration basis. The reductions were based on the
monitoring of the VFS surface inflow and outflow concentrations.

Although many studies have evaluated the performance of VFS
for sediment, nutrients and pathogen removal from surface runoff,
the efficiency of a VFS combined with a subsurface drainage system
has not been reported in the literature. Subsurface drainage is
a common agricultural water management practice in areas with
seasonally perched water tables or shallow groundwater areas as it
provides a pathway for excess or drainable water to leave the soil. In
the Midwestern United States, subsurface drainage is one of the
most common agricultural management practices used for
increased crop production. Illinois alone has a total drained area of
approximately 4 million ha (Kalita et al., 2007). Subsurface drainage
improves the productivity of poorly drained soils by lowering the
water table, providing greater soil aeration, and enabling faster soil
drying and warming in the spring. It also facilitates in planting
fields earlier and allows other field operations to take place in
a timely fashion. It can reduce soil compaction and provide a better
environment for crop emergence and growth (Sands, 2001). For
these reasons, subsurface-drained soils represent some or the most
productive soils worldwide (Skaggs et al., 1994). Since infiltration of
runoff water is the primary mechanism that reduces surface flow
and nutrient concentrations in a VFS, one may perceive that pres-
ence of a subsurface drain beneath a VFS would further enhance
infiltration, thus reducing total nutrient in outflow from a VFS and
reduce the water quality impact on receiving waters. However, the
effect of subsurface drain beneath a VFS in reducing nutrient
transport to receiving water is unknown. The objective of this study
was to evaluate the efficiency of a VFS with a subsurface drainage
system installed underneath in removing nitrogen and phosphorus

from feedlot runoff. To our knowledge, a study to evaluate the
performance of a VFS with subsurface drainage in reducing nutri-
ents has not been carried out yet.

2. Methodology

Field-scale experiments on a VFS were conducted at the
University of Illinois South Farm during 2001–2004. The details of
the experimental components have been described in the following
sections.

2.1. Vegetated Filter Strip description

The VFS used in this study was first established in 1994 to
reduce the pollution of runoff from a feedlot into the surrounding
experimental areas. The VFS had the ability to treat runoff from
a feedlot with 300 head of cattle. However, the feedlot had less than
half that amount, 130 cattle at the most during the study period.
Runoff from the feedlot was collected at a settling basin located
between the feedlot and the VFS. After settlement of solids at the
settling basin, collected runoff water was evenly distributed on to
the filter strip with two distribution channels of 6 m length each
from a riser (Fig. 1). These channels were made of 0.15 m PVC pipe
cut in half with indented cutouts every 0.3 m. The holes allowed
even distribution of the runoff across the width of VFS at the inlet.

The filter strip used in the study was 14 m wide and 113 m long.
The VFS was reconstructed in the spring of 2001. During recon-
struction, flow to this filter strip was blocked at the settling basin
while the filter strip was repeatedly disk plowed to break down and
eradicate the old vegetation. Then the filter strip was regraded with
a 1.5% slope. A mixture of brome grass and annual rye grass was
planted as the new vegetation. The annual rye grass served as
a cover crop to prevent the brome grass from misplacement due to
rain or wind. The drilling method was used to plant the annual rye
grass seed while the brome grass was broadcasted with a hand
spreader. The brome grass seed was applied at a rate of 50.4 kg/ha
and the annual rye grass seed was applied at a rate of 16.8 kg/ha;
8.0 kg of brome grass and 2.7 kg of annual rye grass was applied to

Table 1
Percent reduction on a concentration basis from reviewed VFS studies.

Reference Filter parameter Percent reduction (concentration basis)

Length (m) Slope (%) Vegetation BOD5 COD FC FS E. coli NH3-N NH4-N NO3-N TN fTKN TKN PO4-P TP TS TSS

Chaubey et al. (1994) 3.00 3.00 Fescue – 74.6 93.5 – – 82.2 – 10.7 78.5 – – 79.5 80.9 – 80.4
6.00 3.00 Fescue – 78.3 81.1 – – 93.0 – 14.3 88.2 – – 89.1 89.3 – 81.5
9.00 3.00 Fescue – 82.0 89.0 – – 98.4 – 14.3 95.2 – – 95.3 94.9 – 85.9

15.00 3.00 Fescue – 66.2 90.0 – – 99.5 – 23.2 94.2 – – 97.0 96.4 – 84.6
21.00 3.00 Fescue – 84.7 86.8 – – 99.7 – 21.4 94.6 – – 97.5 96.9 – 91.4

Edwards et al. (1983) 30.00 2.00 Tall fescue 34.2 40.0 – – – – – – 37.0 – – – 36.2 32.5 –
60.00 2.00 Tall fescue 59.5 69.1 – – – – – – 63.1 – – – 66.5 62.4 –

Lim et al. (1998) 6.10 3.00 Kentucky-31 ‘‘tall’’ fescue – – 100.0 – – – – – – – 79.8 75.8 77.5 30.2 71.9
12.20 3.00 Kentucky-31 ‘‘tall’’ fescue – – 100.0 – – – – – – – 88.0 86.7 89.4 22.1 83.2
18.30 3.00 Kentucky-31 ‘‘tall’’ fescue – – 100.0 – – – – – – – 90.1 82.0 83.8 24.6 91.9

Mendez et al. (1999) 4.30 18.00 Kentucky-31 ‘‘tall’’ fescue – – – – – – 58.4 50.8 – 47.8 56.0 – – – 83.0
8.50 18.00 Kentucky-31 ‘‘tall’’ fescue – – – – – – 64.7 52.4 – 41.6 74.8 – – – 87.3

Vanderholm et al. (1979) 61.00 2.00 Fescue – – – – – 71.5 – – 71.1 – – – – 63.1 –
91.00 0.50 Mixed grasses – – – – – 86.2 – – 80.1 – – – 78.2 73.1 –

148.00 0.25 Garrison grass – – – – – 85.2 – – 88.9 – – – – 78.7 –
229.00 0.25 Garrison grass – – – – – 40.5 – – 49.6 – – – – 39.2 –
305.00 0.25 Garrison grass – – – – – 62.9 – – 60.9 – – – 16.0 59.0 –
381.00 0.25 Garrison grass – – – – – 64.2 – – 66.3 – – – 48.6 56.2 –
533.00 0.25 Garrison grass – – – – – 83.4 – – 83.1 – – – – 79.7 –

Williamson et al. (1999) 239.00 1.2 Brome Grass – – 78.9 – 79.3 – 61.5 28.6
427.00 0.75 Brome grass – – 76.5 – 78.2 – 63.7 56.8
213.00 2 Fescue – – 36.0 83.0 – – 19.0 13.0
137.00 0.6 Brome grass – – 90.3 88.4 – 52.8 74.2
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the VFS area of 0.16 ha. The VFS was established on Drummer silty
clay loam soil (fine-silty, mixed, superactive, mesic Typic Endoa-
quoll). This taxonomic classification is a very typical of the wet, dark
colored, prairie-derived soils of Illinois. The moist bulk density of
the soil varied from 1.1 to 1.3 g/cm3. Similarly, soil pH ranged from
5.6 to 7.8. The soil permeability varied from 0.015 to 0.05 m/h and
soil organic matter measure ranged from 5 to 7%.

2.2. Subsurface drain system

A subsurface drainage pipe of diameter 0.1 m was installed at
a depth of 1.22 m under the filter strips along the centerline of the

VFS in 1994 (Fig. 1). The drainage pipe runs along the VFS length
and discharges to a bigger drain pipe of 0.15 m diameter located at
the end of the filter strip. The bigger drain pipe empties into
a drainage ditch 312 m downstream of the end of the VFS.

2.3. Feedlot information

The feedlot area of the University of Illinois at South Farm is
almost a century old with a capacity of approximately 300 cattle.
Both heifers and steers of various breeds of cattle occupied this
feedlot area. Their ages spanned from 4 months to 1.5 years while
their weights ranged from 135 to 500 kg. The cattle stayed on the
feedlot from late summer to late spring of the following year,
spending most of their time on the actual feedlot. Their high-
energy diet consisted of grains and ensilage that causes the cattle to
produce liquid manure. Dimensions of the feedlot were approxi-
mately 90 m long by 50 m wide. Runoff from the feedlot occurs
from natural rainfall events. The runoff was collected in a concrete
settling basin with dimension of 20 m long and 6 m wide located at
the end of feedlot. Two 0.15 m dual-wall corrugated polyethylene
drain pipes were used to drain feedlot runoff from the settling basin
to the filter strip (Fig. 1). The majority of the feedlot maintenance
took place while it was uninhabited and the weather was suitable
during the summer months. Maintenance included grading the
feedlot and repairing the mound. Regular maintenance is impor-
tant to prevent health problems for the animals. The health
condition of the animals directly affects the quality and content of
the liquid that is passed onto the VFS.

2.4. Flow rate and nutrient level monitoring system

Entering runoff flow rates to the VFS were measured with the
inflow monitoring system. A closed stilling well and a trapezoidal
flume were the two main components of the inflow monitoring
system that were placed upstream of the riser. The downstream
end of the flume was set up to allow the flow to discharge freely
into the riser. The stilling well contained a weight and pulley
system attached to a data logger to measure the water level within
the stilling well every 15 min. Water samples for nutrient
concentration measurement were collected from the downstream
end of the flume after rainfall events. However, samples were also
collected from the riser itself during periods when flows through
the flume were too low.

Outgoing surface flow rates from the VFS were measured with
the outflow surface monitoring system located at the end of
the filter strip. The system comprised of a closed stilling well and an
H-flume. The stilling well contained a weight and pulley system
attached to a data logger to measure the water level within the
stilling well every 15 min. The H-flume was placed at the end of the
VFS. Runoff from the VFS passed into a small bucket that acted as
a small retention basin. Water samples were taken from this small
retention basin after rainstorm events. An H-flume has the ability of
measuring a wide range of flow, accuracy of a sharp-crested weir,
self-cleaning feature of a flume, and is simple in construction. Two
metal borders having the dimensions of 0.2 m width and 2.5 m
length guided surface runoff from the VFS into the H-flume.

The subsurface flow rates from the VFS were measured with the
subsurface monitoring system located at the end of the filter strip.
The system comprised of a closed stilling well and a Palmer–Bowlus
flume. Water samples were taken directly from the upstream end of
the flume following rainstorm events. The depth of flow in the
Palmer–Bowlus flume was measured by an attached closed stilling
well. The stilling well contained a weight and pulley system
attached to a data logger to measure the water level within the
stilling well every 15 min. The Palmer–Bowlus flume is designed to

Fig. 1. Schematic diagram of VFS, feedlot, settling basin, groundwater wells and
subsurface drainage tile (dimensions are in meter).
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measure flow rates in manholes or open-round or rectangular
channel bottoms and has been used extensively in research in east
central Illinois for measuring tile drain flow (Mitchell et al., 2000;
Cooke et al., 2002). Accuracy of measurement, low energy loss,
minimal restriction to flow, and ease of installation into existing
conduits are some of the advantages of this flume.

A tipping bucket rain gage was installed near surface monitoring
system in order to measure rainfall. This rain gauge contained an
HOBO event logger (Onset Corporation, USA), which was set to
record the data in units of 0.254 mm. The schematic diagram of the
VFS along with the feedlot and the nutrient monitoring system is
shown in Fig. 1. Similarly, section A–A passing through Fig. 1 has
been presented in Fig. 2.

2.5. Groundwater monitoring system

Six piezometers (groundwater monitoring wells) were installed
for the measurement of water table depths and collection of
groundwater samples from the VFS. The wells were placed evenly
along the length of the VFS in 3 pairs, equidistant from the center of
the VFS (Fig. 1). The construction of each well entailed boring
a 1.3 m deep and 7.6 cm diameter hole by hand auger. Each well was
made of PVC pipe with dimensions of 5 cm diameter and 1.6 m
length. The pipes were perforated up to 0.5 m length at one end and
the holes were covered with geo-textiles to prevent sediment flow
into the well. The perforated end was placed into the hole and the
area surrounding the pipe was filled with sand. The hole was sealed
with Bentonite clay at the top in order to prevent the seepage of
runoff into the wells. Water level depths were measured daily
during the rainfall events and at least once in a week in dry periods.

2.6. Soil sampling system

Soil sampling was carried out to conduct soil nutrient analysis.
Soil samples were collected from 18 fixed locations throughout the
VFS, once a year, for three years. There were six sets of soil sampling
sites, where each site had three sampling locations: one along the
centerline of the VFS and two on either side of the centerline at 5 m
distance. Soil sampling sites along the length of VFS were located at
0, 18, 37, 55, 77, and 100 m downstream of the inlet distribution
pipe. This set up provided representative monitoring of the soil-
nutrient levels throughout the filter strip. At each soil sampling
location, soil samples were extracted from four different depths of
15, 30, 61, and 92 cm. Soil sampling started in 2001 before dis-
charging feedlot runoff to the VFS to obtain a baseline nutrient
concentration of the soil. Subsequent samplings were carried out in
2002 and 2003.

3. Data analysis

Water samples were collected from surface inflow (feedlot
runoff), surface outflow runoff from VFS, subsurface outflow, and

groundwater monitoring wells within the VFS. The water samples
were analyzed for Nitrate Nitrogen (NO3-N), Orthophosphorus
(PO4

�), and Total Phosphate (TP). Similarly, soil samples were
analyzed for plant available Phosphorus (Bray P1) and Nitrate
Nitrogen (NO3-N) concentrations. The nutrient analysis was con-
ducted in the Water Quality Laboratory of the Agricultural and
Biological Engineering Department at the University of Illinois at
Urbana-Champaign.

3.1. Soil samples analysis

A total of 72 soil samples were collected from different depths
and locations of the VFS each year from 2001 to 2003 and analyzed
for Bray P1 and NO3-N concentration. For the analysis of Bray P1, 1 g
of air dried, pulverized soil was mixed with a solution of Ammo-
nium fluoride (NH4F) and Hydrochloric acid (HCl) in a centrifuge
tube. The mixture was swirled for 1 min at high speed. This solution
was filtered and left to settle for 1 h. One ml aliquot was taken from
the filtered solution and was diluted up to 10 ml with deionized
water. The sample was analyzed for all forms of P. The analysis
procedure for all form of P is described below.

For the analysis of NO3-N, 40 g sample of soil was collected from
the VFS and stored at 0 �C until analysis. After adding 10 g soil
sample to 50 ml Potassium chloride (KCl), the mixture was shaken
for 60 min and left to settle overnight. The soil extraction solution
was filtered through a 0.7 mm glass filter. Samples were stored at
4 �C until the analysis of NO3-N was carried out. The analysis
procedure for NO3-N is described below.

3.2. Water samples analysis

A 450 ml sample from each sampling bottle was collected and
preserved with Sulfuric acid (H2SO4) at a concentration of 2 ml/L
and stored at 4 �C until analysis. From preserved 450 ml water
sample, 10 ml aliquot was used for each analysis. The analysis
procedures for NO3-N and all forms of P are described below.

3.3. NO3-N analysis procedure

An alkaline solution of hydrazine sulfate that contained a copper
catalyst was added to 10 ml aliquot of the sample. This allowed NO3

�

to be reduced to NO2
�. Sulfanilamide was then used under acidic

conditions to form a soluble azo dye and measured colorimetrically
at 520 nm using a continuous flow Technicon Autoanalyzer II. Using
known concentrations of NO3-N, a standard curve was established.
The output peaks generated by the samples from the autoanalyzer
were measured and compared to the standard curve to determine
sample concentrations (mg/L). This procedure followed the EPA
Method 352.1, Standard Methods 4500-NO3 and Technicon Method
696-82W (EPA, 1989).

Fig. 2. Section A–A passing through Fig. 1.
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3.4. All forms of P analysis procedure

The EPA Method 365.1 (P in all forms), Standard Methods 4500-
P F and Technicon Method 696-82W provided a method for Bray
phosphorus, PO4

�, and TP analysis (EPA, 1989). Using the same
preserved 450 ml sample for the NO3-N analysis, 10 ml aliquot was
taken for analysis. Molybdate ion and antimony ion were added to
the aliquot and reduced using ascorbic acid at an acidic pH forming
a phosphomolybdenum complex (blue color). The complex was
measured at 660 nm using a continuous flow Technicon Auto-
analyzer II. Once again, known concentrations were used to form
a standard curve, which was then compared to the measured peak
outputs for each sample. Based on this comparison, PO4

�, TP and
Bray P1 concentrations in mg/L were determined for all samples.

4. Statistical analysis

Statistical analysis was carried out to check whether the
concentrations of water quality parameters decreased significantly
after the VFS treatment. Assuming that the observations follow
a normal distribution, a statistical significance test was performed
using samples before and after treatment as paired-dependent
samples. Since the nutrient concentrations were measured for
individual events, the effect of the VFS treatment can be considered
as the average difference between the two measurements, before

and after treatment. The nutrient concentrations at surface and
subsurface outflow were related to the concentration of surface
inflow to the VFS. In the analysis, the difference between
measurements before and after the treatment for each event was
calculated, and the mean of those differences was tested to deter-
mine if it was significantly different from zero. The null hypothesis
for the test can be stated as follows: the difference in mean nutrient
concentrations before and after treatment is not significantly
different from zero. Let di denote the difference in nutrient
concentration for an event i. The test static for dependent sample is:

t ¼ d� 0
sd=

ffiffiffi

n
p

where d and sd are the mean and standard deviation of the differ-
ences, and n is the number of samples. Although sample size varies
from 21 to 41, the Student t-distribution is used for testing the
hypothesis for consistency since the distribution of t-test tends to
be normal as the sample size increases. Therefore, t-test can still be
used for large samples even if the random variable is not normal
(Kaps and Lamberson, 2004). The test static was compared with
critical values for the Student t-distribution. The null hypothesis
(nutrient concentration in samples before and after treatment are
not significantly different) was rejected if the calculated test static
was more than the critical value for a given degree of freedom and
level of significance. The degree of freedom was taken as (n � 1),

Fig. 3. Nitrate Nitrogen (NO3-N) concentrations in surface inflow and outflow.

Fig. 4. Orthophosphorus (PO4
�) concentrations in surface inflow and outflow.
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where n is the number of observations and the hypothesis was
tested with a ¼ 0.05 level of significance.

5. Results and discussion

Looking into the water balance in the system, surface and
subsurface hydrograph responses varied depending on nature of
rainfall pattern (intensity and duration) and initial moisture
condition of the soil within the VFS. Surface outflow hydrographs
were influenced by surface inflow hydrographs and subsurface
outflow hydrographs for all the events in terms of flow rate and
volume. Subsurface outflow rates and volume outnumbered
surface inflow for the rainfall events in wet conditions. For example,
rainfall event of 7.56 cm on August 19, 2002 produced a higher
subsurface outflow rate and volume compared to surface inflow.
The excess subsurface outflow can be attributed to rain directly
falling on the VFS. In case of rainfall events during dry condition,
surface inflow rate and volume were higher than those of subsur-
face outflows. For example, surface inflow rate and volume were
higher than those of the subsurface outflows during rainfall event
of 1.2 cm on August 9, 2004.

5.1. Nutrient concentrations in inflow and outflow water samples

The results of the nutrient (NO3-N, PO4
� and TP) analysis in

runoff at the surface inlet and surface outlet are provided in

Figs. 3–5. Similarly, Figs. 6–8 show the results of NO3-N, PO4
� and TP

analysis in runoff at the surface inlet and subsurface drain outlet.
It was observed that the VFS was able to not only reduce the

quantity of runoff water, but also reduce NO3-N, PO4
� and TP

concentrations in surface outflow compared to surface inflow as
indicated in Figs. 3–5. The reduction NO3-N values were very high
in most cases. Few negative reduction values for NO3-N were
observed when surface inflow concentrations were very low. The
bulk of these water samples was accumulated rainfall in the bucket
from which the samples were collected. Additionally, surface
outflows tended to be localized. Both NO3-N and PO4

� concentra-
tions were relatively high when sampling began, as can be
observed in Figs. 3–7. On June 5, 2002 the beef cattle were removed
from the feedlot. Subsequently, concentrations of NO3-N decreased
but remained high for PO4

�. NO3-N concentrations increased
rapidly, while PO4

� concentration took some time to show
a response after the cattle returned to feedlot on August 16 of that
year. The PO4

� concentrations on the filter strip were exceptionally
high after few flow events. The higher concentrations can be
attributed to two reasons – the accumulation of nutrients on the
feedlot from previous storm event, and the transport of Ortho-
phosphorus attached with soil particles from high levels of erosion
on the feedlot. Some events showed that PO4

� concentrations were
as high as 70 mg/L coming from the feedlot, but were reduced to
0.52 mg/L in the surface outlet sample for the same event. In most
cases, the reduction of Orthophosphorus was greater than 75% of

Fig. 5. Total Phosphate (TP) concentrations in surface inflow and outflow.

Fig. 6. Nitrate Nitrogen (NO3-N) concentrations in surface inflow and subsurface outflow.
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the total surface inflow entering the VFS for the same rainfall event.
The Orthophosphorus was most likely adsorbed in the soil organic
matter or clay and became incorporated (immobilized). These
results agree with past studies showing a reduction of PO4

� on
a filter strip (Chaubey et al., 1994; Lim et al., 1998; Young et al.,
1980). Due to the length of the VFS (113 m), it is plausible that the
reduction in concentration of P and N in surface water could be
affected by factors other than infiltration and sorption of pollutants
in the soil matrix including settling or dilution by rainfall over the
VFS.

As can be seen in Fig. 6, the NO3-N concentrations were rarely
reduced in the subsurface outflow compared to the concentrations
at the inflow station for the same event. In most cases, the
concentrations in subsurface outflow increased. Increased nitrate
concentrations may be attributed to part of the ammonia being
converted to nitrate in the soil, the leaching of NO3-N from upper
soil profile or just due to high mobility of nitrate with soil water. As
noted by Gilliam et al. (1999), the loss of N in drainage system can
be attributed to mineralization of organic N, followed by nitrifica-
tion of NH4-N. However, the concentrations of PO4

� and TP were
reduced, unlike nitrate, as observed in Figs. 6 and 7. The PO4

� and TP
tend to strongly attach to soil particles and are less likely to
percolate through soil profile. These results indicate that a subsur-
face outflow system in a VFS aids in the reduction of PO4

� and TP, but
it may negatively affect the environment, since high concentrations
of NO3-N may be discharged out to receiving waters.

5.2. Nutrient concentrations in water along the VFS length

Table 2 shows the nutrient concentrations in surface inflow,
groundwater wells along the length of the VFS, surface outflow, and
subsurface outflow for selected events during 2002 and 2003. The
surface and subsurface outflow monitoring stations were located at
a distance of 104 m and 113 m respectively, from surface inflow
monitoring station.

It has been observed that PO4
� and TP had a smooth trend of

concentrations being reduced as the flow traveled down the length
of the VFS, and concentrations at the surface and subsurface
outflow being lesser than the inflow concentrations. The NO3-N,
however, did not follow the same trend. The NO3-N level at the
subsurface outflow monitoring system was higher than the NO3-N
concentration at the surface inlet. The averaged NO3-N concen-
tration in groundwater samples (collected at the same distance
from inflow collection system) indicated lower values compared to
the inflow concentrations for most of the events.

Since the study was more focused on looking into the effect of
subsurface drainage on nutrient retention and transport through
the VFS, the effect of VFS length, slope, soil and vegetation type on
nutrient retention and transport through VFS could not be
accessed. Chaubey et al. (1994) reported that NH3-N, TKN, PO4-P, TP
and TSS were effectively removed by a fescue VFS whereas COD, FC
and NO3-N were not. They also found that there was no significant
increase of VFS effectiveness beyond 3 m length for TSS and beyond

Fig. 7. Orthophosphorus (PO4
�) concentrations in surface inflow and subsurface outflow.

Fig. 8. Total Phosphate (TP) concentrations in surface inflow and subsurface outflow.
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9 m length for NH3-N, TKN, PO4-P and TP. Similarly, Coyne et al.
(1998) found that the efficiency of VFS to remove sediment and
bacteria from the runoff didn’t increase significantly when the
length of VFS was increased to 9 m from 4.5 m. Similarly, Abu-Zreig
et al. (2003) found that increase in VFS length enhances phos-
phorus trapping in VFS.

5.3. Nutrient concentrations in soil samples at different depths

Soil samples were analyzed for Bray P1 and NO3-N concentra-
tions in order to monitor nutrient level at different soil depths
during 2001–2003. The soil analysis results for Bray P1 and NO3-N
are presented in Table 3. As expected, the concentrations were
higher in soil samples collected when the feedlot runoff was
diverted to the filter strip in 2002. The Bray P1 concentrations
during year 2002 and 2003 remained almost constant, with few
exceptions. It appears that there was no built up of Bray P1 in the
VFS, and the concentrations decrease with soil depth. Our obser-
vation supports the findings from Thomas et al. (1997) which
reported significant leaching of P through a silty clay loam soil but
little accumulation of P with depth. The presence of subsurface
drainage also enhances the rapid mobility of dissolved phosphorus
through the soil profile (Algoazany et al., 2007). Similarly, prefer-
ential flow through the soil macropores can play a significant role in
subsurface transport of dissolved phosphorus (Simard et al., 2000).
Accumulation of P in soil can have environmental consequences as
it may turn into long-term diffuse sources of P discharge to water.
The highest concentration of Bray P1 was found in the first 37 m of
the VFS. The high concentration of Bray P1 in 2001 can be attributed
to the fertilizer that was applied at the time of vegetation
establishment.

In case of NO3-N, there was an increase in concentrations after
feedlot runoff was applied to the VFS in 2002 compared to the
concentrations in samples collected in 2001. In overall, there was
no substantial buildup of NO3-N over the three-year period, and
concentrations decreased slightly as the depth increased. An
increase in concentration occurred near the inflow station for the
15 cm depth over the course of sampling period. The movement of

nitrate towards the subsurface drain is typical, because the nega-
tively charged nitrate anion is weakly bounded to the soil particles.

5.4. Statistical analysis results

For NO3-N concentrations in surface inflow and subsurface
outflow combination, the calculated test statistic, t was computed
to be 0.163, while the critical value for the given degree of freedom
and level of significance was 2.025. Therefore, the null hypothesis

Table 2
Nutrient concentrations in water samples along the VFS for selected events.

Date Nutrient Inlet conc. (mg/L) Decrease in concentration

Groundwater wells at distance Surface outflow (%) Subsurface outflow (%)

5.5 m (%) 56.5 m (%) 99.4 m (%)

5-Nov-2002 NO3-N 0.38 �61.71 85.34 13.33 �60.00 �4527.42
11-Nov-2002 NO3-N 0.28 10.26 72.73 �131.82 – �263.64
18-Dec-2002 NO3-N 1.05 �128.26 �119.57 65.22 13.04 �1553.46
19-Dec-2002 NO3-N 2.77 84.40 80.29 78.65 73.72 �0.90
31-Dec-2002 NO3-N 0.37 44.44 47.01 34.44 – �2.50
7-Jan-2003 NO3-N 0.12 �20.68 62.65 49.80 �574.30 �666.67
20-Feb-2003 NO3-N 0.34 �50.00 34.25 �21.43 �71.43 �514.29
13-Mar-2003 NO3-N 0.19 �37.50 32.37 25.80 25.00 �2250.00
5-Nov-2002 PO4

� 15.52 63.71 97.14 99.21 95.62 58.42
11-Nov-2002 PO4

� 17.08 53.60 99.03 99.44 – 95.74
18-Dec-2002 PO4

� 11.87 45.52 79.72 94.62 96.27 76.84
19-Dec-2002 PO4

� 12.66 53.16 89.04 99.67 94.94 64.14
31-Dec-2002 PO4

� 28.06 77.24 98.49 98.71 – 94.23
7-Jan-2003 PO4

� 52.38 88.78 97.92 97.86 99.69 97.33
20-Feb-2003 PO4

� 49.27 59.51 87.39 81.48 65.50 62.86
13-Mar-2003 PO4

� 33.84 56.86 89.04 96.10 79.91 95.29
5-Nov-2002 TP 20.18 51.56 95.16 99.66 93.99 69.42
11-Nov-2002 TP 21.49 56.25 99.38 99.44 – 96.67
18-Dec-2002 TP 25.63 52.38 87.12 95.38 98.63 85.02
19-Dec-2002 TP 21.86 43.73 93.87 99.73 98.76 63.82
31-Dec-2002 TP 57.48 76.33 99.13 99.89 – 95.04
7-Jan-2003 TP 73.00 82.97 95.36 99.90 99.29 96.48
20-Feb-2003 TP 64.51 66.69 95.41 85.17 92.82 74.98
13-Mar-2003 TP 36.93 58.41 89.68 97.15 84.21 88.80

Table 3
Bray P1 and NO3-N concentrations in soil at different depths along the vegetated
filter strip.

Depth (cm) Distance (m) Average Bray P1
concentration (mg/L)

Average NO3-N
concentration (mg/L)

2001 2002 2003 2001 2002 2003

15 0 18.96 15.46 41.75 1.01 1.81 2.85
18 17.38 24.79 22.67 1.22 2.63 2.30
37 4.66 14.26 13.89 0.68 2.2 2.67
55 22.03 9.10 7.90 3.90 1.40 1.13
77 3.05 7.89 0.95 1.33

100 10.25 6.45 2.46 1.94

30 0 4.12 12.72 8.43 6.19 0.31 0.42
18 4.52 13.53 8.67 1.67 1.24 1.70
37 1.86 5.68 9.93 0.37 0.74 1.21
55 15.04 2.63 2.41 2.02 0.84 0.62
77 1.26 1.48 0.77 0.89

100 3.55 4.49 1.56 1.61

61 0 1.53 5.23 0.25 0.50
18 8.08 6.18 0.51 1.02
37 1.58 1.14 0.43 0.71
55 0.75 1.88 0.54 0.08
77 0.40 0.90 0.30 0.34

100 3.27 4.78 1.21 1.24

92 0 1.52 0.94 0.17 0.02
18 5.31 5.45 0.42 0.88
37 1.96 0.23 0.37 0.93
55 1.00 0.91 0.40 0.40
77 0.19 0.55 0.35 0.04

100 0.58 2.63 0.19 0.24
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was accepted for the combination. This indicates that NO3-N
concentrations in subsurface outflow were not significantly
different from those in surface inflow. For all other combinations
(NO3-N in surface inflow and subsurface outflow, PO4

� in surface
inflow and surface outflow, PO4

� in surface inflow and subsurface
outflow, TP in surface inflow and surface outflow, and TP in surface
inflow and subsurface outflow), the null hypotheses were rejected.
The statistical analysis reflects that nutrient concentrations were
reduced in both surface and subsurface outflow from the VFS
compared to those at surface inflow except NO3-N in subsurface
outflow. The summary of statistical analysis is presented Table 4.

6. Conclusion

Vegetative Filter Strips are very effective in reducing the amount
of nutrients and sediment in agricultural runoff, especially during
shallow, uniform flow, as opposed to concentrated flow. The results
from this study show that a VFS is effective in reducing flow
volume, and consequently, reduces NO3-N, PO4

�, and TP concen-
trations in surface outflow runoff. Although the subsurface
drainage system under a VFS helps in removing a higher volume of
water in a shorter period of time and prevents inundation of the
vegetation, it can provide a path for NO3-N to be transported off site
quickly. The results of the data from subsurface outflow samples
show that NO3-N is being transported out of the VFS and possibly to
receiving waters. The subsurface outflow samples indicate that
combining a VFS with underlying subsurface outflow drainage
system may negatively harm the surrounding environment.

Overall, these results show that a VFS can be used as a BMP for
controlling nutrients from feedlot. The VFS reduced all nutrient
concentration from surface runoff. However, placement of a subsur-
face drainage system may need more careful consideration. For the
VFS to be effective, proper care must be given in its design to ensure
that surface flow is uniform and there are no preferential flow paths.
A VFS without any subsurface drainage system may be an effective
BMP, if lowering groundwater table quickly is not a prime issue.
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Table 4
Summary of statistical analysis.

Combination Sample
size (n)

Computed
test statistic
(t)

Critical value
for a ¼ 0.05
and (n � 1)
degree of freedom

Decision on
null hypothesis

NO3-N in surface inflow
and surface outflow

41 2.686 2.021 Rejected

PO4
� in surface inflow
and surface outflow

41 6.586 2.021 Rejected

TP in surface inflow
and surface outflow

21 2.553 2.086 Rejected

NO3-N in surface inflow
and subsurface outflow

39 0.163 2.025 Accepted

PO4
� in surface inflow and
subsurface outflow

39 7.926 2.025 Rejected

TP in surface inflow and
subsurface outflow

27 6.447 2.056 Rejected
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Vegetative Filter Treatment of Livestock Feedlot Runoff l 

ELBERT C. DICKEY AND DALE H. VANDERHOLM' 

ABSTRACT 

Four vegelatin filters were Installed on feedlots in central and 
northern Illinois. Two configurations were used: channelized now and 
overland flow. After settling for partial solids removal, runoff was 
applied directly to the filters and allowed to n ow from the inle! to tbe 
oullet section. Results from measurement analyses and sampling of 
innuent, effluent, lind surface now lit intermediate points were re
ported. 

Most runoff events were infiltrated completely, resulting in no filter 
discbllrge. Runoff from larger events was partially discharged . Filters 
removed as much as 954rlo of nutrients and oxygen-demllnding ma
terials from tbe applied runoff on a weight basis, and 804rlo on a con
centration basis. Removal was directly reillted to now distance or con
tact time with tbe fjller. Channelized now with grellter now depths re
quired !trellter contllct time or now cUstance thlln shllllow overland 
now to IIchieve the same level of treatment. 

Additiona/lndex Words: nutrients, wllter quality. IlInd IIppliclltion. 
pollution. 

Dickev. E. C .. and D. H. Vanderholm. 1981. Vegetative filter treat
ment of livestock feedlot runoff. J. Environ. Qual. 10:279-284. 

Many livestock feedlots are not subject to the National 
Pollutant Discharge Elimination System (NPDES) per
mit program. While most are small feedlots, some have 
a potential water pollution problem because of uncon
trolled runoff from open lot areas. Installation of a 
zero-discharge runoff-control system is one method of 
solving this pollution threat. But this approach is eco
nomically prohibitive for many small operations,) even 
though the zero-discharge system is required in several 
states . An alternative is a vegetative filter system which 
adequately controls runoff so that violations of water 

I Contribution of the u.s. Environmental Protection Agency. 
lIIinois lnst . for Environ. Qual.. The III. Agric. Exp. Sta. and the 
Il linois Beeflndustry Coun. Received 13 Jan. 1981. 

' Assistant Professor, Dep. of Agric. Eng.• Univ. of Nebraska. 
lincoln; and Associate Professor, Dep. of Agric.• Univ. of Illinois. 
Urbana, respectively. 

J D. l ybecker. 1977. Comparative surface runoff control system in
vestment and operating costs for six Illinois demonstration-research 
sites. Paper presented at Southern Illinois Univ. Liquid Livestock 
Waste Disposal Field Day. Dep. of Agric. Ind. Southern Illinois 
Univ.• Carbondale. 

quality standards will not occur during storm runoff. 
This alternative has the advantage of controlling runoff 
at lower cost than conventional zero-discharge systems, 
and requires less management. 

Vegetative filters are systems in which a vegetative 
area such as pasture, grassed waterway, or even crop
land is used for treating feedlot runoff by settling. filtra
tion, dilution, absorption of pollutants. and infiltra
tion. Mather (1969) reported removal of biochemical 
oxygen demand (BOD) from cannery wastes of 94-99% 
during overland flow in a disposal area, although 
Bendixen et al. (1969) reported only 66010 BOD removal. 
Nitrogen removals of 61-94 010 and phosphorus 
removals of 39-81010 were also reported in these two 
studies. 

McCaskey et al. (1971) found a renovating effect for 
livestock waste water traveling over a grassed surface in 
a thin layer, but did not determine the effect on a 
quantitative basis. Edwards et al. (1971) measured sig
nificant reductions in the nutrient content of feedlot 
runoff after the runoff traversed a grassed waterway. 
Reduction was attributed to deposition of solids in the 
waterway and to dilution of feedlot runoff by surface 
water from nearby cropland. Kramer et al. (1974) indi
cated that possibly spray-runoff was satisfactory for re
moval of BOD and total suspended solids from beef 
feedlot runoff, but that nutrient levels could still be too 
high for discharge to be practical. 

Sievers et al. (1975) used a grassed waterway filter to 
treat anaerobic swine lagoon effluent. Willrich and 
Boda (1976) also treated swine lagoon effluent with 
sloping grass strips. Open feedlot runoff-treatment sys
tems have been reported by Sutton et al. (1976) and 
Swanson et al. (1975). Most early systems were designed 
on the premise that all or most of the feedlot runoff 
from storms would infiltrate into the soil, with the un
infiltrated runoff being adequately treated so that it 
could enter surface watercourses. However, no uniform 
design criteria has been developed. and variable per
formance has made environmental authorities hesitant 
to give blanket approval to this concept. 

A study was begun in 1975 to further evaluate vegeta
tive filter systems. The study was conducted year-round 
for over 2 years. Its objective was to determine whether 
or not vegetative filters are feasible alternatives for 
management of feedlot runoff. 
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MATERIALS AND MEmODS 

Channelized flow and overland flow systems were studied. Chan
nelized flow systems have various configurations such as a graded ter
race channel or grassed waterway. and are systems in which flow is 
concentrated in a relati vely narrow channel. One channelized flow 
system was a graded terrace that traversed a hillside several times in a 
serpentine fashion. The other channelized flow system had one section 
of graded terrace channel followed by a section of grassed waterway. 
In overland systems, flow occurs as sheet flow generally < 30 mm 
deep, with widths ranging from .5 to 30 m. 

Four feedlots were selected in which vegetative filters were well
adapted to the physical situation and appeared to have a reasonable 
chance for managing feedlot runoff. At all locations, the basic system 
consisted of a settling facility, a distribution component, and one of 
the fWO types of vegetative filter illustrated in Fig. I . No storage unit 
for runoff was involved. Runoff from storms went directly to the 
filter area. Similar concrete settling basins were used at each location, 
but each vegetative fi lter was quite different. One system was installed 
on the Oniversity of lll inois dairy farm, and the other three systems 
were at commercial livestock production facilities. 

At the University of Illinois dairy facility (System I), effluent from 
the settling basin was pumped by an automatic pump (controlled by 
the water level) through a gated irrigation-pipe distribution system, 
spreading the effluent on three field plots, each 12 by 91 m and with a 
slope of about 0.5070. One grass species was seeded on each plot. 
Species used were reed canarygrass (Pha/aris arundinacea L.) smooth 
bromegrass (Bromus inermis Leyss.), and orchardgrass (Dacty/is 
g/omerta L.).. Each plot was surrounded by a berm to prevent any 
outside drainage water from entering and any applied effluent and 
rainfall from discharging, except at the controlled plot outlet. A con
trol plot, planted to smooth bromegrass, rece ived no effluent applica
tions. The flow over the plots was intended to approximate sheet or 
overland flow. The ratio between the vegetative filter area and feedlot 
area was about I : I . 

System 2 was also an overland flow type and was installed to control 
the runoff from a beef feedlot holding about 450 cattle. The facility 
obtained an NPDES permit, which allowed use of the vegetative filter 
area. This was a gravity-flow system, with runoff distributed across 
the upper end of a sloping vegetated area. Initially, runoff was dis
tributed through a perforated plastic pipe 15 .2 cm in diameter. Later, 
a rigid plastic pipe was split to form a weir. The vegetative filter area 
was seeded to a fescue (Festuca arundinacea Schreb.) and alfalfa 
(Medicago sativa L.) mixture. Since the soil was sandy, a filter area to 
lot area ratio of 0.7:1 was used. The constructed filter, 27 by 61 m, 
had a slope of about 2%. 

System 3 was on a beef feedlot holding 500 cattle. Runoff was 
directed to a channelized flow vegetative filter (graded terrace) pat
terned after the serpentine waterway system studied by Swanson et al. 
(1 975). The terrace channel was about 564 m long and had a parabolic 

" " 
" ''...'..--....~_ ~,,\\lrr/7"'?"'"".-_..-...-.r-...-....-.--

,/' ,':~-:5'"" 
--..:;:---~!, 

----<----<"'--<:;"""...... ---.,.--..--..~ 

.-::- ~~-...; ~ GRASSED AREA 
- ~ 

~-----...--,..-,.-....-r;:;:-~ 
~ GRASSED TERRACE ~ 
~/"~~ , ' r/'/)))l))}}

-=:.,... ~ 

,........:::::;::- ----
~.- ~CHANNELIZED FLOW OVERLAND FLOW--=-- = 

Fig. I-Alternative configuratiolU for vegelaUve filters used as a 
treatment for feedlot rUDoff. 
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cross-section with a top wid th of 8.5 m and a depth of 0.9 m. The 
channel slope was 0.25%. 

System 4 was on an uncovered swine-finishing facility holding 480 
animals. Runoff entered a vegetated terrace channel seeded with garri
son creeping foxtail (A lopecurus arundinaceus Poir). Runoff 
traversed 152 m of terrace channel and 457 m of grassed waterway be
fore reaching a defined watercourse. The terrace channel slope was 
0.25% and the waterway was 2070. 

Experimental Procedures 

A recording rain gauge was used to collect rainfall data at each site. 
For System I, the quantity of runoff applied to plots was calculated 
from records of elapsed pumping time and pump calibration curves. 
Applied runoff in System 3 was measured with an H-type flume and a 
water-stage recorder at the channel inlet. Applied runoff quantities 
were estimated for Systems 2 and 4 by using rainfall data and previ
ously developed rainfall-runoff relationships for feedlots in lllinois 
(Dickey and Vanderholm, 1977). 

Each sile was equipped with automatic samplers capable of taking 
24 discrete 5S0-ml samples. ill addition, three composite type auto
matic samplers were used at System I . At each automatic sampler 
location H-type flumes with stage recorders were used to measure the 
flow rate. Samplers and flumes were located at each filter outlet and 
also at intermediate points on System 3. All samplers were flow-acti
vated, and usually set to take a 500-ml sample at 45-min intervals. 
Automatic samples were augmented by grab sampling along the flow 
length . Grab samples of runoff entering the filters were taken 
periodically. At System 3, the sampler location during 1976 was 305 m 
downslope from the settling basin discharge. In 1977, two samplers 
were positioned at 229 and 381 m from the basin discharge until mid
summer. after which the sampler at 229 m was moved to 533 m. 

Samples were analyzed for ammonia and Kjeldahl-N according to 
Bremner and Keeny (1965), and solids, conductivity, chloride chemi
ca l oxygen demand (COD), BOD, and total P and K, according to 
Methods/or Chemical Analysis 0/ Water and Waste (USEPA, 1974). 
Filter influent and effluent samples from System I were analyzed for 
fecal coliform and fecal streptococcus according to Standard Methods 
(APHA,1975). 

RESULTS AND DISCUSSION 

A verage concentrations in the filter effluent at System 
1 represented a reduction of about 80% from concentra
tions in the settling-basin effluent (Table 1). Both COD 
and BOD levels were reduced to 85% of those in the 
basin effluent. The filter discharge had an average BOD 
concentration of 165 mg/liter, but only a limited num
ber of BOD measurements were obtained. However, 
filter effluent volume for the sampling period was con
siderably less than basin effluent volume because 
infiltration occurred in the filter area. The filter effluent 
volume was 413 m) while the filter area received 2,453 
m) of feedlot runoff. On a weight basis, an average of 

Table l-Co.nstitueDt concentrations and constituent retention 

on a weight basis fol' vegetative filter System I. 


Settling Vegetative Concen- Constituent 
basin filter tration retention 

Constituent effluent effluentt reduction (weight basisl 

-  mg/liter -  % 

NH,-N 
Total Kjeldahl-N 
Total solids 
COD 
P 
K 

134 
300 

3,700 
4,220 

64.1 
665 

18.5 
59.6 

996 
616 

14 
168 

86.2 
80.1 
73.1 
86.4 
78.2 
74.7 

97.7 
96.7 
95.5 
97.5 
96.3 
95.7 

Effluent volume 2,453 m' 413 m' 83.2 

t Average concentrations in samples taken at equal time intervals during 
discharge events. 
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about 96% of constituents applied were retained by the 
filter. Ammonia-N had the greatest reduction, showing 
a removal of 97. 7"70; total solids had the least reduction, 
a removal of95.5"70. 

Samples from System 1 averaged 5.75 X 10' fecal 
coliforms 100 m-I in discharge from the control plot 
that received no waste, 1.05 x 107 100 ml- I in treated 
plot discharge, and 1.25 x 107 100 ml- ' in applied feed
lot runoff. Fecal streptococcus averaged 1.8 x 10' 100 
ml-' from the control plot, 1.1 x 10' 100 mI- ' in the 
treated-plot discharge, and 1.6 x 106 100 ml-' in applied 
runoff. While some differences were indicated, the 
number of bacterial analyses was not large enough to 
analyze statistically. Bacteria levels were high in both 
the treatment and control plots, but the data were con
sistent with a previous study by Dornbush et al. (1974). 

Figures 2 and 3 clearly show decreases in constituent 
concentrations as basin effluent traversed the vegetative 
filt er at System I. Data points on Fig. 2 and 3 are aver
ages of grab samples obtained during seven different 
runoff events. The figures indicate that constituent con
centrations approached background levels (and the 
stream standards) asymptotically as vegetative filter 
length increased, and that excessive flow lengths would 
be required to meet standards unless further dilution oc
curred. 

While the filters were effective in removing pollu
tants, the effluent still had sufficiently high pollutant 
levels to cause a violation of stream water quality stand
ards in some instances. Measured discharge rates from 
System 1 were low, averaging 1.70 liters sec-I, with a 
maximum observed discharge of 10.8 liters sec-I. This 
flow rate is quite small relative to many receiving stream 
flow rates during the storms. 

Relatively high constituent concentrations were found 
in the filter effluent from System 2, as compared to Sys
tem I (Table 2). System I was a dairy, cleaned daily 

Table 2-Estimated pollutant removal in System 2 filter based 
on System 3 basin effluent concentrations. 

Settling basin Vegetative COlll:ltituent 
Cortstituent effluent fil ter effluent reduction 

mg/liter --  % 

NH,·N 608 173 71.5 
Total Kjeldahl·N 
Total solids 

1,122 
12,777 

324 
4,710 

71.1 
63.1 

COD 14,288 2,691 81.2 

.M 3000 ~-(2680) (0.985)o'8T 
~ r .. 0.982 
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• 0- '--0 
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Fig. 3--COD and 10t81 soUds cooceotralion changes with overland 
flow (System I). 

when possible, but the beef feedlot in System 2 was only 
cleaned every 3 or 4 months. System 2 also had an ani
mal density about 7 times that of System 1. Thus, there 
were much higher constituent concentrations in the 
feedlot runoff entering the settling basin at System 2 
than in System 1. The settling basin at System 2 was 
cleaned infrequently, which meant a loss of settling 
capacity during many storms. These factors contributed 
to high concentrations of constituents in the settling 
basin effluent for System 2. As a result, the upper end 
of the vegetative filter at System 2 became a shallow but 
effective settling area, trapping large amounts of 
manure solids. 

Representative samples of the settling basin effluent 
at System 2 were not obtained. Consequently the 
effluent from the settling basin at System 2, after 
traversing the first few meters of filter, was assumed to 
be similar to the settling basin effluent at System 3, a 
beef feedlot similar in size, stocking density, and man
agement. Constituent concentrations in the vegetative 
filter effluent of System 2 generally represent about a 
70"70 reduction of the concentrations in the settling 
basin effluent. 

Using the relationships between concentrations and 
distances developed for System I (Fig. 2 and 3) and the 
61-m flow distance of System 2, the projected concen
tration reduction for constituents in the settling basin 
effluent after traversing System 2 would be about 65"70 . 
This is close to the observed 70"70 reduction after 61 m 
of flow (Table 2). The comparison between the concen
tration reductions at System I and 2 indicates compara
ble and fairly consistent performance, although the flow 
distance of System 2 was considered inadequate to 
achieve an acceptable pollutant reduction. 

The amount of nutrients removed by System 2 was 
not calculated, but most rainfall events of < 25 mm had 
no vegetative filter discharge. This indicated that re
tention of constituents as calculated on a weight basis 
would be greater than the 70"70 reduction on a concen
tration basis. 

Average constituent concentrations in flow samples 
from System 3 are shown in Fig. 4 and 5. The concentra
tion reductions at the System 3 sampling points are 
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listed in Table 3. Comparing these reductions with those 
in System 1 and 2 (Tables 1 and 2) shows that a vegeta
tive filter with channelized flow must be much longer 
than an overland flow system to achieve the same reduc
tion. For example, overland flow systems have about a 
70070 concentration reduction after 90 m of flow, while 
channelized flow systems require about 427 m of flow 
distance to achieve a similar reduction. 

Curvilinear regressions were used to develop relation
ships between constituent concentrations and flow 
length. The equations developed (Fig. 2, 3, 4, and 5) and 
r values exceeding 0.95. As with System 1, the data from 
System 3 also indicated that constituent concentrations 
approached background levels asymptotically. 

Assuming that the filter discharge should meet cur
rent Illinois stream quality standards (1 .5 mg liter-I 
NHrN and 1,000 mg liter-' solids), the required filter 
length based on equations developed would be 154 m 
for System 1 and 2,030 m for System 3. Even though 
Systems 1 and 3 had nutrient retentions exceeding 90070, 
in order to meet stream standards these filters should 
have had flow lengths 1.7 and 3.6 times longer, re
spectively. This procedure does not consider dilution 
potentials of receiving streams or additional runoff 
from surrounding areas. 

During the 17-month study period (May 1976-0 cto
ber 1977) 10 storms resulted in discharges from System 
3. Mass-balance studies were conducted for three rain
fall events totaling 17.4 cm. Using the average concen
trations presented in Fig . 4 and 5 and the flow volumes 
measured for each storm, mass balances were calculated 

Table 3-Reduction in. constituent concentration in the basin 

effluent at various locations in the vegetative 


filter System 3. 


Distance from basin discharge. m 

Constituent 229 305 381 533 

-  concentration reduction, %-

NH,-N 40.5 62.9 64.2 83.4 
Total Kjeldahl-N 49.6 60.9 66.3 83.1 
Total solids 39.2 59.0 56.2 79.7 
COD 49.2 60.4 67.4 86.0 
p 16.0 48.6 
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for four constituents (Table 4). About 30070 of the con
stituents were removed in the first 229 m of flow, with 
the next 152 m removing an additional 50070. The last 
152 m of vegetative filter removed about 12070 of the 
constituents. The resulting total constituent removal for 
System 3 was about 92070 on a weight basis. For the 
three events, only 15.4 kg of ammonia-N was dis
charged from the filter. Assuming this measured quanti
ty was representative of the other seven rainfall events 
(which were of about the same magnitude), the total 
ammonia-N discharged from System 3 would be 51.3 
kg. 

Low removal rates at the upper end of filter 3 re
flected an inherent problem with a parabolic channel 
filter. Flow width in the waterway seldom exceeded 1.5 
m, primarily because of the controlled outflow from the 
settling basin. Grass in the waterway bottom was killed 
in a 0.3- to 0.9-m width for about 9 m. Vegetation was 
stunted for another 150 m beyond the killed area. Nutri
ents, solids, and water from most small runoff events 
were deposited or infiltrated in the waterway segment 
where vegetation was killed or stunted. Waterways with 
larger flow widths (such as flat-bottomed) apparently 
distributed basin effluent more evenly and m'ight have 
alleviated the vegetation kill resulting from excessive nu
trients and water in the narrow channel bottom. 

The channelized filter, System 4, performed better 
than System 3. Average constituent concentration re-

Table 4-Constituent retention on a weight buis by vegetative 
filter System 3; average for three storms. 

Distance from basin discharge. m 

Constituent 229 381 533 

constituent retention, % - -

NH,-N 24.3 80.0 92.3 
Total Kjeldahl-N 
Total solids 

35.8 
23.4 

81.2 
75.6 

92.2 
90.7 

COD 34.0 81.8 93.5 
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duction after 148 m of flow distance was about 86OJo 
(Table 5). Total solids were reduced 78.7 OJo in the same 
distance. Higher pollutant removals than this are de
sirable and in this instance were achieved since the 
graded terrace discharged into an existing grass water
way. Figures 6 and 7 show constituent concentration 
along the filter of System 4 immediately after a 56-mm 
rainfall. Sampling immediately after rather than during 
the rainfall event probably resulted in the lower con
stituent concentration at the upper end of the terrace 
channel. The data for Systems 3 and 4 show that equiva
lent treatment requires longer flow lengths with chan
nelized flow than with overland flow. 

Results from monitoring soils, crops, and ground 
water in the filter areas studied are contained in a final 
project report (Vanderholm et aI., 1979). The final re
port and an associated paper (Vanderholm and Dickey, 
1978) also contain recommended design criteria and 
management practices. 

CONCLUSIONS 

Vegetative filters reduced nutrients, solids, and oxy
gen-demanding materials from feedlot runoff over 80OJo 
on a concentration basis and over 9OOJo on a weight 
basis. Degree of pollutant removal was dependent upon 
type of flow (overland or channelized) and length of 
flow. Channelized flow systems were less effective than 
overland flow systems, and required much greater flow 
lengths for a similar degree of treatment. Constituent 
concentrations approached background levels 
asymptotically as flow length increased. Even though 
vegetative filters studied retained over 9OOJo of the meas
ured constituents, discharge concentrations did not 
meet stream quality standards. Using constituent 
concentration and flow-length relationships developed, 
the flow length required to meet standards would be two 

T.ble 5-Constituent concentrations in System 4 settling basin 
a.nd vegetative filter effluent lifter. flow dista.nce of 148 m. 

Settling basin Vegetative Constituent 
Constituent effluent filtar effluent reduction 

mglliter --  % 

NH,·N 478 70.6 85.2 
Total Kjeldahl·N 1,081 120 88.9 
Total solids 7,010 1,492 78.7 
COD 11,063 871 92.1 
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to four times longer than those evaluated. However, the 
relationships developed did not consider dilution 
potentials of receiving streams or additional runoff 
from surrounding areas. 

Bacteria levels in feedlot runoff were not greatly re
duced by vegetative filters, Fecal coliform leVels of 1.05 
x 10' 100 ml- ' in the filter discharge, and 5,75 x lOs 
100 ml- ' in the control-plot discharge receiving no feed
lot runoff, were observed. Both 'Of these values were 
high in relation to current stream standards, which 
range from 102 to 10] 100 ml-! depending upon location 
and stream use, Additional research is needed to accur
ately define bacterial quality for agricultural runoff and 
to aid in assessing the practicality of current stream 
standards. 

To prevent damage to vegetation and reduced filter 
effectiveness, settling should be used to remove solids 
from feedlot runoff before application to filter areas. 

Discharge from adequate size vegetation filters occurs 
only during large runoff events, which coincide with 
periods of high stream flows. The overall impact of 
multiple vegetative filter systems on receiving streams 
appeared to be negligible, but needs to be evaluated in 
more detail before these can be widely recommended 
and used. Vegetative filters can provide a satisfactory 
alternative to zero-discharge systems and result in re
duced pollution problems associated with feedlot run
off. 
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Utilization Efficiency of Nitrogen from Sewage Effluent and Fertilizer Applied 
to Corn Plants Growing in a Clay SoW 

A. FEIGIN, SALA FEIGENBAUM, AND HEDVA LlMONl' 

ABSTRACT 

Effects of Irrlgatlo.n with secondary municipal sewage effluents on 
N avallabllUy In a fertilized soli were studied In a greenhouse expert
ment usinll UN as a tracer. Corn (Zea mays) was grown In a clay soil 
with ammonium-N added as solid fertilizer, sewage elnuent, and a 
minerai solution. 

Between 55 and 69070 of the ammonium sulfate-uN was taken up by 
the com plants. Between 21 and 31070 of the fertllizer-N WII8 recovere4 
as oraanic-N in the soil after 43 days, while negligible amounts of ex
changeable-NH. and NO, were detected. Losses of ammonium 501

fate-N applied to the soil before seedIng, probably through denitrifi
cation, ranlled between 6 and 15070. Similar results were obtained 
whelher Ibe fertilized soil was Irrlgaled with demineraliud water, sew
age efnDent, or a mineral solution simulating the mineral composition 
of the sewage emuent. 

About 61% of the tagged ammonium-N applied as sewage elnuent 
was taken up by the com plants, and 14% was Immobilized In the 
orxan1c fraction of soil_ About 24% of the elnuent-tagged-am
monlum-N was lost, apparently through both denitrification and 
volatlllzatlon_ The corresponding loss from the mineral-solution
tagged-N was about 17"0 . The simultaneous appllclltlon of C and N 
by sewage effluen ts was probably responsible for the increased losses 
of N througb denitrification found in the efnuent-tagged-ammonium· 
N treatment. 

Recovery of N, in plllnt and soli, from ammonium sulfate incorpo
rated into the soil before planting was somewhat greater than that of 
sewage em uent ammonlum-N, and was not affected by irrigation with 
sewage efnuent. 

I Contribution of the Agric. Res. Org., The Volcani Center, Bet 
Dagan, Israel. No. 202-E, 1980 Series. Received II July 1980. 

' Soil Scientists, Inst. of Soils and Water, A.R.O., and Agronomist, 
formerly with the Ministry of Agric., Ext. Serv., Qiryat Malakhi, 
Israel, respectively. 

Additionallndex Words: wastewater-N, "N. 

Feigin, A., S. Feigenbaum, and H. Limoni. 1981. Utilization ef
ficiency of nitrogen from sewage effluent and fertilizer applied to corn 
plants growing in a clay soil. J . Environ. Qual. 10:284-287 . 

Partially treated sewage effluents contain considerable 
amounts of N, mainly-and sometimes almost solely
as ammonium (Lance, 1972; Bouwer and Chaney, 
1974). These secondary effluents supply available-N to 
plants (Feigin et aI., 1978). The efficient use of effluent
N by plants means smaller outlays on fertilizers and a 
reduced pollution hazard for ground water. Attainment 
of this objective is subject to a basic understanding of N 
transformations in effluent-irrigated fields . 

Effluents contain various organic compounds 
(Hunter and Kotalyk, 1974) and elements (e.g., NH.-N 
and PO.-P) that do not regularly appear in irrigation 
water. Moreover, sodium, chloride, and bicarbonate 
than in irrigation water (Feigin et aI., 1978). Therefore, 
it may be anticipated that irrigation with sewage ef
fluents could probably influence the N cycle in soils, 
including N uptake by the plants and N losses from 
the soil by denitrification due to the organic-C that 
from the soil by denitrification due to the organic-C that 
can be used as an energy source for denitrifying bacteria 
(Bouwer and Chaney, 1974). Losses by volatilization of 
ammonia are also to be expected (Lance, 1972). 

The purpose of this work was to study: (i) the effect 
of effluent irrigation on the utilization of fertilizer-N by 
plants and on N losses from the soil; and (ii) the fate of 
effluent-applied NH.-N and its uptake by plants. 
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VEGETATIVE TREATMENT SYSTEMS FOR MANAGEMENT OF

OPEN LOT RUNOFF: REVIEW OF LITERATURE

R. K. Koelsch,  J. C. Lorimor,  K. R. Mankin

ABSTRACT. Runoff from open lot livestock systems (beef and dairy) defined as Concentrated Animal Feeding Operations
(CAFO) must be controlled by systems designed and managed to prevent the release of manure-contaminated runoff for storms
equal to or less than a 25-yr, 24-h design storm. This performance standard has been attained for open lot systems with some
combination of clean water diversion, settling basins, runoff collection ponds, and irrigation systems (baseline system).

An alternative approach is to rely on overland flow and infiltration into cropland with perennial forage or grasses for
treatment of open lot runoff. Such vegetative systems have been researched since the late 1960s. This article reviews the
research literature on vegetative treatment systems (VTS) for managing open lot runoff summarizing available science on
system performance, design, and management.

Based upon this review of the literature, the following conclusions are drawn about the application of VTS to manage runoff
from open lot livestock production systems:

(1) Substantial research (approximately 40 identified field trials and plot studies) provides a basis for understanding the
performance of VTS. These performance results suggest that a vegetative system consisting of a settling basin and VTA or
Vegetative Infiltration Basin (VIB) has the potential to achieve functional equivalency to conventional technologies.

(2) The existing research targeting VTS is confined to non-CAFO applications, likely due to past regulatory limits. Unique
challenges exist in adapting these results and recommendations to CAFO applications.

(3) The pollutant reduction resulting from a VTS is based upon two primary mechanisms: 1) sedimentation, typically
occurring within the first few meters of a VTS, and 2) infiltration of runoff into the soil profile. Systems relying primarily on
sedimentation only are unlikely to perform equal to or better than baseline technologies. System design based upon
sedimentation and infiltration is necessary to achieve a required performance level for CAFO application.

(4) Critical design factors specific to attaining high levels of pollutant reduction within a VTS include pre-treatment, sheet
flow, discharge control, siting, and sizing. Critical management factors include maintenance of a dense vegetation stand and
sheet flow of runoff across VTA as well as minimization of nutrient accumulation.

Keywords. Vegetative Treatment Systems, Vegetative Infiltration Basin, Feedlot, Runoff.

unoff from open lot livestock production systems
continues to be a contributor to surface and
groundwater impairment. Vegetative Treatment
Systems (VTS) applied to open lot systems repre-

sent an alternative technology that may potentially achieve
significant pollutant reduction. [The terms VTS and VTA
will both be used. Vegetative Treatment Area (VTA) applies
to a cropped area with perennial grass or forage specifically
designed to manage runoff from an open lot livestock facility.
VTS will refer to the combination of treatment components
including a VTA or Vegetative Infiltration Basin (VIB) and
other possible treatment components (e.g. solids settling).]

Article was submitted for review in May 2005; approved for
publication by the Structures & Environment Division of ASABE in
October 2005.

The authors are Richard K. Koelsch, ASABE Member Engineer,
Livestock Environmental Engineer, Associate Professor, Department of
Biological Systems Engineering, University of Nebraska, Lincoln,
Nebraska; Jeffery C. Lorimor, ASABE Member Engineer, Extension
Waste Management Specialist, Associate Professor Emeritus, Department
of Agricultural and Biosystems Engineering, Iowa State University, Ames,
Iowa; and Kyle R. Mankin, ASABE Member Engineer, Associate
Professor, Department of Biological & Agricultural Engineering, Kansas
State University, Manhattan, Kansas. Corresponding author: Richard K.
Koelsch, Department of Biological Systems Engineering, University of
Nebraska-Lincoln, 213 L. W. Chase Hall, Lincoln, NE 68583-0726; phone:
402-472-4051; fax: 402-472-6338; e-mail: rkoelsch1@unl.edu.

The United States Environmental Protection Agency
(USEPA), National Pollutant Discharge Elimination System
(NPDES) establishes a technology-based standard that
defines the acceptable performance for runoff control on
permitted facilities. A VTS has the potential for providing
control of pollution from feedlot runoff that is “functionally
equivalent” to the conventional impoundment and land
application system for Concentrated Animal Feeding Opera-
tions (CAFO).

The 2003 final federal rule for the NPDES Permit
Regulation and Effluent Limitation Guidelines (ELG) and
Standards for CAFOs (Federal Register, 2003) sets the 25-yr,
24-h storm technology standard for baseline systems (runoff
holding facilities dewatered by irrigation systems). The
federal rule also opens the door for alternative technologies
(such as a VTS) if they can be documented to achieve equal
or better pollutant control performance as the baseline
technology. A “site-specific comparison” provision within
these regulations places the burden of proof on the individual
producer for comparing the baseline and alternative technol-
ogy for individual farms.

The objective of this article is to summarize the knowl-
edge base for VTS. This literature review provided a
foundation for the development of a USDA Natural Resource
Conservation Service guidance document on VTS siting,
design, and management. At the time this review was

R
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prepared, a draft of this guidance document was available at
http://www.heartlandwq.iastate.edu/manure.

PERFORMANCE MODELS FOR VTS
An Iowa State University VTS software modeling tool has

been designed to predict the performance of a site-specific
VTS to meet the Voluntary Alternative Performance Stan-
dards (see Introduction) of the new EPA CAFO rules (Wulf
et al., 2003). The VTS model performs site-specific model-
ing using daily weather inputs to estimate the performance of
site-specific feedlots and VTS designs. The model uses
weather data for 25-yr period to compare performance of the
alternative VTS (median outflow for 25-yr period times
pollutant concentration) with baseline containment system
performance for the same site. It follows procedures outlined
by the Voluntary Alternative Performance Standards provi-
sions of the CAFO regulations (Federal Register, 2003). At
the time this literature review was prepared, a peer review
process for the model was completed and the Iowa Depart-
ment of Natural Resources has accepted model results as
acceptable  documentation for an NPDES permit application.

Another systematic model was develop by a collaboration
of several Minnesota agencies to identify appropriate
applications of VTSs to feedlot runoff (Brach, 2003;
Minnesota Pollution Control Agency, 2003). They developed
a standard identifying five levels of control (including VTA)
and appropriate application of those five levels to individual
situations based upon farm size and proximity to water. The
team has developed a model, FLEVAL: An Evaluation
System to Rate Feedlot Pollution Potential, to objectively
evaluate feedlot pollution potential (http://www.bwsr.state.
mn.us/outreach/engineering/fleval.html).  Overcash et al.
(1981) describes an additional model for predicting perfor-
mance of a vegetative system located down-gradient from a
manured land application site.

IN-FIELD VTS PERFORMANCE
Literature review of performance data from 16 research

citations reporting 40 sets of performance data under field
conditions are listed in table 1. An additional 16 research
citations reporting 58 sets of performance data under
simulated conditions are included in table 2. Results are for
both VTAs and Vegetative Infiltration Basins (VIB). The
preponderance of the performance data is for a VTA. VTA
efficiency was estimated from the literature by comparing the
reduction of pollutant concentration and/or mass entering
and leaving the VTA. Pollutants of concern in livestock
runoff include solids, nitrogen, phosphorus and pathogens.

VTAs provide an opportunity for reduction of pollutants
in runoff through two primary mechanisms: 1) sedimenta-
tion, typically occurring within the first few meters of a VTA,
and 2) infiltration of runoff into the soil profile (Pope and
Stolenberg, 1991). The soil system also provides a physical
structure and biological environment for treatment of
pollutants including filtration (e.g., restricting movement of
most protozoa and bacteria), immobilization (e.g., soil
cations immobilizing ammonium), aerobic processes (e.g.,
conversion of organic compounds to water and carbon
dioxide), and anaerobic process (e.g., conversion of nitrates

to nitrogen gas). The VTA also allows the uptake of nutrients
by plants (Fajardo et al., 2001).

TYPE OF VTA
Ikenberry and Mankin (2000) defined a VTA as a band of

planted or indigenous vegetation situated down-slope of
cropland or animal production facilities that provides
localized erosion protection and contaminant reduction.
Planted or indigenous vegetation is defined as pasture,
grassed waterways, or cropland that is used to treat runoff
through settling, filtration, adsorption, and infiltration.
Murphy and Harner (2001) identified four primary ap-
proaches used in plant-based treatment systems:
� Grass filters can be designed with a 1% to 4% slope and

61 m (200 ft) of filtering length per 1% slope. Total area
should be designed to match crop nitrogen uptake with es-
timated N in runoff. Sheet flow across filtering slope is
necessary, typically requiring laser-guided land leveling
equipment.

� Constructed wetlands have been applied to open lot run-
off. Design and management is challenged by the inter-
mittent flow from open lots. The authors suggest that
seasonal open lots used for winter livestock housing and
empty during the summer may be a preferred application
for constructed wetlands.

� Infiltration basins are a containment type of system with a
30- to 60-cm (12- to 24-in.) berm placed around the vege-
tated area. They can be designed as discharging or non-
discharging systems. A vegetative area necessary to
infiltrate design runoff within 30 to 72 h must be consid-
ered in the sizing of an infiltration basin.

� Terraces, similar to infiltration basins, have been used to
contain runoff on sloped areas. Both overflow and cascad-
ing terraces have been used. Overflow terraces move run-
off from one terrace to an adjacent terrace at a lower
elevation by cascading of runoff over the terrace top or by
plastic tile drains. Serpentine terraces move runoff back
and forth across the face of a slope. In both situations, the
upper terrace is typically used for solids settling.

FLOW WITHIN VTA
VTAs can be classified as either channelized or sheet flow

(Dickey and Vanderholm, 1981a). Their work showed that
“the channelized flow system required a flow length over five
times longer than the overland flow systems to achieve a
similar concentration reduction.” Dillaha et al. (1988)
studied concentrated flow effects on removal efficiencies and
found that lower removal efficiencies occurred in VTAs with
concentrated flows than in VTAs with shallow, sheet flow.

Channelized surface flow in VTAs results in non-uniform
nutrient and hydraulic loading of VTA thereby reducing
system performance and increasing soil erosion. Sheet flow
systems allow a uniform loading of runoff (across the width
of the VTA) at a relatively shallow depth (<4 cm). Uniform
flow results in a slower velocity, which allows sediment and
nutrients to be trapped by the vegetation and adsorbed by the
soil. Dickey and Vanderholm (1981b) showed progressively
better removal of TKN and ammonium (NH4

+) with VTA
length for a 100-head dairy and 500-head beef lot (fig. 1).
Lim et al. (1997) and Chaubey et al. (1995) demonstrated that
a first-order exponential relationship better described the
interaction between VTA length and pollutant transport.
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Table 1. Summary of VTA performance (no pre-treatment performance included in values) on commercial or research livestock facilities. 
This table was originally developed by Ikenberry and Mankin (2000) and updated with additional references. 

Reductions are either in concentration or mass for individual studies as indicated by the last column.
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Table 1 (continued). Summary of VTA performance when placed on commercial or research livestock facilities.
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Table 2. Summary of VTA performance (no pre-treatment performance included in values) under simulated conditions1. 
Reductions are in concentration or mass for individual studies as indicated by the last column.
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Table 2 (continued). Summary of VTA performance under simulated conditions1.
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Figure 1. Effect of VTA length on TKN and ammonium-N reduction
(Dickey and Vanderholm, 1981a).

SOLIDS REMOVAL

Extensive research has been conducted on solids removal
by VTA. Total solids are commonly reduced by 70% to 90%
(tables 1 and 2). Variations occur due to site-specific
conditions such as vegetation, slope, soil type, size and
geometry of VTA, and influent solids concentration. When
receiving runoff directly from a feedlot, VTAs remove most
solids within the first few meters of the filter strip. Coyne et
al. (1998) found most reductions in concentration occurred in
the first 4.5 m. Chaubey et al. (1995) showed improved P
removal effectiveness from swine lagoon effluent with
increased VTA length up to 9 m (30 ft). Solids reduction
would likely perform in a similar manner. Chaubey et al.
(1995) noted that removal of total suspended solids and
chemical oxygen demand in VTA increased for lengths up to
3.1 m. This quick reduction can be attributed to a significant
reduction in flow velocity resulting in settling of solids.

NITROGEN REMOVAL

The most common gauges of nitrogen content in surface
runoff include total nitrogen (TN), total Kjeldahl nitrogen
(TKN), ammonium nitrogen (NH4-N) [The term ammonium
nitrogen (NH4-N) is used to represent the sum of ammonium
(NH4) nitrogen and ammonia (NH3) nitrogen], and nitrate
(NO3) (Ikenberry and Mankin, 2000). Removal of TN, TKN,
and NH4-N by VTA, has been shown to attain or exceed 80%.
Chaubey et al. (1995) noted that removal of ammonium
nitrogen and TKN in VTA increased for lengths up to 15.2
and 9.2 m, respectively. Overall properly designed and
managed VTAs are very effective, averaging approximately
70% nitrogen removal (Ikenberry and Mankin, 2000). Some
VTA performance results have suggested 100% reduction in
situations where soil infiltration of runoff prevented any

effluent from leaving the vegetative area. Nitrate (NO3)
removal has typically been much lower. In some studies NO3
increased from near-zero levels typical of most anaerobic
feedlot runoff levels to concentrations commonly less than
the 10-ppm drinking water standard during flow through the
VTA. However, test results illustrating an increase in
concentration of nitrate can be accompanied by total nitrate
mass reductions due to reduction in runoff volume resulting
from soil infiltration (Barker and Young; 1984).

The authors have standardized the results of multiple
studies over the past 25 plus years (tables 1 and 2) to show the
relationships of total N and P reduction to the ratio of VTA
area to feedlot drainage area (DA). As much as an 80%
reduction in total N and P was observed (fig. 2). At smaller
VTA to DA ratios, reported performance levels appear to be
more highly variable with multiple performance results
producing less than 50% reductions in N and P. For results to
consistently exceed a 50% reduction, a VTA to DA ratio of
2 or greater was necessary.

PHOSPHOROUS REMOVAL

Because the majority of the phosphorous in feedlot runoff
is adsorbed to solids particles, total phosphorous removal is
directly related to solids removal efficiencies. Phosphorous
removal rates have ranged from 7% to 100% (table 1),
averaging about 70%. Chaubey et al. (1995) also noted that
removal of dissolved and total phosphorus in VTA increased
for lengths up to 15.2 and 9.2 m, respectively. The authors
have standardized the multiple studies for P removal in
figure 2.

PATHOGEN REMOVAL

Research on fecal coliform (FC) removal by VTAs
provides a less clear picture of performance. Reported values
vary greatly and few studies have been conducted on
large-scale VTAs. Fajardo et al. (2001) report FC removal
rates between 64% and 87% when using small-scale
simulated runoff events with stockpiled manure. Lim et al.
(1997) found that all fecal coliforms were removed in the first
6.1 m of a VTA used to treat runoff from a simulated pasture.
Average FC removal in the studies reported was 76.6%
(Ikenberry and Mankin, 2000). A model for describing fecal
pathogens in vegetative filter strips was being assembled by
Zhang et al. (2001) and linked to an existing model of VTA
hydrology and sediment transport, although data were not
available to test the model at the time this research article was
prepared.
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Figure 2. Nutrient removal by VTA based upon VTA to drainage area ratio for references listed in tables 1 and 2.
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VEGETATIVE INFILTRATION BASIN (VIB)
Vegetative infiltration basins are VTS systems with

additional berms that force infiltration of runoff through a
soil filter and prevent surface-water discharges. As runoff
infiltrates the soil, aerobic nitrification occurs, converting
ammonium to nitrate by the aerobic bacteria Nitrosomonas
and Nitrobacter (Prantner et al., 2001). In addition, phospho-
rus complexes with minerals (i.e. Ca, Mg, Fe) in the soil
bound in the profile. Field drainage tile is commonly used to
intercept the filtrate and carry it to an additional treatment
system, such as a constructed wetland or VTA ( Lorimor et
al., 2003; Fausey et al., 1988). A VIB has a smaller surface
area (1/6 to 1/12 of most standard VTA designs) and no direct
surface-water discharge. Infiltration basins also slow the
flow rate exiting the infiltration basin during the storm event
and delay much of the discharge until after the event, which
enhances the potential for successful treatment in later
treatment components, such as a VTA (Lorimor et al., 2003).
Preferential flow through the soil filter may be a potential
concern over time. Reduction in infiltration due to potential
sealing has not been observed after more than five years of
operation (Lorimor et al., 2003).

Using a lab-scale VIB to treat liquid swine manure,
Prantner et al. (2001) showed over 93% reduction in NH4-N
and 89% reduction in P. Lorimor et al. (2003) and Yang and
Lorimor (2000) reported operation of  a bermed infiltration
area that allowed discharges only through subsurface drain
tiles placed 1.8 m (6 ft) below the surface of this basin. After
five years of experience, soil P levels did not show signs of
buildup (Lorimor et al., 2003). Yang and Lorimor (2000)
reported average reductions of 81% for suspended solids,
83% for TKN, 85% for NH4-N, and 78% for P. Nitrate levels
increased by 87%. Edwards et al. (1986) and Fausey et al.
(1988) reported operation of an infiltration basin below a
small open-lot cattle facility with similar decreases in
organic and ammonium nitrogen and significant increases in
nitrate N. These studies suggest a need for nitrate utilization
or treatment downstream of an infiltration system (Lorimor
et al., 2003;. Edwards et al., 1986).

Infiltration basins based upon soil filters are limited to
sites conducive to tile drainage where a restrictive soil layer
exists below the surface to minimize contaminant (especially
nitrate) movement to ground water. Alternative infiltration
systems, such as a constructed infiltration bed of sand,
biosolids, and wood-chip mixtures laid over a gravel layer
with a tile drain used to treat runoff from paved parking lots
(Culbertson and Hutchinson, 2004) or a wood chip bed
(Murphy and George, 1997), may have application to
livestock runoff.

OVERALL VTS PERFORMANCE
By coupling various combinations of treatment technolo-

gies, including VTA and/or VIB, the quality of feedlot runoff
can be significantly improved to the point of achieving
“functional equivalency” to baseline technologies to com-
plete elimination of surface water runoff. Although the
particular combination of treatments selected for any feedlot
will be site specific, essentially all should begin with solids
removal. Table 3 shows a summary of the anticipated
contaminant  reductions discussed previously plus common
performance levels for constructed wetlands. A combination

Table 3. Summary of typical contaminant concentration reductions for 
various treatment components associated with a dairy 

or beef open lot facility.[a]

Total
Solids

(%)

TKN
(%)

Ammonium N
(%)

Total P
(%)

BOD[b]

(%)

Settling basin[b] 60 80 80 80 −−
VTA 60 70 70 70 75
VIB 80 80 85 80 −−

[a]   Reductions for two or more components can be estimated by multiply-
ing remaining contaminants (1 − reduction) for each component. A set-
tling basin and VIB will reduce concentration by 92% or {1−[(1−0.6) ×
(1−0.8)]} × 100. Caution: These values are the author’s best estimates of
typical performance for well designed and managed treatment systems.
Individual conditions may result in lower performance.

[b]  Biochemical Oxygen Demand.
[c]   USDA NRCS (2005). Chapters 4 and 9 review performance of settling

basins.

of a settling basin with a VTA or a VIB has the potential for
achieving functional performance equivalency to runoff
holding ponds designed to manage a 25-yr, 24-h storm plus
normal precipitation runoff based upon results reported by
Anschutz et al. (1979), Koellicker et al. (1975), and Wulf
et al. (2003).

VTA DESIGN
The literature provided illustrations of a number of critical

design considerations for VTAs (table 4). Based upon this
literature,  there are several design considerations that are
generally accepted for VTAs:

PRE-TREATMENT

A need exists for some degree of pretreatment. Solids
settling is commonly used with VTAs to minimize solids
accumulation  at the front end of a VTA. This pre-treatment
minimizes vegetation damage and reduces the potential for
channel flow paths developing where runoff first enters the
VTA.

SHEET FLOW
Sheet flow of liquid is essential for optimum VTA

performance.  Design of VTA inlets and headlands is critical
to initiating sheet flow. Field management is critical to
minimizing concentrated flow. Even with the best inlet
design and management, concentrated flow is likely to occur
within a VTA and may require additional structures and
ongoing maintenance to redistribute flow.

DISCHARGE CONTROL
For VTS on CAFOs, minimizing potential for discharge

will be critical for achieving equal or better performance than
baseline technologies. Combinations of treatment compo-
nents into systems, attention to sizing, and modification of
hydrograph of flow into a VTA are important considerations
for minimizing discharge potential.

SITING CRITERIA

Siting criteria is critical to the appropriate application of
VTAs. Iowa Department of Natural Resources has estab-
lished nine evaluation criteria used to initially judge a site.
These included available area, soil permeability, depth to
water table, subsoil and geology, slope, spreaders for uniform
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distribution, berming for inflow water protection, flooding
potential,  and proximity to waters of the state (Iowa
Department of Natural Resources, 2004).

SIZING CRITERIA

Multiple approaches have been suggested for VTA sizing:
� Dickey and Vanderholm (1981a) recommended a mini-

mum VTA width of 61 m (200 ft) and a length adequate to
completely infiltrate the feedlot runoff and rainfall from a
1-yr, 2-h storm. They calculated minimum flow lengths to
provide 2-h contact times. Based on their model, mini-
mum lengths varied from 91 m (300 ft) for a 0.5% slope up
to 262 m (860 ft) for a 4% slope.

� Nienaber et al. (1974) suggested a disposal area of one-
half hectare per hectare of feed lot is needed. Data in figure
2 suggest that a ratio of 1 to 1 (disposal to feedlot area) or
greater is necessary to achieve peak performance. Lori-
mor et al. (2003) has achieved high contaminant removal
rates with a ratio of 1 to 6 (infiltration basin to feedlot area)
for a bermed infiltration area that allows discharges only
through subsurface drain tiles.

� A design procedure was developed by NRCS in Pennsyl-
vania suggesting that the VTA be designed for the peak
discharge resulting from a 2-yr, 24-h storm event at a max-
imum flow depth of 1.3 cm with a minimum flow through
time of 15 minutes (Murphy and Bogovich, 2001). A de-
sign procedure based upon a sheet flow equation was pro-
posed:

T = 0.29 (n L)0.8 / (P2 0.5 × s0.4)   (1)

where T represents travel time (h), n represents Manning’s
roughness coefficient (0.24 for dense grass), L equals flow
length (m), P2 equals 2-yr, 24-h storm (cm), and s equals
land slope (m/m). Schellinger and Clausen (1992) used
this USDA SCS design standard for Vermont applications
and observed poor performance results. Additional design
criteria have been assembled by other USDA NRCS state
offices including the Montana Supplement to Chapter 10
of the Agricultural Waste Management Field Handbook
(Montana NRCS, 2003). All of these practice standards
have typically targeted non-CAFO units. For example, the
Montana practice standard states that “final designs for
feedlots larger than 3 acres (about 600 cattle) should not
be designed with the Simplified Method (Montana prac-
tice standard).”

� Murphy and Harner (2001) suggested sizing a VTA area
based upon normal nitrogen runoff balanced against nitro-
gen removal as harvested hay. Procedures for estimating
mass of nitrogen runoff from the feedlot and example de-
sign calculations are provided by this resource.

� Overcash et al. (1981) proposed a design equation based
on influent and effluent concentrations.

CX = CB + (CO − CB) × e{[1/(1−D)] × ln[1/(1+K)]}   (2)

This procedure requires knowledge of the influent con-
taminant concentrations, CO, to the VTA. A desired VTA
effluent concentration, CX, can then be selected. CB repre-
sents the background concentration, D is the ratio of in-
filtration to runoff, and K is the ratio of VTA length to
waste area length. Once CX, CB, CO, and D have been de-
termined, the equation must be solved for K to size the fil-
ter strip. This calculation should be made for all

contaminants of concern, and filter strip length be selected
based on the limiting contaminant.

VTA MAINTENANCE
Several maintenance issues are critical in VTA function

(table 4):
� A good stand of dense vegetation is needed. Dickey and

Vanderholm (1981a) noted that dormant residues are ef-
fective for filtering and settling pollutants. Management
practices that contribute to strong fall growth and well-es-
tablished winter vegetative cover are critical. Regular har-
vesting (including hay removal), prevention of channel
flow, and minimizing solids accumulation in the VTA are
of value in achieving dense fall vegetation. Soil testing to
determine fertilization will be of value.

� Sheet flow conditions are essential to VTA performance.
Minimizing animal traffic and limiting vehicle traffic to
dry conditions are critical to sheet flow maintenance.

� Minimization of nutrient accumulation in VTA is impor-
tant. Regular harvesting with crop removal to encourage a
balance of nutrients is necessary. Mechanical harvesting
and animal grazing have been used for harvesting vegeta-
tion. Grazing results in low nutrient removal rates and po-
tential nutrient accumulation concerns.

� Higher nutrient deposition is anticipated in the first few
meters of the VTA suggesting a potential for nitrate leach-
ing and increased soil P. Regular soil testing for residual
soil nitrates and phosphorus may be necessary at the upper
end of the VTA.

CONCLUSIONS
Based upon this review of the literature, the following

conclusions are drawn about the application of vegetative
treatment areas to runoff from open lot livestock production
systems:
� Substantial research (approximately 40 identified field

trials and plot studies) provides a basis for understanding
the performance of VTS. These performance results sug-
gest that a vegetative system consisting of a settling basin
and VTA or VIB has the potential to achieve functional
equivalency to conventional technologies.

� The existing research targeting VTS is confined to non-
CAFO applications, likely due to past regulatory limits.
Unique challenges exist in adapting these results and rec-
ommendations to CAFO applications.

� The pollutant reduction resulting from a VTS is based
upon two primary mechanisms: 1) sedimentation, typical-
ly occurring within the first few meters of a VTS, and
2) infiltration of runoff into the soil profile. Systems rely-
ing primarily on sedimentation only are unlikely to per-
form equal to or better than baseline technologies. System
design based upon sedimentation and infiltration is neces-
sary to achieve a required performance level for CAFO ap-
plication.

� Critical design factors specific to attaining high levels of
pollutant reduction within a VTS include pre-treatment,
sheet flow, discharge control, siting, and sizing. Critical
management  factors include maintenance of a dense vege-
tation stand and sheet flow of runoff across VTA as well as
minimization  of nutrient accumulation.
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Table 4. Summary of design and management recommendations for VTA for past research and field demonstration projects.

Reference Type of System Design Recommendations Management Recommendations

Barker and
Young (1984)

Milking center wastewater
and open lot runoff from
a 54 cow dairy was di-
rected to settling basin
and VTA. Four earthen
berms located at 30-ft in-
tervals were designed to
create a cascading type
system.

Initial seeding of fescue, ye and reed canary grass
was used due to tolerance to wet conditions.

Four distribution points at upper end of VTA proved
inadequate to create sheet flow. Later expansion
to seven distribution points reduced problems of
channel flow.

At conclusion of study, orchard grass and foxtail
grass were dominant species at upper end of
filter strip and hairy crabgrass dominated in
drier areas.

Four grass cuttings were made per year with an
attempt to hold grass height near 6 to 12 in.
high.

Dickey and
Vanderholm
(1981a);
Dickey and
Vanderholm
(1981b)

Papers review design and
performance of four
VTA, two functioning as
overland flow (100 cow
dairy and 450 beef feed-
lot) and additional two as
channelized flow (500
head beef feedlot and
480 swine operation)

Solids settling in advance of a VTA minimize vegeta-
tion damage and maintain VTA effectiveness.

Overland or sheet flow within VTA.
Minimum recommend contact time for runoff with a

VTA is 2 h.
Overland VTA does not require longer contact time

as lots increase in size.
Infiltration area should be designed to allow infiltra-

tion for all runoff from a 1-yr, 2-h storm. Addi-
tional area provides little improvement.

Slope and soil infiltration rate are important consider-
ations in VTA sizing.

Channelized flow systems will require:
1   Flow distances at least 10 times greater that sheet

flow design;
2   One additional hour of contact time beyond the

2 h minimum for each 465 m2 (5,000 ft2) of open
lot greater than 929 m2 (10,000 ft2);

3    Large areas for open lots of more than 0.4 ha
(1 acre);

Dormant residues in VTA have proven to be an
effective filter and settling mechanism. Man-
agement practices that contribute to a strong
fall growth and well-established dormant resi-
due through winter have value in pollutant
removal from winter precipitation and snow-
melt runoff.

Dillaha et al.
(1988);
Dillaha et al.
(1986)

Effectiveness of VTA is dependent upon design and
management measures that create shallow sheet
flow and prevent concentrated flow.

VTA site selection should target flat areas and avoid
hilly terrain.

See first bullet under design recommendations.

Edwards et al.
(1983)

VTA test plots after set-
tling basin, natural
rainfall, 56-head of
beef cattle on con-
crete lot. Two grass
filter cells were used
in series, each repre-
senting approximately
50% of the concrete
lot area.

The grass filter strip was more effective when ba-
sin release was actively managed and slowly
drained one day following a storm event and
after settling of solids.

Ikenberry and
Mankin (2000)

Review of literature Key management considerations recommended:
1   Soil testing to determine fertilization require-

ment at time of planting of vegetation;
2   Reseeding and fertilization to maintain dense

stand;
3   Repairing of gullies soon after their develop-

ment,
4   Regular moving and harvesting of plant mate-

rial to remove nutrients and maintain dense
vegetation stand;

5   Restriction of field traffic and grazing during
wet periods to avoid development of ruts lead-
ing to channel flow and damage to vegetation.

Lorimor et al.
(2003)

Runoff from concrete open
lot beef facility is di-
rected to settling basin,
totally bermed infiltration
basin, and constructed
wetland

Infiltration basin was bermed to provide total con-
tainment fo 25-yr, 24-h storm.

Infiltration basin was size to provide a land area that
was 1/6 th of the drainage area of the concrete
open lot.

Three parallel buried tile lines ran the length of the
infiltration basin to move filtrate from the basin to
a constructed wetland.
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Table 4 (continued). Summary of design and management recommendations for VTA for past research and field demonstration projects.

Reference Type of System Design Recommendations Management Recommendations

Murphy and
Bogovich
(2001)

Summarizes NRCS design rec-
ommendations for applica-
tion of VTA to open lot
dairies in Pennsylvania for
handling runoff and milk-
ing center effluent.

Determines hydarulic characteristics that provide a minimum
15-min flow through time for sheet flow at depths of 1.3 cm
and less for various flow rates and slopes.

Pretreatment settling basin volume was recommended to be 2-yr
peak flow times 15 min.

Checking of pre-treatment facilities on a
routine basis, after major rainfall
events, and before winter.

Nienaber
et al. (1974)

Settling basin, holding pond,
sprinkler irrigation on
grassed treatment area.
Fresh water application
compared with
beef feedlot runoff.

(in.)ionprecipitatAnnualerance water tolcropannualMax.

in.)−(acreRunoffFeedlotAnnual

sizeVTA

−

= Applied effluent to a grassed disposal
area planted with a mixture of nine
cool and warm season grasses.
Brome grass and intermediate wheat
grass became the dominant species,
not necessarily due to effluent ap-
plication. Grazing cattle did not dis-
criminate between areas receiving
effluent and area receiving only wa-
ter for irrigation.

Norman and
Edwards
(1978)

Ohio NRCS recommendations
for sizing of buffer strip di-
mensions for cattle feed-
lots.

Travel time should be proportional to BOD concentration.

Paterson 
et al. (1980)

Milking center waste and barn-
yard runoff from - dairy
was directed through set-
tling basin (1st stage), hold-
ing tank with lift pump,
and VTA (2nd stage).

Distribution lines longer than 30 m created challenges with
sheet flow.

Filter area designed for flow of 4.5 L/m2 VTA/day was a safe
load for high rainfall and snowmelt events. Discharge from
VTA was common.

Daily application of waste resulted in
tall fescue being replaced by barn-
yard grass in early season and crab
grass later in the season.

Mechanical harvesting and removal of
grass on a monthly basis was prefer-
able to pasturing.

Duplicate VTA area was needed to al-
low soil drying and harvesting due
to daily effluent additions.

High rate “dosing” with a pump was
found to be preferable for even dis-
tribution and to avoid freeze up
problems during winter operation.

Murphy and
Harner
(1999);
Harner and
Kalita (1999)

VTA established on several
open lot beef systems in
three watersheds, three of
which were monitored for
performance.

VTA should be located at least 3 m (10 ft) above groundwater or
seasonal perched water table and 30 m (100 ft) from wells.

Sedimentation structure must preceed VTA.
61 m (200 ft) of length minimum per 1% slope.
For finishing cattle, 1 ha of VTA is suggested per 200 head.

For calves confined for 150 days per year, 1 ha of VTA
is suggested per 1000 head

Quality of vegetation impacts nutrient
removal of vegetation. Establish-
ment procedures and harvesting fre-
quency is important to establishing
lush forage growth.

Murphy and
Harner
(2001)

VTA systems should be sized by matching normal nutrient run-
off and crop nutrient utilization.

Scheilinger
and Clausen
(1992)

Runoff from dairy barn yard
is directed through a deten-
tion pond and then to a
VTA

USDA-SCS design specification to pass the peak discharge of
a 2-yr, 24-h storm at a maximum flow depth of 1.3 cm with
a detention time of 15 min was inadequate.

Preferential flow path from the lip
spreader through the VTA was
another identified cause of poor per-
formance.

Woodbury
et al. (2002);
Woodbury
et al.(2003a);
Woodbury
et al. (2003b)

Runoff from eight open lot
beef cattle pens (about
600 cattle) moved from the
pens through a grass ap-
proach, settling basin
(created by a 300-m long
terrace below the pens),
and a 6-ha VTA).

A mean hydraulic retention time of 5 to 8 min within the settling
basin was used for peak runoff rates.

Earth bottom settling basin was designed to be cleaned with
front-end loader. For wet years, a settling basin slope (6 to 1)
was selected to allow box scraper to be backed into settling
basin while keeping tractor on dry ground.

Settling basin drainage to minimize liquid depth was recom-
mended to minimize seepage below the basin.

Settling basin outlets were installed to place and maintain all
outlets on an equal elevation (reinforced concrete pads set
outlet elevation.

Settling basin drain pipes (separate from normal outlets) were
installed to allow complete basin drainage and solids drying
prior to solids removal.

Cross drainage across lots should be
avoided to prevent one area of set-
tling basin collecting most solids.
Berms or wooden planks at the
fence line between pens were sug-
gested.

Solids accumulation at the bottom end
of the pens (due to animal traffic and
solids settling) created problems
with uneven flow into the settling
basin. Periodic solids removal from
under the fence line at the lower end
of the feedlot is needed.

One to two harvests per year of brome
grass was considered adequate.

Herbicides were used for broadleaf
weed control on the VTA and set-
tling basin berm.
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Concentrated Animal Feeding
Operations, Row Crops, and Their
Relationship to Nitrate in Eastern
Iowa Rivers
M A R K B . W E L D O N A N D
K E R I C . H O R N B U C K L E *

University of Iowa, Department of Civil and Environmental
Engineering, SC 4105, Iowa City, Iowa 52240

Concentrated animal feeding operations (CAFO) and
fertilizer application to row crops may contribute to poor
water quality in surface waters. To test this hypothesis, we
evaluated nutrient concentrations and fluxes in four
Eastern Iowa watersheds sampled between 1996 and
2004. We found that these watersheds contribute nearly
10% of annual nitrate flux entering the Gulf of Mexico, while
representing only 1.5% of the contributing drainage
basin. Mass budget analysis shows streamflow to be a
major loss of nitrogen (18% of total N output), second only
to crop harvest (63%). The major watershed inputs of
nitrogen include applied fertilizer for corn (54% of total N
input) and nitrogen fixation by soybeans (26%). Despite
the relatively small input from animal manure (∼5%), the
results of spatial analysis indicate that row crop and CAFO
densities are significantly and independently correlated
to higher nitrate concentration in streams. Pearson correlation
coefficients of 0.59 and 0.89 were found between nitrate
concentration and row crop and CAFO density, respectively.
Multiple linear regression analysis produced a correlation
for nitrate concentration with an R2 value of 85%. High
spatial density of row crops and CAFOs are linked to the
highest river nitrate concentrations (up to 15 mg/L normalized
over five years).

Introduction
Heavily agricultural regions in the central U.S. often suffer
from high concentrations of nutrients in surface waters (1,
2). Surface water impairments from high nutrient concen-
trations include human health risks for consumption,
elevated costs for water treatment, anoxia, and reduced
biological diversity (3). Iowa is a prime example of this
situation because Iowa’s rivers have among the highest nitrate
and phosphorus concentrations in the central U.S. (see
Supporting Information Figure S-1). Nitrate is not efficiently
removed by conventional drinking water treatment, and as
a result, the Des Moines Water Works activates a nitrate
removal system during times of potentially high nitrate in
their source water from the Des Moines and Racoon Rivers
(4). Iowa waters discharge to the Mississippi River where
elevated nutrients cause an extensive region of low dissolved
oxygen concentrations in the northern Gulf of Mexico near
the Louisiana coast (5). In the Gulf of Mexico, the hypoxic
zone has devastated local shellfish populations and driven

fish populations to other waters (6). Goolsby et al. estimated
nitrogen flux to the Gulf of Mexico to be 1.6 million metric
tons per year (61% nitrate, 37% organic nitrogen, 2%
ammonium) and phosphorus flux to be 136 000 metric tons
per year (69% particulate or organic, 31% dissolved ortho-
phosphate) (1).

Riverine nitrate fluxes are closely linked to anthropogenic
inputs of nutrients to the watershed, over both spatial and
temporal scales. For the lower Mississippi River system,
McIsaac et al. showed that almost all (up to 95%) of the
temporal variability in nitrate flux between 1960 and 1998
can be explained by variations in the net anthropogenic
nitrogen input (7, 8). Libra et al. performed a similar
accounting of nitrogen and phosphorus but for the smaller
study area of Iowa watersheds (9). Total nitrogen input was
most strongly correlated with stream nitrate concentration
although the use of chemical fertilizer and the percentage of
row crops in the watershed were significant. Arbuckle and
Downing have shown that that nitrogen:phosphorus ratios
in Iowa lakes are linked to the spatial distribution of row
crop and pasture land use in watersheds (10). Schilling and
Libra developed a model correlating stream nitrate concen-
tration as a function of row crop land use percentage (11).
McIsaac and Hu showed that the presence or absence of tile
drainage can be associated with variations of nutrient fluxes
in surface waters (12). It is clear that land use for row crops
is widely associated with increased nutrient concentrations
and fluxes.

Agriculture is more than just row crops. Pasture-based
livestock has traditionally been a significant component of
the agricultural landscape. Recently however, concentrated
animal feeding operations (CAFOs) have begun to replace
pasture-based livestock operations, beginning in the 1950s
for cattle and poultry and in the 1970s for swine (13). Manure
management from CAFOs includes application to nearby
crop land and may be applied at a higher rate than can be
assimilated by crop requirements (13, 14). This may result
in increased fluxes and concentrations of nutrients in surface
waters. Manure spills from CAFO waste storage failures also
lead to significant pollution events into natural water bodies
(15). In North Carolina, hurricanes have caused catastrophic
failures and tremendous nutrient releases from CAFO waste
storage systems (15). We know of no studies, however, that
examine the relationship between water quality and typical
(long-term) operations of CAFOs within the agricultural
landscape.

The purpose of this study is to determine if CAFOs have
an impact on river nutrient content that can be isolated
through a spatial analysis of land use and water quality data.
Iowa is an ideal place to study the relationship between
CAFOs and water quality. It is a heavily agricultural state and
recently led the nation in agricultural production of corn,
soybeans, hogs and eggs (16). There are more than 3800
CAFOs in Iowa, and these operations are becoming more
concentrated spatially (17).

Experimental Section
Our study area, the Eastern Iowa Study Area (EISA), includes
the Cedar, Iowa, Skunk, and Wapsipinicon river basins. It is
essentially the same area used in U.S. Geological Survey
(USGS) water quality assessments (18, 19) and identified there
as EIWA. The study area is large enough to include the human
activities and ecological functions that are of interest in this
research. It contains enough monitoring stations to allow
comparisons both within and between watersheds. Figure 1

* Corresponding author phone: (319) 384-0789; fax: (319) 335-
5660; e-mail: keri-hornbuckle@uiowa.edu.
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shows the EISA including urban areas, monitoring stations,
and rivers.

We identified 37 monitoring stations within the EISA that
have a temporal data record of at least 40 months. We also
include one station, the Skunk River at Augusta with 31
months of data, because of its location near the mouth of the
Skunk River representing the entire Skunk River basin. This
gives us a total of 38 monitoring stations and one station in
each basin that is representative of the entire basin. Table
1 shows the number of monitoring stations in each of the
four watersheds and their average temporal records. Water
samples are typically taken once per month so we required
a 40 month record to lessen the impacts of short-term weather
variability. Since most sites had 5 years of data, we normalized
mass fluxes on a 60 month basis to allow comparison between
stations with differing temporal record lengths.

The 38 monitoring stations are distributed as a network
over the landscape. We segregated the data from the 38
stations into independent and dependent stations. We
categorized stations located on the upper reaches of the river
systems, with no other stations above them, as independent.
Stations downstream of other stations are dependent as water
samples taken from these stations may be influenced by
conditions at upstream stations. Seventeen of the stations

in our study area are independent, and they are the focus of
this study.

We hypothesized that CAFOs and nutrient concentrations
and fluxes were positively correlated and the relationship
could be determined independent of other major sources of
nutrients. Our methodological approach was organized into
five steps: Water quality data database development; nutrient
flux analysis; creation of landscape variables; nitrogen mass
budget; and statistical correlation and regression analysis.

River water quality data in the form of nutrient concen-
trations and flows were available from the Iowa Department
of Natural Resources’ (IDNR) STORET Ambient Water Quality
Database and from USGS reports. From this raw data, we
produced estimates of mass fluxes, concentrations, and mean
streamflows. Our data cover the time period from 1996 to
2004 with the majority of the data collected in the 1999-
2004 time period. Both nutrient concentrations and mass
fluxes are of substantial interest. Nutrient concentrations
are the primary factors when considering the quality of
aquatic habitat or drinking water sources. Mass fluxes are
the primary factors when considering issues such as nutrient
transport to the Gulf of Mexico.

Samples for the STORET program are collected and
analyzed by the University of Iowa Hygienic Laboratory
(UHL). Samples are collected by an individual visiting each
site and collecting a grab sample. Flow measurement at the
time of sampling is made either by reference to a nearby
gauging station or by manual measurement following
established IDNR procedures. Quality assurance and quality
control guidelines are established as a normal part of UHL
operations (See Table S-1 in the Supporting Information
for method references and uncertainties). Approximately
10-15% of the samples collected are blank or split samples
for the purpose of monitoring measurement procedures and
techniques.

FIGURE 1. Eastern Iowa Study Area. The four major watersheds include the Wapsipinicon (pink), the Cedar (pale yellow), the Iowa (blue),
and the Skunk (light green). The monitoring stations are shown by stars and urban areas are shown in bright yellow.

TABLE 1. Watershed Comparison of the Number of Monitoring
Stations and the Average Number of Months of Data
Represented

watershed no. of monitoring stations avg. months of data

Cedar 16 58.2
Iowa 11 61.9
Skunk 7 60.0
Wapsipinicon 4 62.8

VOL. 40, NO. 10, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 3169
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To create landscape variables, we first delineated the
drainage area associated with each monitoring station. This
was done within a geographic information system (ESRI Arc
Suite version 9.0) by overlaying the stream network and
monitoring station locations on the level 12 HUC watershed
map. The level 12 HUC maps represent a fine scale of
resolution. Starting with the monitor furthest upstream on
the stream network, level 12 basins were selected that drain
to the selected station. This collection of areas was saved as
a new file to be used later as an identification template. This
process continued for each station downstream on the
network, with previously selected areas excluded from the
area for the station under consideration. This process
delineated each watershed into areas uniquely associated
with one monitoring station.

Landscape variables were created by identifying and
counting land usage types, including agricultural activities,
that occur within the boundaries of each monitoring station
drainage area. Land use data is categorized into 17 different
land use types including wetlands, forested areas, cropland,
urban areas, etc. (see Table S-2 in the Supporting Information
for a complete list). These data is available from the IDNR
as a GIS grid file with 15 m × 15 m resolution and (30 m
accuracy. It is based on satellite imagery from Landsat 5 and
Landsat 7 taken from May 13, 2002 through May 27, 2003.
Two images were acquired for each area, one from a spring
time frame, the second from a summer date. Nearly cloud-
free images were acquired in almost all cases. Using the GIS,
the monitoring basins are overlaid on the land use grid such
that the land use grid cells can be counted for each land use
category within each monitoring station basin. The number
of CAFOs are counted in a similar fashion, except the
monitoring basin boundaries are overlaid on a different GIS
file which contains CAFO location and size data. This file
includes the number and type of animals raised at each CAFO.
Landscape variables were divided by the total acreage for
each station area to calculate density values for each
landscape variable.

We created a mass budget for nitrogen in the EISA based
on preliminary results indicating nitrate to be the most highly
correlated water quality component in our dataset. Nitrogen
input and output fluxes were estimated for each monitoring
station drainage basin using landscape information gathered
in the creation of the landscape variables. Nitrogen inputs
included inorganic fertilizer, manure, nitrogen fixation, and
deposition. Outputs included the nitrogen content of crops,

nitrogen loss through volatilization mechanisms and nitrogen
leached to streams. Our analysis centered on agricultural
land and considered the main nitrogen fluxes that were
applied to the land or evolved from the land. We did not
include microbial nitrogen transformations that occur within
soil due to the small net effect of these activities (8, 9, 12).

Finally, we linked the water quality data with the landscape
variables. The data were checked for correlation between
water quality parameters and landscape variables. Highly
correlated parameters were further analyzed via multiple
regression analysis to identify the strength of relationship
between the landscape variable and water quality parameter.

Results and Discussion
Database Development. Our water quality database for the
EISA contains streamflow and mass flux and concentration
estimates for elemental phosphorus, orthophosphate, total
suspended solids, total Kjeldahl nitrogen, nitrate plus nitrite,
ammonia nitrogen, organic nitrogen, total nitrogen, and total
phosphorus. Nutrient concentration is reported as mg/L of
the nutrient (N or P). The database includes monthly sample
information for 38 water monitoring stations with an average
temporal record length of 60.1 months (standard deviation
) 11.3 months). There are a few instances of multiple samples
in a month. In these cases, the data are averaged to produce
a single monthly mass flux estimate. Station mass flux
estimates are summed over the length of the data record and
then normalized to a 60-month basis by multiplying the
summed flux by 60 and dividing by the number of months
in the data record. This was done to facilitate comparisons
between stations. Station concentration estimates are cal-
culated by dividing the summed mass flux by the total
streamflow.

Nutrient Flux Analysis. Our nutrient flux analysis shows
that the EISA is a major contributor of nitrate to the Gulf of
Mexico, exporting approximately 91 000 metric tons per year.
Table 2 shows our estimates of average annual nitrate and
total phosphorus flux and concentration from the four river
basins of the EISA along with comparable estimates from
Goolsby et al. (1) and Libra et al. (9). Estimates are reported
at multiple locations for the Cedar and Iowa Rivers in order
to offer direct comparison with estimates from Goolsby et
al. and Libra et al.

The flux estimates show reasonable agreement, consider-
ing that they represent three different time periods. Our data

TABLE 2. Nitrate and Total Phosphorus Flux and Concentration from the EISA

river reference
mean flowrate

(m3/s)
NO3 Flux
(MT/yr)

NO3 conc
(mg/L)

total P Flux
(MT/yr)

total P conc
(mg/L)

Cedar R. at Waterloo this studya 82.5 18 851 7.23 937 0.36
Goolsby et al.b 122.3 18 014 4.67 887 0.23

Cedar R. near Conesville this studya 140.2 30 932 7.00 2,250 0.51
Libra et al.c 37 019 NR 1,461 NR

Cedar and Iowa
combined at Wapello

this studya 281.5 59 856 6.74 4397 0.50

Goolsby et al.b 288.9 44 573 4.99 2826 0.31
Iowa R. at Columbus Jct. this studya 69.6 28 924 6.74 2147 0.50

Libra et al.c 11 475 565
Skunk R. at Augusta this studya 107.1 22 123 6.55 3517 1.04

Goolsby et al.b 92.6 17 280 4.23 1338 0.30
Libra et al.c 10 664 540

Wapsipinicon R.
at De Witt

this studya 42.5 9534 7.11 481 0.36

Libra et al.c 13 378 460
EISA total this studya 91 513 8395

Libra et al.c 75 236 3026
a This study includes data from 1996 through 2004. b Goolsby et al. includes data from 1980 through 1996. They report results for the Cedar

River at Waterloo, the Cedar and Iowa Rivers combined, and the Skunk River. They do not report results for the Wapsipinicon River. c Libra et
al. include data from 1999 through 2001. They do not report nutrient concentrations.
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comes from the 1996-2004 time period, the data of Goolsby
et al. come from the 1980-1996 time period, and the data
for Libra et al. was based on data from 1999 to 2001. Our
concentration data show a significant increase when com-
pared to Goolsby et al. While our research is not specifically
targeted toward temporal differences, the data suggest that
nutrient concentrations in our study area have become
greater over time, which is consistent with Goolsby et al.’s
reported historical increase in nitrate concentration in the
Cedar River in the 20th century (Figure 2).

The EISA total of 91 513 metric tons per year (MT/yr) of
nitrate can be compared to Goolsby’s estimate for nitrate
flux for the entire Mississippi and Atchafalaya River basin
(MARB) of 950 000 MT/yr (1.6 million MT/yr, with 61% being
nitrate). Therefore, as much as 9.6% of the annual nitrate
flux entering the Gulf from the Mississippi River can be
attributed to the EISA, while the EISA represents only 1.5%
of the land area of the MARB. Likewise, the EISA total
phosphorus flux of 8395 MT/yr represents over 6% of
Goolsby’s estimate of 136 000 MT/yr for the MARB.

Nitrogen Budget. Our nitrogen budget is based on the
land use within each sub-watershed. Knowing the number
of acres planted to different crops, and knowing the location
and size of CAFOs, permitted us to estimate nitrogen fluxes
to and from each hectare of land within the sub-watershed.
We used rate factors that were applicable to the EISA, as
reviewed and reported by Libra et al. (9), Illinois data from
McIsaac et al. (8), the United States Department of Agri-
culture (20), and the IDNR. Rate factors and literature
source for each of the flux categories are listed in the
Supporting Information (Tables S-3 and S-4) and briefly
summarized here. Fertilizer nitrogen was based on applica-
tion to all corn acres within each sub-watershed at a rate of
150 lbs. N per acre, as reported to the IDNR. We assumed
no fertilizer was applied to soybeans. Manure nitrogen ranged
from 0.003 lb N/d for chickens to 0.7 lbs/d for dairy cows (9).
We estimated nitrogen flux from manure for each sub-
watershed by multiplying these factors by the number of
animals at each CAFO and then by suitable loss factors to
account for nitrogen lost to the atmosphere from the CAFO
buildings and from the application of manure. Nitrogen
fixation was based on factors for soybeans (100 kg/ha), alfalfa
(200 kg/ha), and hay (100 kg/ha) (9). Nitrogen deposition
was estimated as the sum of wet and dry deposition
mechanisms (21).

Nitrogen export in crops was based on the average crop
yields from 1988 to 2004 (20) multiplied by the nitrogen
content of each crop. Nitrogen loss through volatilization
was based on crop senescence emissions, fertilizer applica-
tion emissions, and manure application emissions of nitrogen
(8, 9). Nitrogen leaching to streams was calculated from our
EISA water quality database.

Figure 3 shows the EISA nitrogen balance and fair
agreement between inputs and outputs. The largest fluxes
are fertilizer application and nitrogen fixation for the inputs
and nitrogen export in crops for the outputs. Manure
application represents a minor flux in this mass balance.
Nitrogen lost to streamflow is significant at 18% of the total
output. Total annual nitrogen inputs is expected to fall within
the range 9.6-12.2 metric tons per square kilometer
(MT/km2), while total annual nitrogen outputs is expected
to fall within the range 12.7-14.8 MT/km2. The net mean
imbalance is 136 000 MT/yr excess annual exports.

The uncertainty factors included within Figure 3 are
intended to show the relative uncertainty for each flux
category and represent the authors’ best judgment. The
observed imbalance between inputs and outputs (21% (
12%) is large relative to that which might be expected to
arise from the component errors. This suggests that there
may be errors in the rate factors used or that there may be
an unidentified input flux. We believe that most of the
uncertainty lies in the fixation category among the inputs
and the volatilization category among the outputs. It is also
possible that local redeposition of atmospheric emissions
from CAFO buildings and waste storage lagoons is a
significant unidentified input flux to the budget.

The nitrogen budget shows manure to be a small factor
in the overall budget and far overshadowed by fertilizer
applied to corn and nitrogen fixed by legumes. This is
somewhat contradictory to the results of correlation and
regression analyses which will show CAFOs and animal units
to be important factors in explaining nitrogen concentration
in rivers.

Correlation Analysis. Correlation analysis was employed
to select landscape variables with strong Pearson Correlation
Coefficients (PCC) corresponding to probability values
(P-value) of 5% or less. Examination of parameter concen-
trations indicated a strong relationship between nitrate and
the number of CAFOs (PCC ) 0.627, P-value ) 0.007), animal
units (PCC ) 0.756, P-value ) 0.000), CAFO density (PCC )
0.885, P-value ) 0.000), animal unit density (PCC ) 0.891,
P-value ) 0.000)and row crop density (PCC ) 0.585, P-value
) 0.014). Total nitrogen is also correlated with these variables.
Row crop density is negatively correlated with ammonia (PCC
) -.559, P-value ) 0.020), Elemental phosphorus (PCC )
-.608, P-value ) 0.010), Total phosphorus (PCC ) -.583,
P-value ) 0.014) and Total suspended solids (PCC ) -.663,
P-value ) 0.004).

Correlation analysis of parameter mass fluxes indicated
a moderate relationship between nitrate and row crop acres
(PCC ) 0.537, P-value ) 0.026). Once again row crop density
is negatively correlated with elemental phosphorus (PCC )
-.461, P-value ) 0.010) and total suspended solids (PCC )
-.598, P-value ) 0.011). In general, correlation values are
stronger for concentration data than for mass flux data (See
Table S-5 and S-6 in the Supporting Information).

The high correlation between nitrate concentration and
animal unit density suggest that CAFOs produce measurable
impacts to water quality. Of all the water quality parameters
examined, nitrate was found to be the most responsive to
livestock and row crop agricultural activities at the watershed
scale. This led us to choose nitrate as the dependent variable
for multiple regression analysis. Correlation analysis also
indicated that the agricultural variables of livestock produc-
tion and row crop acreage are best represented as respective

FIGURE 2. Average concentration of nitrate concentrations in the
Cedar River. The samples collected between 1996 and 2004 are the
data described in this study. All other data is from Goolsby et al.,
1999 (1).
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densities, and the regression analysis uses them in this form.
While this transformation improves correlation moderately
for livestock it improves correlation markedly for row crops.
These improvements related to density suggest that nitrate
fate, flux, and flow paths are influenced by local landscape
characteristics and that it is possible to overwhelm the
landscape’s potential for assimilating nitrate before it reaches
the river network.

Except for ammonia (present as dissolved ammonium
ion), the water quality parameters that have negative corre-
lations with row crop density are particle associated pa-
rameters. This suggests that soil conservation measures on
intensively managed croplands may be having a beneficial
impact. The ammonia results may also be related to soil
conservation since oxidation of ammonia to nitrite and nitrate
occurs in the soil.

Regression Analysis. Regression analysis was performed
on nitrate concentration and CAFOs, animal unit, and row
crop densities. Simple linear regression showed a strong
relationship between nitrate concentration and animal unit
density (R2 ) 79.4%) and a moderate relationship for nitrate
concentration and row crop density (R2 ) 34.2%). We then
employed multiple linear regression analysis to examine both
animal unit density and row crop density together. This
improved the strength of the relationship by accounting for
approximately 5% more of the variability. The regression
equation and R2 value in this case are shown in eq 1:

Equation 1 explicitly recognizes the modern duality of row
crop agriculture and CAFOs, much like Arbuckle and
Downing’s (10) consideration of row crop and pasture lands.
While the percentages of land in row crops and pasture are
inversely related, modern livestock operations (CAFOs)
typically vary directly with row crop density out of the
practical concern of manure disposal. Equation 1 also
complements and extends Schilling and Libra’s (11) finding
that river nitrate concentration can be approximated as 0.1
times the watershed’s row crop percentage.

The relationship between nitrate, animal unit density,
and row crops is displayed in Figure 4. The 5 year normalized
nitrate concentration clearly increases with both animal unit
and row crop densities, and exceeds the U.S. Environmental
Protection Agency limit of 10 mg/L for drinking water (22)
in some cases.The two sub-watersheds in the upper right of
Figure 4 have nitrate concentrations greater than 15 mg/L.
In our data set, animal unit density ranges from near zero
to 1.07, and row crop density ranges from 0.47 to 0.81. Higher
animal unit densities occur only at high row crop density,
whereas high row crop density occurs at high or low animal
unit density. The situation of high animal unit density at low
row crop density does not occur in our data set.

Correlation and regression analyses point to animal unit
density, and therefore, CAFO density as a prime indicator of
nitrate concentration in streams. This stands in marked
contrast to the nitrogen budget analysis which did not identify
manure as a large factor in the total budget. One possible
explanation to this apparent contradiction is that manure
application practices permit excessive leaching of nitrogen
to streams. Other possible explanations are that local
atmospheric deposition of nitrogen from CAFO buildings is
a significant nitrogen pathway or that plant uptake of nitrogen

FIGURE 3. EISA nitrogen budget results.

Nitrate concentration (mg/L) )
2.39 + 7.65 animal unit density +

7.01 row crop density R2 ) 84.8%

FIGURE 4. Nitrate concentration (mg/L) for 17 independent EISA
monitoring stations. The smallest point represents 6.35 mg/L. The
largest point represents 15.8 mg/L. See also Table S-7 (Supporting
Information).
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from manure is somehow inhibited. These issues of manure
nitrogen management have been discussed by other re-
searchers (13, 14, 23) as well and warrant further quantitative
investigation.

The development of a water quality database linked to
agricultural parameters by stream monitoring station allows
us to analyze the impacts of local agricultural practices within
the EISA. For example, drainage tiling has been shown to be
an important factor in nitrogen flux to streams from some
agricultural lands (12). We considered tiling as a potential
landscape variable for this research but were unable to obtain
a data set of sufficient accuracy at the sub-watershed scale
to warrant its inclusion. With further refinement, however,
an accurate dataset of tiled lands could be incorporated into
the database.

Our research suggests that restricting nitrate to no more
than 10 mg/L in eastern Iowa rivers may require a combined
limitation of livestock and row crop agricultural densities. In
our study area, the two instances of very high animal unit
density were associated with nitrate concentrations above
15 mg/L. High row crop densities were associated with nitrate
concentrations in the 9-10 mg/L range. At animal unit
densities less than 0.2 and row crop densities less than 0.6,
nitrate concentrations were in the 6-7 mg/L range.

Agricultural densities are not currently used as a decision
making tool with regard to permitting agricultural activities
under Iowa law. Rather, Iowa law focuses on local conditions
for CAFO permitting, typically separation distances between
CAFO sites and other land uses such as residences, public
buildings, water or agricultural drainage wells, and streams
(24). State requirements do include preparation of manure
management plans indicating the availability of land for
manure application. This local focus, however, does not fully
account for spatial concentrations of agricultural activities
that we found to be important. Consideration of the
agricultural-environmental linkages at the watershed scale
may be a beneficial addition to our current regulatory
approach to CAFOs.
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Abstract We examined water quality indicators (pH,
temperature, turbidity, total phosphorus, and fecal
coliform density) and bacterial antibiotic resistance
(prevalence, conjugative transfer, and genetic linkage
of resistance elements) at locations impacted by
confined animal feeding operations (CAFOs) and
compared them to nearby reference sites. Sites located
upstream and downstream of two wastewater treat-
ment facilities were also compared. Sites near CAFO
farms had poor water quality (elevated total phospho-
rus and turbidity), while water quality remained
relatively good downstream of wastewater treatment
plants. High proportions of antibiotic-resistant bacte-
ria were observed at all study sites, and frequent
conjugative transfer of resistance was observed in
laboratory assays. Out of a total of 830 environmental
bacterial isolates, 77.1% were resistant to only
ampicillin, while 21.2% were resistant to combina-
tions of antibiotics including ampicillin (A), kanamy-
cin (K), chlorotetracycline (C), oxytetracycline (O),
and streptomycin (S). Multi-drug-resistant bacteria
were significantly more common at sites impacted by
CAFO farms. In conjugation assays, 83.3% of the

environmental isolates transferred one or more anti-
biotic resistance genes to a laboratory strain of
Salmonella typhimurium. A subset of multi-drug-
resistant (A, C, and O) isolates was screened for
specific tetracycline resistance genes and class I and II
integrons. None of the screened isolates (n=22) were
positive for integrons, while 13 isolates contained
resistance genes for tet (B) and tet (C). Our results
indicate that CAFO farms not only impair traditional
measures of water quality but may also increase the
prevalence of multi-drug-resistant bacteria in natural
waters.

Keywords Antibiotic resistance . Conjugation .

Confined animal feeding operations (CAFOs) .

Fecal coliforms .Water pollution .Water quality

1 Introduction

Pollution by human and animal wastes is a common
threat to water resources. Untreated human sewage
frequently enters waterways as point source dis-
charges (intentional or accidental) or via combined
sewer overflows (CSO) from wastewater treatment
plants (WWTPs; Stoner 2005; Whitlock et al. 2002;
Wiggins et al. 1999). For example, from January 1,
2002, to December 31, 2005, WWTPs across Michigan
reported having 2,542 CSO events, totaling 270 billion
liters of discharged sewage (Michigan Department of

Water Air Soil Pollut
DOI 10.1007/s11270-010-0602-y
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Environmental Quality 2004a, b, 2005). Animal waste
seeps into surface water as non-point source pollution
as a result of housing large numbers of animals in
confined areas, or as runoff from liquid manure
applications onto croplands (a primary method of
disposing of the waste generated by confined animal
feeding operations (CAFOs); Carpenter et al. 1998;
Esiobu et al. 2002).

Both human and animal wastes add nutrients (e.g.,
nitrogen, phosphorus; Carpenter et al. 1998; Tabbara
2003) as well as fecal coliform bacteria (Esiobu et al.
2002) to receiving waters. Excessive nutrients pro-
mote eutrophication, which decreases water transpar-
ency, creates foul odor and taste, depletes oxygen,
causes fish kills, reduces biodiversity, and decreases
esthetic, recreational, and property values along
waterways (Boesch et al. 2001; Carpenter et al.
1998; Wetzel 2001). To reduce eutrophication, nutri-
ent levels are often controlled via regulation and
mitigation treatments (e.g., Carpenter et al. 1998;
Cooke et al. 2005; Wetzel 2001). Human and animal
wastes may also contaminate waterways with patho-
genic bacteria (Burton and Engelkirk 2004; Guan and
Holley 2003; Pell 1997). To avoid the difficulty and
expense of direct testing for all possible types of
pathogenic bacteria transmittable by feces, standard
microbiological examination of water centers on
determining the abundance of indicator bacteria, such
as the fecal coliform bacteria (American Public Health
Association 1998; Griffin et al. 2001). These bacteria
are commonly found in the gut and feces of warm-
blooded animals, and their presence in water environ-
ments can indicate contamination with human or
animal feces (and by extension, contamination of
water by pathogenic bacteria possibly present in
feces; American Public Health Association 1998;
Ash et al. 2002; Chao et al. 2003; Griffin et al. 2001).
The greater the fecal coliform count, the greater the
probability there is of contracting diseases from
waterborne pathogenic bacteria (Mitchell and Stapp
1997). In Michigan, the Michigan Department of
Natural Resources and Environment (MDNRE,
formerly Michigan Department of Environmental
Quality) monitors surface waters for a specific fecal
coliform bacterium (Escherichia coli), rather than
the entire fecal coliform group (Michigan Depart-
ment of Environmental Quality 1999). In contrast,
some other states in this region monitor fecal coli-
forms in surface waters. Both Ohio and Illinois

require that surface waters used for extensive contact
(e.g., swimming) have no more than 10% of samples
exceeding a maximum fecal coliform count of 400
colony-forming units per 100 ml (Illinois Pollution
Control Board 2002).

Antimicrobial agent resistance is an emerging
global concern to both public and veterinary health.
Antibiotics are heavily used to treat disease in both
humans and animals, and there is a pattern of
antibiotic resistance and transfer emerging among
bacterial populations in proportion to the use of
antibiotics, especially in agriculture (Levy 1997;
Oppegaard et al. 2001). Antibiotics have been added
to animal feed as growth promoters for some time,
and the animal production industry has been identi-
fied as a potential reservoir for resistant Enterobac-
teriaceae (Witte 1997). The use of antibacterial drugs
for prophylactic or therapeutic purposes in humans and
for veterinary and agricultural purposes has provided
selective pressure favoring the survival and spread of
resistant organisms (Hooper 2002; Mascaretti 2003;
Taber 2002). These resistant bacteria may transfer
their resistance to previously non-resistant pathogenic
bacteria or directly infect humans with bacterial
diseases that cannot be treated by conventional
antimicrobial therapies (Khachatourians 1998). The
potential for antibiotic exposure and resistance
development in human and animal gastrointestinal
tracts, coupled with relatively great abundance in
waters contaminated with human and animal waste,
makes the fecal coliform bacteria a logical focal group
for studies of antibiotic resistance and transfer in
aquatic environments.

Despite active research investigating how antibiot-
ic resistance enters and is maintained in the environ-
ment (D’Costa et al. 2006; Esiobu et al. 2002; Graves
et al. 2002; Iwane et al. 2001; Rice et al. 1995; Sayah
et al. 2005; Schwartz et al. 2003; Whitlock et al.
2002; Witte 1997), determining the mechanisms by
which bacteria can transfer resistant genes within and
across species (Arana et al. 1997, 2001; Bell et al.
1980; Oppegaard et al. 2001; Salyers et al. 2002), and
identifying and characterizing new antibiotic resis-
tance genes (Aminov et al. 2001, 2002; Chopra and
Roberts 2001; Davies 1997; Gevers et al. 2003;
Roberts 2005) and integrons (France et al. 2005; Hall
1997; Hall et al. 2003), the global ecological impact of
antibiotic resistance and risks to human and veterinary
health are yet to be determined. In the USA, there are
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no national or state water quality regulations requiring
testing or reporting on antibiotic-resistant organisms
(American Public Health Association 2005; Michigan
Department of Environmental Quality 1999; US
Environmental Protection Agency 2002).

In order to understand how CAFOs and WWTPs
affect bacterial antibiotic resistance and transfer, we
simultaneously conducted traditional water quality
measurements (pH, temperature, turbidity, total phos-
phorus, and fecal coliform density) and microbiolog-
ical and molecular techniques for determining
patterns of antibiotic resistance and potential transfer
of resistance genes at CAFO-impacted and unim-
pacted sites and at sites upstream and downstream of
WWTPs. We also examined the relationships between
traditional water quality parameters and conducted a
preliminary analysis of the genetic location and mode
of transfer of antibiotic resistance elements.

2 Materials and Methods

2.1 Study Design and Site Descriptions

Ten sites were selected for this study, based on the
presence of previously documented point source and
non-point source contamination (see following sec-
tion) and proximity to public access (Table 1). Six
sites were located in an agricultural region near
Hudson, MI. Three of the agricultural sites were
waterways approximately 1–2.5 km from different
CAFO farms and were classified as agriculturally
impaired (AI) based on the following criteria: (1) the
waterways received direct runoff from fields
sprayed with liquid manure from CAFO farms; (2)
previous observations of fecal coliform densities
greater than 1,000 colony-forming unit (CFU)/
100 ml (Khachatourians 1998; J. Pernicano personal
communication); (3) ratings of “poor” on biological
(macroinvertebrate) assessments of these waterways
(Michigan Department of Environmental Quality
2003a); and (4) the MDNRE listing these waterways
on their non-attainment and total maximum daily load
lists (Michigan Department of Environmental Quality
2004b). Three additional agricultural sites located in
the same farming region were classified as agricultur-
ally unimpaired (AUI) since they did not receive
direct runoff from manure-sprayed fields and were not
located near a CAFO farm. Two of these three sites

(sites SJT8 and SJC7) have been classified by
MDNRE as “least impacted” streams in this location
and have been previously identified as reference
streams (Michigan Department of Environmental
Quality 2003a). Four additional sites were selected
approximately 1–1.5 km both upstream and down-
stream of the Ann Arbor, MI, and Chelsea, MI,
WWTPs in the Huron River watershed. Like all
WWTPs, these facilities occasionally release partially
treated and untreated sewage. The most recent such
episode prior to this study was the release of ∼50
million liters of sewage by the Ann Arbor WWTP in
August 2003 (Michigan Department of Environmen-
tal Quality 2003b).

2.2 Sampling and Physical and Chemical Water
Quality Procedures

The initial and final sampling dates (June 3, 2004, and
August 9, 2004, respectively) were chosen during
distinct dry periods (zero precipitation measured
within the proceeding 72 h), and the middle three
sampling periods (June 16, 2004, July 7, 2004, and
July 18, 2004) occurred after rainstorms where >1 cm
of precipitation was recorded within 24 h (Michigan
State Climatology, http://climate.geo.msu.edu/Semcog/
SEMdaily/2004/, SEMCOG Daily Precipitation Sum-
mary). Site VH25 was completely dry by the end of
the study, so this site was sampled on only four out of
five possible dates.

At each site, a handheld probe was used to measure
pH and temperature (YSI 63, Yellow Springs Instru-
ment Co., Yellow Springs, OH). Turbidity was
measured in the field using a Hach 2100P portable
turbidimeter. For total phosphorus measurements,
100 ml of water was collected into an acid-washed
Nalgene bottle and stored at −20°C for later analysis
using the protocol of Wetzel and Likens (2000). For
fecal coliform isolation, 100 ml of water was
collected into two sterile 50-ml Falcon conical tubes
and kept on ice (<8 h) until it was processed in the
laboratory (Harwood et al. 2000). All water samples
were obtained by submerging the collection container
approximately 1 cm below the water surface before
opening the lid to collect the sample.

Fecal coliform density was determined as follows:
water samples of various volumes (100, 1.0, 0.1, and
0.01 ml) were brought to a final volume of 100 ml
with 0.01 M phosphate-buffered saline (0.138 M

Water Air Soil Pollut

R2012-023 
S. JamesElectronic Filing - Received, Clerk's Office, 10/16/2012

http://climate.geo.msu.edu/Semcog/SEMdaily/2004/
http://climate.geo.msu.edu/Semcog/SEMdaily/2004/


NaCl and 0.0027 M KCl, pH 7.4 at 25°C) and filtered
onto a 0.45-μm filter (Pall Life Sciences, East Hills,
NY) using a vacuum system as described by Mitchell
and Stapp (1997) and the Standard Methods for the
Examination of Water and Wastewater (American
Public Health Association 1998). The filter mem-
branes were transferred to Petri plates (BD Falcon,
BD Biosciences, Bedford, MA) containing fecal
coliform selective agar (modified fecal coliform,
mFC; BBL, BD Biosciences, Franklin Lakes, NJ)
without antibiotics and were incubated at 44.5°C in a
humidified incubator for 24 h. For the first sampling
date (June 3, 2004), 100-, 0.1-, and 0.01-ml volume
water samples were used; filtration of 100 ml yielded
colonies with confluent growth, while the low-volume
samples (0.1 and 0.01 ml) had no growth. As a result,
fecal coliform densities from June 3, 2004, were not
considered in any further analyses, and volumes of
100 and 1 ml were analyzed for the remaining four
sampling dates (June 17, 2004, July 7, 2004, July 18,

2004, and August 9, 2004). After incubation, bacterial
density (CFU/per 100 ml) was determined for each
site on each sampling using the colony counts from
either the 100- or 1-ml filtered plate, depending on
which plate produced countable isolated colonies.

2.3 Bacterial Isolation and Antibiotic Resistance
Susceptibility

Individual colonies were picked from distinctly
isolated typical colonies as recommended by the
Standard Methods for the Examination of Water and
Wastewater (American Public Health Association
1998). Approximately 30 isolates per site per sam-
pling date were analyzed. To test for multiple
antibiotic resistance, individual bacterial isolates were
replica-plated onto tryptic soy agar (TSA; BD Bio-
sciences, Franklin Lakes, NJ) supplemented with one
of five antibiotics: ampicillin (A), kanamycin (K),
streptomycin (S), chlorotetracycline (C), and oxytet-

Table 1 Site descriptions: designations, locations, and average discharge

Site name Study site
designation

Watershed Latitude/
longitude

Road crossing Average dischargea

(cubic meters per
second)

Vanderhoff-Haley (VH19) AI River Raisin 41° 49′ 69″ N Haley Rd. ND
Rice Lake Drain 084° 13′ 24″ W

Vreba-Hoff I (VH21) AI Bean-Tiffin 41° 48′ 17″ N Ingall Hwy ND
Medina Drain 084° 17′ 58″ W

Vreba-Hoff II (VH25) AI Bean-Tiffin 41° 47′ 37″ N Lime Lake Rd. ND
Lime Creek 084° 22′ 39″ W

Hazen Creek (HC1) AUI River Raisin 41° 55′ 69″ N Burton Rd. ND
084° 15′ 71″ W

Unnamed Tributary to St. Joseph
Creek (SJT8)

AUI Bean-Tiffin 41° 52′ 29″ N Waldron Rd. ND
084° 25′ 20″ W

St. Joseph Creek (SJC7) AUI Bean-Tiffin 41° 52′ 70″ N Waldron Rd. ND
084° 25′ 20″ W

Mill Creek UPWWTP Huron River 42° 19′ 54″ N McKinley Rd. 2.2

upstream from WWTP (MC1) 084° 1′ 06″ W

Huron River UPWWTP Huron River 42° 20′ 19″ N Zeeb Rd. 19.2
upstream from WWTP (HR1) 083° 52′ 30″ W

Mill Creek DNWWTP Huron River 42° 19′ 33″ N Chelsea-Dexter Rd. 2.2
downstream from WWTP (MC2) 083° 58′ 77″ W

Huron River DNWWTP Huron River 42° 15′ 23″ N Huron Parkway 19.2
downstream from WWTP (HR2) 083° 37′ 30″ W

AI agriculturally impaired, AUI agriculturally unimpaired, UPWWTP upstream from wastewater treatment plant, DNWWTP
downstream from wastewater treatment plant, ND no data for that body of water
a Source: USGS National Water Information System: Web Interface, http://nwis.waterdata.usgs.gov/mi/nwis/annual/ (Ann Arbor
gauging station, site number 04174500) and Mill Creek near Dexter, MI (site number 04173500)
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racycline (O) (Sigma-Aldrich, St. Louis, MO). These
antibiotics are commonly used in both human and
veterinary medicine and demonstrate different mech-
anisms and pathways (inhibiting cell wall synthesis
[ampicillin] vs. protein synthesis [streptomycin, kana-
mycin, and the tetracyclines]; Esiobu et al. 2002). The
antibiotic concentration for all drugs was 20 μg/ml for
samples processed from the initial measurement date
(June 3, 2004). The antibiotic concentrations were
increased to 30 μg/ml for the remainder of the
sampling dates (June 17, 2004, July 7, 2004, July
18, 2004, and August 9, 2004) to ensure complete
inhibition of the control bacterial strain in the
conjugation assay. Some authors consider these to
be high antibiotic concentrations for screening envi-
ronmental bacteria (D’Costa et al. 2006), but they are
similar to concentrations used in other screening
studies (i.e., 5–80 μg/ml; Harwood et al. 2000;
Wiggins et al. 1999). The plates were incubated at
37°C for 24 h. Bacterial isolates were scored as
positive for resistance if there was visible, tangible
growth. No growth or trace colony development
was recorded as antibiotic susceptible. All resistant
isolates were preserved in tryptic soy broth (TSB, BD
Biosciences, Franklin Lakes, NJ) supplemented with
the appropriate antibiotic and 10% glycerol and
frozen at −80°C.

2.4 Conjugation Testing

An S-resistant Salmonella typhimurium strain,
EM1000, was used as the recipient in all conjugation
testing. EM1000 was originally obtained as SGSC452
from the Salmonella Genetic Stock Center (Calgary,
Alberta, Canada; Bullas and Ryu 1983). All environ-
mental isolates not resistant to S were tested as donor
strains in individual conjugation assays. Isolates
demonstrating multiple-drug resistance were pro-
cessed and tested separately for the ability to transfer
each type of drug resistance gene. For example, after
the replica-plating assay, if a particular isolate grew
on an A plate and also on a separate K plate, the
isolate was subjected to two conjugation assays. In
the first assay, the transconjugants would be selected
on a dual antibiotic plate containing A and S, and in
the second assay, the selective plate would include K
and S.

An A- and K-resistant E. coli strain, SM10-
TnphoA, was used as a positive control donor for

testing the efficiency of conjugation. SM10-TnphoA
was obtained originally from John Mekalanos (Taylor
et al. 1989). Prior to conjugation, individual bacterial
cultures were grown overnight at 37°C in TSB
containing 30 μg/ml of the appropriate antibiotic (S
for EM1000; A and K for SM10-TnphoA; and either
A, K, C, or O for the environmental isolates). The
bacterial cells were pelleted by centrifugation and
resuspended in fresh TSB lacking antibiotic. Conju-
gation experiments were conducted as described by
Bell et al. (1983). Briefly, equal volumes (0.1 ml) of
stationary-phase cells from the donor strain (an
individual environmental isolate or the SM10-
TnphoA positive control donor) and recipient strain
(EM1000) were mixed in a 1.5-ml tube with 0.8 ml of
antibiotic-free TSB and incubated at 37°C for 2–4 h.
After the incubation, mating mixtures were plated
onto TSA containing dual antibiotics (S and either A,
K, C, or O all at 30 μg/ml) and incubated for 24 h at
37°C to select for transconjugants. Transconjugants of
interest were preserved in TSB supplemented with the
appropriate antibiotic and 10% glycerol and frozen at
−80°C.

Negative conjugation control experiments lacking
either the donor or recipient bacteria were included in
all conjugation experiments to check for mutation of
either strain to antibiotic resistance. No mutation to
specific antibiotic resistance was seen with any donor
strains or the universal S. typhimurium EM1000
recipient strain.

2.5 PCR Screening for Tetracycline Resistance Genes

Environmental isolates positive for tetracycline resis-
tance and their respective transconjugants were
screened for specific tetracycline resistance genes
using the polymerase chain reaction (PCR). The
tetracycline resistance genes tested in this study
included tet (B), tet (C), tet (E), tet (H), tet (Y), and
tet (Z) based on primer sets from Aminov et al. (2002);
tet (M) and tet (W) from Aminov et al. (2001); and tet
(K) and tet (L) from Gevers et al. (2003). The presence
of class I and II integrons was screened using primer
sets from France et al. (2005). A typical PCR reaction
was performed with a 50-μl mixture of the following
reagents: 1-μl DNA template (50 ng) or bacterial cell
suspension (one colony suspended in 10 μl H2O), 0.2-
μM primers, and 45-μl Platinum PCR Supermix
(Invitrogen Corporation, Carlsbad, CA) supplemented
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with MgCl2 to a final concentration of 2.0 mM. PCR
amplification was performed as follows: 95°C for
5 min (one cycle), 94°C for 30 s, 50°C for 30 s,
72°C for 30 s (25 cycles), and 72°C for 7 min (one
cycle) using an MJ Research PTC-200 thermocycler
(Bio-Rad Laboratories, Hercules, CA). If amplification
products were not detected in the first assay, the
samples were subjected to another round of amplifica-
tion using the same cycling protocol with the exception
of reducing the annealing temperature to 45–48°C.
PCR amplification products were analyzed by gel
electrophoresis on a 2.5% (wt/vol) agarose gel
(NuSieve; FMC Bioproducts, Rockland, MD) and
stained with ethidium bromide. The Promega 1 KB
Plus Ladder (Promega Co., Madison, WI) was used for
verifying DNA fragment sizes. Amplification products
were purified by the use of a Qiagen QIAquick PCR
purification kit (Qiagen Inc., Valencia, CA) and
sequenced at the University of Michigan DNA
Sequencing Core (Ann Arbor, MI). The DNA sequen-
ces generated from environmental isolates were com-
pared to known sequences using the Basic Local
Alignment Search Tool family of programs from NCBI
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=pubmed&list_uids=15215342&
dopt=Citation; McGinnis and Madden 2004).

Plasmid DNA was purified from environmental
isolates and their transconjugants using the Qiagen
QIAprep plasmid purification system. The following
modifications in the procedure were performed to
optimize purification of low-copy plasmids and
cosmids: (1) volumes of buffers P1, P2, and N3 were
doubled, (2) the optional PB wash step was included,
and (3) H2O heated to 70°C was used to elute DNA
from the QIAprep membrane.

2.6 Identification of Environmental Bacteria

Each bacterial isolate that screened positive for a
particular tetracycline resistance gene was identified
using the RapiD 20 E system (bioMerieux, Inc.,
Durham, NC). Individual isolates were inoculated on
media containing trypticase soy agar with 5% sheep
blood BBL (Becton Dickinson, Franklin Lakes, NJ)
and incubated overnight at 37°C. A cell suspension
was prepared using one to four well-isolated colonies
diluted in 2 ml 0.85% NaCl to a turbidity equivalent
to 0.5 McFarland. The cell suspension was immedi-
ately used to inoculate a RapiD 20 E test strip and

incubated for 4 h at 37°C. The test results were
entered into the RapiD 20 E Analytical Profile Index,
and the species identification was provided at the
bioMerieux apiweb site (https://apiweb.biomerieux.
com/servlet/Authenticate?action=prepareLogin).

2.7 Statistical Analysis

Differences between the AI and AUI sites in (1) the
proportion of samples which exceeded established
water quality thresholds for total phosphorus (0.1 mg/
l, Lind 1985), turbidity (40.1 NTU, Mitchell and
Stapp 1997), and fecal coliform density (400 CFU/
100 ml, Michigan Department of Environmental
Quality 1999), (2) the proportions of single- vs
multi-drug resistant bacterial isolates, and (3) the
proportions of bacterial isolates able to transfer their
resistance during conjugation assays were tested using
Fisher’s exact test (Zar 1999). Identical comparisons
were examined for sites upstream and downstream of
WWTPs. Spearman’s rank correlation was used to
examine the relationships among turbidity, tempera-
ture, total phosphorus, pH, and fecal coliform density
across all samples and sites. For correlation analyses,
fecal coliform densities plated as too numerous to
count (TNTC) were coded as an arbitrarily large
number greater than 7,900 CFU/100 ml (the largest
recorded value). The SYSTAT computer package (v
10.2, SYSTAT Inc., Chicago, Illinois) was used to
perform all statistical analyses for this study.

3 Results

3.1 Physical, Chemical, and Biological Water Quality

Temperature, pH, and turbidity were similar among
the agricultural streams and within the WWTP sites
(Table 2). Turbidity tended to be increased by rain
events, especially in the agricultural streams. AI sites
were one to eight times more phosphorus rich than all
other sites. Fecal coliform densities ranged from 70 to
>7,900 CFU/100 ml. For some measurements, partic-
ularly those taken during rain events and at AI sites,
quantitative fecal coliform densities could not be
determined as a result of confluent colony growth
regardless of the water dilution (Table 3). The fecal
coliform densities at agricultural sites ranged from
700 to TNTC, while fecal coliform densities in
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waterways near WWTPs ranged from 70 to
2,300 CFU/100 ml. The highest fecal coliform
densities were measured after rain events and oc-
curred most frequently at the AI sites (Table 3).
Turbidity, total phosphorus concentration, and fecal
coliform density were highly correlated (turbidity–
phosphorus n=49, rs=0.790, p<0.001; turbidity–fecal
coliform n=39, rs=0.688, p<0.001; phosphorus–fecal
coliform n=39, rs=0.684, p<0.001), with AI sites
tending to have the greatest values for these three
parameters. Turbidity, total phosphorus concentration,
and fecal coliform density were all negatively
correlated with pH (turbidity–pH n=49, rs=−0.371,
p<0.01; phosphorus–pH n=49, rs=−0.606, p<0.001;
fecal coliform–pH n=39, rs=−0.471, p<0.01). AI
streams were significantly more likely than AUI
streams to exceed a total phosphorus threshold of
0.1 mg/l (p<0.001) and marginally more likely to
exceed a turbidity threshold of 40.1 NTU (p=0.08,

Table 4). There was no difference in the total
phosphorus or turbidity exceedance frequencies be-
tween sites upstream and downstream of WWTPs
(p always >0.05). Although the AI sites tended to
have greater fecal coliform densities than the AUI
sites, there was no difference in the frequency of fecal
coliform densities >400 CFU/100 ml (p>0.05), nor
was there any difference observed in fecal coliform
exceedance frequencies between sites upstream and
downstream of WWTPs (p>0.05, Table 4).

3.2 Antibiotic Resistance Patterns

A total of 830 fecal coliform isolates were collected
from mFC agar plates and replica-plated on TSA
supplemented with one of five antibiotics. Overall,
98.3% of the fecal coliform isolates selected were
resistant to at least one antibiotic (Table 5). Fourteen
of the isolates (1.7%) did not grow on any of the

Table 2 Water chemistry ranges across sampling dates for agriculturally impaired and agriculturally unimpaired sites

Sample site group Sampling date pH Temperature (°C) Turbidity (NTU)a Total phosphorus (mg/l)b

AI Initial (June 3, 2004) 7.19–7.53 18.6–23.4 9.09–15.80 0.12–0.25

Rain event 1 (June 17, 2004) 6.89–7.66 19.5–20.5 114.00–846.00 0.50–0.65

Rain event 2 (July 7, 2004) 6.52–7.14 21.5–22.6 9.30–56.60 0.10–0.34

Rain event 3 (July 18, 2004) 7.06–7.56 18.4–18.9 5.36–72.90 0.13–0.32

Final (August 9, 2004) 6.82–7.54 16.6–19.7 14.60–33.70 0.36–0.76

AUI Initial (June 3, 2004) 7.44–7.98 20.7–21.5 2.22–3.36 0.02–0.06

Rain event 1 (June 17, 2004) 7.23–7.57 19.3–19.7 21.40–96.70 0.10–0.15

Rain event 2 (July 7, 2004) 7.64–8.18 19.0–21.5 13.20–28.90 0.07–0.12

Rain event 3 (July 18, 2004) 7.71–8.28 16.9–17.7 4.92–28.80 0.02–0.07d

Final (August 9, 2004) 7.37–8.09 14.0–16.8 2.65–11.60 0.00–0.05

UPWWTP Initial (June 3, 2004) 8.18–8.19 15.3–17.8 3.04–4.26 0.02–0.03

Rain event 1 (June 17, 2004) 7.99–8.11 20.5–22.5 6.89–7.47 0.02–0.03

Rain event 2 (July 7, 2004) 7.95–8.20 22.5–24.4 5.72–17.50 0.02–0.05

Rain event 3 (July 18, 2004) 7.84–8.13 19.5–23.8 5.26–10.50 0.02–0.03

Final (August 9, 2004) 8.00–8.04 18.9–23.6 4.20–5.22 0.00–0.01

DNWWTP Initial (June 3, 2004) 7.98–8.28 16.6–18.7 3.38–3.47 0.03–0.04

Rain event 1 (June 17, 2004) 7.91–8.12 21.8–22.9 3.89–6.43 0.02–0.04

Rain event 2 (July 7, 2004) 7.95–7.95 21.7–25.4 3.63–17.20 0.03–0.07

Rain event 3 (July 18, 2004) 7.80–8.18 21.4–24.6 3.88–10.50 0.02–0.03

Final (August 9, 2004) 8.09–8.28 21.6–23.9 3.16–5.37 0.01–0.03

AI agriculturally impaired, AUI agriculturally unimpaired, UPWWTP upstream from wastewater treatment plant, DNWWTP
downstream from wastewater treatment plant, NTU nephelometric turbidity units
b Rating according to Mitchell and Stapp (1997): excellent=0–10, good=10.1–40, fair=40.1–150, poor=>150
c Phosphorus levels. Rating >0.1 mg/l is considered poor water quality according to Lind (1985)
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antibiotic plates, 640 isolates (77.1%) were resistant
to only A, and the remaining 176 resistant isolates
(21.2%) were resistant to two or more antibiotics. The
only single-drug resistance pattern observed was to A,
and all the multi-drug isolates included A resistance
with the exception of one isolate that was KCO
resistant (Table 5).

The AI sites had a significantly greater proportion
of isolates that were resistant to multiple antibiotics
(41.6% vs. 16.5%) and a lower proportion of isolates
resistant to only ampicillin (58.4% vs. 83.5%) than
the AUI sites (p<0.001, Tables 4 and 5). The sites
upstream and downstream of WWTPs had similar
proportions of isolates resistant to only ampicillin
(81.0% vs. 89.1%) and multi-drug resistant (19.0%
vs. 10.9%) (p>0.05, Tables 4 and 5).

3.3 Conjugal Transfer of Antibiotic Resistance Genes

Conjugation assays were conducted on 735 non-S-
resistant isolates. Of the 640 single-drug resistant
isolates (all were A-only resistant), 456 (71.3%)
produced viable resistant transconjugants. For the
multi-drug-resistant isolates (n=95), 27.4% were able
to transfer all resistance determinants (AK, AO, and
ACO), and 81.1% were able to transfer at least one
multi-drug resistance pattern (AK, AO, AC, ACO,
and AKCO) with A being the most prevalent
resistance determinant transferred (Table 6). The
proportion of isolates from each site category able to
transfer resistance in laboratory conjugation assays
ranged from 60.0% to 85.6% (Table 4) and did not
differ significantly between either the AI and AUI

Table 3 Fecal coliform densities for each grouping of sites across sampling dates from filtered plates (CFU/100 ml)

Sites Measurement datesa

Rain event #1 Rain event #2 Rain event #3 Final
June 17, 2004 July 7, 2004 July 18, 2004 August 9, 2004

AI

VH19 TNTC TNTC b 900 2,800

VH21 TNTC 3,200 1,600 600

VH25 4,400 TNTC 4,900 No datac

AUI

HC1 5,900 3,100 7,900 2,400

SJT8 2,900 2,300 2,400 700

SJC7 5,800 800 2,900 700

UPWWTP

MC1 800 2,300 2,000 600

HR1 79 700 88 198

DNWWTP

MC2 198 2,100 1,500 900

HR2 174 1,800 70 300

For specific site abbreviations, see Table 1.

AI agriculturally impaired, AUI agriculturally unimpaired, UPWWTP upstream from wastewater treatment plant, DNWWTP
downstream from wastewater treatment plant, TNTC too numerous to count
aThe Initial sample date (June 3, 2004) yielded zero colony growth for the 0.01- and 0.1-ml samples and TNTC=confluent growth for
the filtered 100-ml water samples. The protocol was adjusted after June 3, 2004, to include a 0.1-, 1-, and 100-ml filtered sample
bMann–Whitney U test shows AI sites significantly greater than AUI sites for rain event 2 (p=0.046); TNTC: confluent growth on
filters growing on media plates (0.1, 1.0, and 100 ml)
cDry creek, unable to sample water on this date
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sites (p>0.05) or the sites upstream and downstream
of WWTPs (p>0.05).

A subset of AO, AC, and ACO multi-drug-
resistant isolates (n=22) and their transconjugants
were further screened for the presence of specific
tetracycline resistance genes and class I and II
integrons. In all, 13 isolates were tet positive: six
isolates were identified carrying the tet (B) gene, five
with tet (C), and two with both tet (B) and tet (C). No
class I or II integrons or tet (E, H, K, L, M, Y, W, or
Z) genes were detected. The 13 tet-positive isolates
were individually identified as E. coli by the RapiD
20 E system (Table 7). The identity of all tet (B) and
tet (C) PCR products was confirmed by DNA
sequence analysis.

To characterize the potential location and mode of
horizontal transfer of tet (B) and tet (C) genes
between the environmental isolates and the conjuga-
tive recipient, plasmid DNA was purified and PCR-
amplified using primer sets for tet (B) and tet (C) (see
Table 7). All eight isolates positive for the tet (B)
gene showed the presence of tet (B) on plasmid DNA,
as did their respective transconjugants, with the

exception of two isolates (VH19-7R1 and VH25-
16R1). For these two isolates, their transconjugants
could not be subcultured and maintained on
tetracycline-selective media (at 30 μg/ml C or O).
Repeated conjugation experiments for isolates VH19-
7R1 and VH25-16R1 failed to produce any viable
colonies selected on tetracycline plates despite the
evidence that the donor isolates contain plasmid DNA
with the tet (B) gene. In this study, chromosomal
DNA was not definitively screened in the absence of
plasmid DNA.

For the tet (C) determinant, three different patterns
of gene transfer were observed (Table 7): (1) In two
out of eight isolates (SJ7-5-I and HC-1-R2), the tet
(C) gene was identified with plasmid DNA in both
the donor isolates and their transconjugants; (2) tet
(C) was identified in total DNA from isolates VH19-
8R3, VH19-11F, and MC2-9R1 and their trans-
conjugants, but not associated with any plasmid
DNA; and (3) for isolates MC1-22R4 and MC1-1F,
the tet (C) gene was present in total DNA from the
isolate but was unidentifiable in any plasmid DNA or
total DNA from the transconjugant even though

Table 4 Patterns of water quality and multi-drug resistance at study sites

Site groupsa Water quality Multi-drug resistance and gene transfer

Turbidity
ratingb (%)

Phosphate
ratingc (%)

Fecal coliform
densitiesd (%)

Multi-drug
resistancee (%)

Gene transfer of one or
more resistance genesf (%)

40.1 >150 NTU >0.1 (mg/l) >400 CFU/100 ml

AI 35.7g 100 100 41.6 80.0

AUI 6.7g 26.7g 100 16.5 86.5

UPWWTP 0 0 62.5g 19.0 76.0

DNWWTP 0 0 50g 10.9 60.0

NTU nephelometric turbidity units
a AUI, UPWWTP, and DNWWTP (15 water samples collected); AI (14 samples; VH25 site was dry at final collection)
b Rating according to Mitchell and Stapp (1997): excellent=0–10, good=10.1–40, fair=40.1–150, poor=>150
c Phosphorus levels. Rating >0.1 mg/l is considered poor water quality, according to Lind (1985)
d Fecal coliform density for second to fifth sampling dates, initial coliform density samples are not included in this comparison
because of a dilution change in the protocol, see Section 2.
e AI (n=185), AUI (n=328), UPWWTP (n=147), DNWWTP (n=156)
f Ninety-five multi-drug resistant isolates (all non-streptomycin) were tested for gene transfer: the percent is the number of isolates
showing positive for gene transfer of one or more resistance genes per number of isolates tested in each grouped site = AI (24/30),
AUI (32/37), UPWWTP (14/18), DNWWTP (6/10)
g These water quality indicators reached their highest ratings during rain events
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viable tetracycline-resistant colonies appeared after
conjugation.

For the two isolates carrying both tet (B) and tet
(C) genes (VH19-11F and MC2-9R1), both tet genes
were identified in total DNA (in the isolates and
transconjugants). The tet (B) gene was also amplified
from plasmid DNA isolated from both isolates and
their transconjugants, but this did not occur with the
tet (C) gene (Table 7). Figure 1 shows gel PCR
amplification products produced using tet (B) and tet
(C) primer pairs with DNA from bacterial cells and
isolated plasmid from isolate MC2-9R1 and its trans-
conjugant, MC2-9R1T2-1.

4 Discussion

Chemical water quality at the WWTP sites was good;
all WWTP samples had total phosphorus concentra-
tions <0.1 mg/l, which is considered acceptable or
unpolluted (Lind 1985; Mitchell and Stapp 1997), and
turbidities of <40.1 NTU, which is considered
excellent to good (Mitchell and Stapp 1997). Fecal
coliform densities at the WWTP sites were marginal,
as 56% of samples surpassed the 10% exceedance
threshold (<400 CFU/100 ml). No statistically signif-
icant differences were detected in water chemistry
measurements and fecal coliform densities between

Table 5 Percentage of antibiotic-resistant fecal coliform isolates from individual study sites

Antibiotica Individual study sites

VH19
(AI)

VH21
(AI)

VH25
(AI)

HC1
(AUI)

SJT8
(AUI)

SCJ7
(AUI)

MC1
(UPWWTP)

HR1
(UPWWTP)

MC2
(DNWWTP)

HR2
(DNWWTP)

n=58 n=57 n=70 n=142b n=93 n=93 n=72 n=75 n=84 n=72

A 43.1% 54.4% 74.3% 88.7% 82.8% 76.3% 84.7% 77.3% 88.1% 90.3.4%

Total % by site
for amp

AI=58.4% AUI=83.5% UPWWTP=81.0% DNWWTP=89.1%

AK 5.2% 5.3% 20.0% 4.2% 10.8% 10.8% 2.8% 9.3% 3.6% 4.2%

AO 0 0 0 2.8% 0 0 0 0 0 0

AC 0 0 0 0 0 1.1% 1.4% 0 0 0

AS 24.1% 7.0% 2.9% 3.5% 2.2% 5.4% 1.4% 4.0% 3.6% 2.8%

AKS 0 0 0 0 0 0 2.8% 2.7% 0 0

ACO 8.62% 3.5% 2.9% 0 3.2% 3.2% 6.9% 1.3% 2.4% 2.8%

KCO 0 0 0 0 0 0 0 1.3% 0 0

AOS 0 1.8% 0 0 0 0 0 0 0 0

COS 3.5% 0 0 0 0 0 0 0 1.2% 0

AKCO 0 1.8% 0 0 0 0 0 1.3% 0 0

AKOS 1.7% 0 0 0 0 0 0 0 0 0

ACOS 5.1% 0 0 0.7% 1.1% 3.2% 0 2.7% 1.2% 0

AKCOS 8.6% 26.3% 0 0 0 0 0 0 0 0

Total% multiple
resistance

56.9% 45.6% 25.7% 11.2% 17.2% 23.7% 15.3% 22.7% 11.9% 9.7%

Total% by site for
multi-drug

AI=41.6% AUI=16.5% UPWWTP=19.0% DNWWTP=10.9%

Summary: total N=830; 816/830=98.3% isolates resistant to at least one antibiotic; 640/830=77.1% resistant to amp only; 176/830=
21.2% multi-drug resistant

A ampicillin, K kanamycin, O oxytetracycline, C chlorotetracycline, S streptomycin
a Values tabulated for a single antibiotic (e.g., A) indicate isolates resistant only to that individual antibiotic; values tabulated for a
particular combination of antibiotics indicate isolates resistant to all the listed antibiotics and only the listed antibiotics (i.e., isolates
tabulated as AKS resistant would not also be included in the AS category)
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the upstream and downstream sites. These results
suggest that little, if any, WWTP point source
pollution occurred during the study period. MDNRE
(Michigan Department of Environmental Quality
2004a) confirmed that no untreated sewage was
discharged from either the Chelsea or the Ann Arbor
WWTPs during or immediately preceding the study
period.

In contrast, the AI sites located near CAFO farms
had indicators of poor water quality compared to
reference sites in the same area. Total phosphorus
concentrations were much more likely (100% vs.
26.7%) to exceed established thresholds in the AI
sites than AUI sites, and turbidity was also somewhat
more likely (35.0% vs. 6.7%) to exceed threshold
values. Although the frequency of fecal coliform
densities exceeding 400 CFU/100 ml did not differ
between AI and AUI sites, only the AI sites had fecal
coliform densities TNTC, indicating that maximal
densities of fecal coliforms occurred at AI sites.

As expected, water quality decreased following
heavy precipitation. At all study sites, turbidity levels
were elevated after rain events compared to the initial
and final measurements taken during dry periods.
Increased phosphorus levels were also detected after
precipitation in the agriculturally impacted areas, and
fecal coliform densities were much higher after
precipitation. The strong correlation of turbidity, total
phosphorus, and fecal coliform densities suggests a
common source for these parameters. Elevated total
phosphorus, turbidity, and fecal coliform densities are
presumed to be the direct result of runoff from nearby
tiled fields sprayed with liquid manure as reported by
MDNRE in numerous previous waste discharge
infractions by the CAFO farms in close proximity to
our AI sites (Michigan Department of Environmental
Quality 2003a, 2004b). Our data are consistent with
recent biological surveys of the same waterways,
which classified the AI sites as poor habitat, support-
ing only macroinvertebrate and fish communities that

Antibiotic resistance pattern Number of
isolatesa

Resistance pattern genetically
transferred via conjugation

Number of isolates
transferring resistanceb

Single-drug resistance

A 640 A 456 (71.3%)

No transfer 184 (28.8%)

Multi-drug resistance (n = 95)

AK 61 A 25 (41.0%)

K 2 (3.3%)

AK 18 (30.0%)

No transfer 16 (26.2%)

AO 4 A 1 (25.0%)

O 2 (50.0%)

AO 1 (25%)

AC 2 A 2 (100%)

ACO 25 A 5 (20.0%)

AC 3 (12%)

ACO 7 (28%)

AO 2 (8%)

CO 3 (12%)

O 4 (16%)

No transfer 1 (4%)

KCO 1 No transfer 1 (100%)

AKCO 2 A 1 (50%)

No transfer 1 (50%)

Table 6 Resistance pattern
observed after gene transfer
for non-streptomycin
isolates

A ampicillin, K kanamycin,
O oxytetracycline, C chloro-
tetracycline, S streptomycin
a Number of isolates, lack-
ing streptomycin resistance,
that were tested for gene
transfer, total 735
b Number of multi-drug iso-
lates: (1) transferring one or
more resistance genes 77/
95=81.1%; (2) transferring
all resistance genes 26/95=
27.4%
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could survive in waters with low dissolved oxygen for
sustained periods, whereas several of the AUI sites
were listed as “reference” or “least impacted” systems
in this region (Michigan Department of Environmen-
tal Quality 2003a).

Elevated nutrient levels can also improve the
efficiency of horizontal gene transfer between species
by the bacterial processes of transformation (Davison
1999; Quintiliani et al. 1999; Thomas and Nielsen
2005) and conjugation (Arana et al. 1997, 2001).
High fecal coliform densities, as seen in this study,
increase the likelihood of humans and animals
coming in contact with pathogenic bacteria. Imple-
menting a quantitative risk assessment analysis, as
modeled by Hurd (2006), could help identify the
“chain of causal events that connect on-farm antibi-
otic use to additional days of human illness caused by
infections with resistant bacteria.”

Antibiotic-resistant fecal coliform bacteria were
found in all water samples collected during the course
of this study, with A resistance the most prevalent
(77.1% overall, Table 4). This proportion of A

resistance in fecal coliform bacteria parallels other
river and waterway reports (Ash et al. 2002; McKeon
et al. 1995; Ogan and Nwiika 1993). Some studies
have reported lower frequencies of A resistance yet
still found that resistance to A was the most common
form of resistance (Iwane et al. 2001; Niemi et al.
1983). In contrast, other studies of soil, water, and
manure samples from farm locations have found
tetracycline and other drug resistance patterns in
higher proportions than A resistance (Esiobu et al.
2002; Sayah et al. 2005). One plausible explanation
for the differences seen in antibiotic resistance
patterns is the source of the environmental sample,
specifically human waste vs. animal waste. Harwood
et al. (2000) determined the antibiotic resistance
pattern from fecal coliforms isolated from domestic
wastewater and various animal feces using four
different concentrations of antibiotics; they showed a
significantly greater percentage of A resistance in
fecal coliform isolates from human sources (62% at
10 μg/ml A) than animal feces (15%) and a
significantly greater percentage of C resistance in
cattle feces (58% at 20 μg/ml C) compared to the
human sources (35%). This could explain why we
observed a significantly lower proportion of A
resistance (58.4%) at the AI sites (sites near animal
waste contamination) than at the AUI sites (83.5%)
and sites upstream (81.0%) and downstream (89.1%)
of the WWTPs.

The proportion of multi-drug resistance observed
at the AI sites near CAFO farms (41.6%) was almost
three times greater than at the AUI sites (16.5%).
Certain multiple-resistance combinations were more
common at some AI sites than others, perhaps
reflecting site-specific antibiotic use patterns. In any
case, the high proportion of multi-drug resistance at
AI sites suggests that the fecal bacterial populations in
these locations were subjected to conditions that
fostered the acquisition of multiple-resistance deter-
minants. In addition to likely increases in antibiotic-
resistant bacteria from animals fed antibiotic-laden
feed (Davies 1997; Lu et al. 2004; Wegener et al.
1999), soil-dwelling bacteria are thought to be a
significant reservoir of resistance determinants
(D’Costa et al. 2006), and studies on crop soils
fertilized with animal manure show that horizontal
transfer between fecal and soil bacteria is facilitated
by the high nutrient availability of manure (Cooke
1976; Schmitt et al. 2006). We observed that fecal

1 2 3 4 5 6

200 bp

7 8 9 10 11 12

tet (B) tet (C)

Fig. 1 PCR screening analysis of tet (B), left-side amplicons
(206 bp), and tet (C), right-side amplicons (207 bp), from a
representative tetracycline-resistant bacterial isolate MC2-9R1
and its transconjugant, MC2-9R1T2-1. Lanes 1 and 12, 1 KB
Plus ladder (Promega); lanes 2 and 8, isolate MC2-9R1 cells;
lanes 3 and 9, isolate MC2-9R1 plasmid DNA; lanes 4 and 10,
transconjugant MC2-9R1T2-1 cells; lane 5, transconjugant
MC2-9R1T2-1 plasmid DNA; lanes 6 and 11, Salmonella
strain EM1000 cells (conjugal recipient, negative control); lane
7, pBR322 plasmid DNA (positive control for the tet (C) gene).
The lower bands in lanes 2, 6, 9, and 11 are DNA primers
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coliform levels increased after rain events at the AI sites,
where periodic spraying of liquid manure was reported
in nearby fields (Kauffman and Melmoth 2003;
Michigan Department of Environmental Quality
2003a). Natural water environments may allow fecal
coliforms a better selective advantage in becoming
antibiotic resistant over other habitats such as soil,
sand, or sewage effluent (Cooke 1976). Survival
rates tend to be higher in bacteria containing
plasmids (Arana et al. 1997, 2001; Ash et al. 2002;
Schwartz et al. 2003), and the conjugative transfer of
plasmids from one bacterium to another tends to
occur more readily in aquatic habitats (Lebaron et al.
1993). The high rate of success for gene transfer as
seen in our conjugation assays (83.3% overall)
suggests that the environmental isolates carried
conjugative plasmids or transposons. Of the multi-
drug-resistant isolates, most exhibited resistance to
combinations of antimicrobial drugs which included
A. This is an indication that multiple-resistance genes
may coexist on one plasmid (Davison 1999; Quintiliani
et al. 1999; Sayah et al. 2005), a single conjugative
transposon (Pembroke et al. 2002; Waters 1999), or an
integron (Mazel 2004; White et al. 2001). This
condition is particularly disconcerting given that
exposure to one antibiotic agent may result in
resistance to others without previous exposure (Sayah
et al. 2005) or cost to bacterial fitness (Aminov et al.
2001).

The conjugation assay in combination with PCR
was used to identify genetic patterns of transfer in
bacterial populations. Using 10 primer pairs for the
tetracycline resistance genes most commonly found in
E. coli and other Gram-negative bacteria, we detected
the presence of the tet (B) and tet (C) determinants in
13 of 22 ACO-resistant isolates. In strains isolated at
all study sites, tet (B) was associated with plasmid
DNA in isolates and their transconjugants, while tet
(C) showed three different patterns of gene transfer.
The first pattern of gene transfer showed that the tet
(C) gene was associated with plasmid DNA in isolates
and transconjugants from the AUI sites. The second
pattern showed that the tet (C) gene from the
UPWWTP isolates associated exclusively with total
DNA in both the original isolates and the trans-
conjugants and not with plasmid DNA; this suggests
that the tet (C) gene was located on chromosomal
DNA or on a large plasmid or cosmid that could not

be purified by our methods. The final pattern of gene
transfer found the tet (C) gene in total DNA in
the isolate, but the tet (C) gene was undetectable in
the resistant transconjugant. These results suggest that
the transconjugant in the third pattern could have
received a different tetracycline resistance gene from
the donor isolate that was not detected by our PCR
screening method (e.g., isolates MCI-22R4 and MCI-
1F; Table 7). Two of 13 isolates (Table 7; isolates
VH19-11F and MC2-9R1) showed the presence of
both tet (B) and tet (C) genes, with tet (B), but not tet
(C), associated with plasmid DNA, suggesting that
the tet (B) and tet (C) genes are not genetically linked.
Furthermore, both the differential distribution of the
tet (B) and tet (C) genes in the VH19-11F and MC2-
9R1 isolates (Table 7) between total and plasmid
DNA suggested that the plasmid DNA preparations
were not contaminated with chromosomal DNA.
Additional studies with a larger population of
tetracycline-resistant isolates would be needed to
better characterize these genetic patterns.

Based on current chemical and biological water
quality standards (turbidity, total phosphorus concen-
trations, and fecal coliform densities), study sites near
the WWTPs were considered environmentally
healthy, yet had high levels of single- and multi-
drug-resistant fecal coliform bacteria (>81% for A
alone and >10.9% for multi-drug resistance, Tables 4
and 5). Agricultural sites, especially the AI sites near
CAFOs, had much lower measures of traditional
water quality and also had high levels of single and
multi-drug-resistant bacteria, with multi-drug resis-
tance greatest (41.6%) at the AI sites near CAFOs.
The risk to human and animal health posed by the
high incidence of antibiotic resistance and gene
transfer is unknown. Traditional measures of chemical
and biological water quality do not appear to be direct
surrogates for detection of the prevalence of antibiotic
resistance. Those parameters most elevated in the AI
sites (e.g., total phosphorus concentrations, turbidity),
however, may have some predictive ability for the
prevalence of multiple-drug resistance. We echo
previous suggestions (Esiobu et al. 2002; Sayah et
al. 2005) that testing for antibiotic resistance genes in
bacterial strains become part of the standard methods
for examining and regulating water quality and
wastewater discharge in areas at high risk for
pollution from human and animal waste.
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